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Abstract 

 

A genome-wide study of the response to cold-shock stress of the soil-dwelling model 

actinomycete bacterium Streptomyces coelicolor is reported, with particular attention to the 

nine homologues of known Cold-Shock Proteins. Transcriptional and translational changes 

following exposure to cold-shock were investigated using RNA-seq, polysome profiling and 

ribosome profiling techniques. Two operons containing Cold-Shock Protein-encoding genes 

were identified which are massively transcriptionally induced following cold-shock (the 

‘sco5921’ and ‘sco4684’ operons) and all four members of the sco5921 operon were also 

shown to be regulated post-transcriptionally. This additional layer of control probably reflects 

the pivotal role of this operon in adaptation to cold-shock stress. The sco5921 operon was 

deleted from the chromosome and differences in the phenotype were investigated in terms 

of growth rate, morphology and antibiotic production. No changes in the phenotype were 

displayed. Three gene members of the sco5921 operon have close homologues in the cold-

shock induced sco4684 operon and the fourth member also has a homologue elsewhere in 

the chromosome and it is suggested that this functional redundancy compensated for the 

deletion of the sco5921 operon.  

 

The transcriptional response to cold-shock included many genes which are involved in 

regulation, presumably to coordinate the overall stress response. Genes involved in assisting 

translation at low temperature such as RNA helicases and encoding Cold-shock Proteins 

were induced, and there were changes in the expression of genes involved in the response 

to diverse stresses, in particular oxidative and osmotic stress. Although there was some 

overlap in the respective Streptomyces and Escherichia coli cold-shock responses (CSR), 

there were also significant differences, which probably reflect the diverse evolutionary origins 

of the two organisms and their very different cell wall (and cell membrane) structures. There 

was evidence of extensive remodelling of translational machinery and of the cell wall and 

membrane. Changes in genes involved in membrane transport and central metabolism were 

also prominent in the CSR. To facilitate this analysis, a bespoke set of DNA probes specific 

to S. coelicolor were produced for use with the NEB Core Depletion kit and demonstrated to 

be more effective than other commercial kits for bacterial rRNA depletion. 
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Post-transcriptional regulation was examined using two different techniques, polysome 

profiling and ribosome profiling, and there was little commonality in the results. Polysome 

profiling suggested that there was limited post-transcriptional regulation following cold-shock, 

whilst ribosome profiling suggested a greater response. Five genes were found to be post-

transcriptionally regulated using both techniques (sco0818, sco0819, sco5918, sco5920 and 

sco5471), two of which are members of the sco5921 operon. Further replication of these 

experiments is required to build a more robust picture of the contribution of translational 

control to the cold-shock response of S. coelicolor. 

 

The CSR was shown to be complex and to involve many different cellular and metabolic 

pathways in mycelium cultivated in different growth media. One of the few constants in all 

tested circumstances was the involvement of the sco5921 and sco4684 operons and these 

warrant further study to elucidate the exact role of each of their members. S. coelicolor and 

other members of the actinomycete genus are responsible for producing the majority of 

antibiotics and a better understanding of their reaction to cold-stress is of interest in synthetic 

biology applications including production of existing antibiotics more efficiently and in 

uncovering novel antibiotics. 

 

The cold-shock inducible transcriptional and translational control regions highlighted from 

this study could be widely exploited as novel tools for manipulating gene expression, 

including antibiotic biosynthetic gene clusters, in this industrially important bacterial group. 
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Preface 

 

The cold-shock response (CSR) of the low G+C content model organism Escherichia coli 

has been extensively researched and is well understood. However, no research has yet 

taken place to explore the CSR in the high G+C content bacterium Streptomyces coelicolor. 

In this study, the CSR was characterised for the first time for S. coelicolor colonies grown on 

and in a range of solid and liquid media.  

 

The major cold shock protein found in E. coli is CspA, encoded by the cspA gene, and nine 

homologues to this gene are found in S. coelicolor. Of these, two – sco5921 and sco4684 - 

were found to be massively upregulated during the cold-shock response, along with other 

members of their operons. 

 

The heat-shock response in S. coelicolor is dominated by post-transcriptional regulation 

(Bucca et al., 2018). The cold-shock response in contrast is post-transcriptionally regulated 

to a much lesser extent. Genes for which there is some evidence of post-transcriptional 

regulation were identified, including all four members of the sco5921 operon identified using 

‘polysome profiling’ techniques, and two members of the sco5921 operon identified using 

‘ribosome profiling’ techniques.   

 

A homology directed repair (HDR) based version of a CRISPR-Cas9 gene editing system 

was used very successfully to delete the sco5921 operon, with very few unwanted off-target 

effects. No phenotype was observed as a result of this deletion, suggesting that there is 

sufficient redundancy in function in the form of other homologous genes for the bacterium to 

be able to compensate for this loss. 

 

His-tagged versions of two of the proteins from the sco5921 operon, SCO5921 and 

SCO5920, were produced in an E. coli-based overexpression system and purified for use in 

future experiments. An attempt was also made to identify proteins which interact with mRNA 

from the sco5921 operon and may have a regulatory function. Though this was not 

immediately successful, the experimental procedures could be optimised for use in the 

future. 
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The results from this research could support development of some important real-world 

outcomes. Around two thirds of existing antibiotics derived from natural sources are 

produced by Streptomyces spp. and there is potential that CSP operon proteins could be 

used to enhance the efficiency of commercial production of Streptomyces secondary 

metabolites, in particular at low temperature. In addition, microbial resistance to antibiotics is 

a huge and increasing problem, and many potential secondary metabolites that could be the 

basis for new antibiotics are coded for in cryptic biosynthetic gene clusters (BGCs), which 

are silent under normal laboratory conditions (Donald et al., 2022; Hopwood, 2019). A 

greater understanding of the regulatory pathways of the CSP operons could lead to these 

pathways being co-opted to activate genes from these BGCs. The cold-shock inducible 

transcriptional and translational control regions highlighted in this study could be widely 

exploited for manipulating gene expression in this industrially important bacterial group. 
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1 An introduction to Streptomyces coelicolor, regulation of 

bacterial gene expression and the cold-shock stress response 

 

1.1 Streptomyces coelicolor A3(2) – an introduction 

 

Streptomyces bacteria are Gram-positive bacteria notable for their production of a wide 

range of secondary metabolites, most notably antibiotics, their unusual developmental 

biology and the high proportion of guanine and cytosine bases in their DNA (‘High G+C 

content’). They diverged from low G+C bacteria such as the much studied model organism 

Escherichia coli a very long time ago and thus may be expected to have evolved some 

unique biological pathways. The last common ancestor of the phylum Actinomycetota to 

which they belong lived 2 – 1.5 billion years ago, and streptomycetes themselves originated 

around 440 million years ago (Chater & Chandra, 2006). They are found in numerous 

ecosystems and are ubiquitous in soil. Having evolved to fill a similar ecological niche in soil 

to fungi, actinomycetes show examples of convergent evolution. Indeed, when originally 

discovered they were initially thought to be fungi, hence the names Actinomyces (‘Ray 

fungus’) and Streptomyces (‘Twisted fungus’) (Hopwood, 2007). Streptomyces are aerobic, 

and produce geosmin and 2-methylisoborneol, which have a pungent smell commonly 

identified as the smell of soil. This smell attracts springtails, small insects which feed on the 

bacteria and subsequently distribute their spores, both stuck to their cuticles and in their 

faecal droppings. (Becher et al., 2020). Streptomyces coelicolor is the model species that 

was chosen by Prof Sir D. A. Hopwood for the initial genetic studies and has been 

extensively studied at the physiological, biochemical and genetic / genomic level. In addition 

to S. coelicolor, in recent years Streptomyces venezuelae has been also used as an 

alternative model streptomycete. 

 

The cold-shock response in S. coelicolor is worthy of study for a number of reasons. The 

cold-shock response (CSR) in E. coli has been studied extensively, and whilst there may be 

some conserved features, it is also likely that the gram-positive high-GC bacteria S. coelicolor 

has evolved some differences in how it responds to cold-stress. Studying the CSR and how 

it is regulated may reveal further details of Streptomyces regulation, and potentially suggest 

ways to activate ‘cryptic’ or ‘silent’ BGCs. Streptomyces is used extensively in the 
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commercial production of secondary metabolites, and some products may be more 

efficiently expressed at low temperature. Solubility of the expressed protein can be improved 

and hydrophobic reactions which can create inclusion bodies can be repressed, as can 

toxicity of the expressed proteins. In addition, some proteases work less efficiently at low 

temperature(Sahdev et al., 2007). Even a small reduction in the temperature at which protein 

is being expressed can lead to a decrease in electricity costs. There is also the possibility 

that expression can be made more efficient at normal physiological temperature by the 

exploitation of elements of the CSR machinery. Finally, not all actinomycetes are benign 

(Mcneil & Brown, 1994) and exploring the mechanisms of the CSR may suggest 

opportunities to fight these pathogens. 

 

1.1.1 Developmental biology 

 

A Streptomyces colony originates as a spore, which can lie semi-dormant until an as yet 

undefined signal triggers germination, causing an influx of water and a corresponding 

increase in size, followed by the emergence of a germ tube. This germ tube grows and 

differentiates to form a substrate mycelium of multi-nucleate hyphae (Yagüe et al., 2016; 

Bobek et al., 2017). As this mycelium spreads, it excretes enzymes which break down 

organic matter in the soil allowing nutrient uptake (Chater et al., 2010; McCarthy & Williams, 

1992). 

 

Once the substrate mycelium has been established, a combination of intracellular and 

environmental cues associated with nutrient exhaustion trigger morphological differentiation 

which initiates the growth of aerial hyphae. Genetically this switch is controlled by the bld 

network, so named due to mutants lacking the bld genes being ‘bald’ of aerial hyphae. The 

protein SapB is produced which reduces water surface tension at the surface of the colony, 

allowing hyphae to grow up away from the moist environment. These aerial hyphae are 

covered in hydrophobic rodlets, formed of rodlins and chaplins, which form a layer of paired 

rods, similar to those found on the analogous structures of filamentous fungi (Claessen et 

al., 2006). 

 

Following the growth of the aerial mycelium, the aerial hyphae metamorphose into spores 

which represent the propagative phase. The whi cascade is responsible for spore formation, 
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so named because the aerial mycelium of mutants lacking whi genes remains white rather 

than assuming the grey colouration indicative of sporulation (Chater, 2001). The completion 

of the bld gene mediated changes triggers the production of sigma factor σN, which then 

directs the construction of a basal septum delineating a subapical compartment, destined for 

autolysis, and a sporogenic apical compartment (Dalton et al., 2007). There follows a series 

of checkpoints, the passing of which commits the hyphae to sporulation. The first is WhiG 

dependent, and switches growth from vegetative to sporulation-specific aerial growth. 

Growth continues until the WhiA and WhiB proteins are expressed, leading to orderly 

cessation of growth, then the WhiH  protein is responsible for the activation of septation and 

genomic partitioning (Flärdh et al., 1999).  

 

At the onset of sporulation, proteins ParA and ParB are produced, and they guide the correct 

positioning of chromosomes. ParB binds the chromosome near its chromosomal origin to 

form a ‘segrosome’, and ParA uses the action of ATPases to move segrosome to ensure 

unigenomic compartments (Ginda et al., 2017). ParA also has a role along with the SsgA-

like (‘SALP’) family of paralogues in guiding the correct positioning of the septa (Donczew et 

al., 2016; Jakimowicz et al., 2007; Xu et al., 2009). FtsZ forms a ladder of ‘Z rings’ (Willemse 

& Van Wezel, 2009) anchored to the membrane by SepF (Duman et al., 2013). FtsI and 

FtsW are also necessary for FtsZ to form rings, and FtsQ which is responsible for closing the 

septa (Mistry et al., 2008). FtsK ensures that chromosomal DNA is clear of the closing septa 

(Flärdh & Buttner, 2009). Once the septa have formed, MreB protein deposited at the septa 

may facilitate the degradation of cell wall leading to separation of the individual spores 

(Chater, 2011; Mazza et al., 2006). Finally, spore pigment, a grey aromatic polyketide 

produced by the products of the whiE cluster is produced and cross-linked to the cell wall 

(Davis & Chater, 1990). Each spore is rich in the disaccharide trehalose, which has a 

protective effect against dehydration, and can then be used to provide the energy for 

germination (Bobek et al., 2017). Electron microscope images of the three stages of the S. 

coelicolor life cycle are shown in Figure 1.1, and of a spore in Figure 1.2. 
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Figure 1.1 Life cycle of Streptomyces grown on solid growth media. Initially, the substrate 

mycelium is established (Panel A). Nutritional deficiencies triggers the Bld cascade, resulting 

in the formation of the white aerial mycelium (Panel B). The Whi cascade causes the aerial 

hyphae to septate into grey spore chains (Panel C). Images from Claessen et al. (2006). 

 

Figure 1.2 Electron microscope image of S. coelicolor MT1110 spores. The coating of rodlets 

formed of rodlins and chaplins can be seen. Note the sample was dehydrated for imaging, 

and this has caused the ovoid spores to become concave. Image taken by R.T. Evans. 

A B C 
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1.1.2 Secondary metabolite production 

 

Secondary metabolites are chemicals produced by bacteria which are not essential 

physiologically, at least in the laboratory, but are assumed to confer some evolutionary 

advantage (Van Keulen & Dyson, 2014). Actinomycetes produce an enormous range, 

including compounds with antibiotic, antifungal, antiparasitic, anticancer and 

immunosuppressant properties, many of obvious clinical interest (Zhu et al., 2011). The 

genes for each of these secondary metabolites are typically grouped together with regulatory 

and resistance conferring genes in ‘biosynthetic gene clusters’ (BGCs) (Olano et al., 2011). 

 

S. coelicolor commonly produces four antibiotics – actinorhodin, prodiginine, the calcium 

dependent antibiotic (CDA) and plasmid encoded methylenomycin. However, bioinformatic 

mining has revealed the presence of more than 20 BGCs in its genome (Bentley et al., 2002; 

Challis & Hopwood, 2003). Activation of these BGCs is growth phase and growth medium 

dependent, and some are ‘silent’, being inactive under all laboratory conditions. Sequencing 

of other actinomycetes shows that this is a typical pattern, with some species containing in 

excess of 50 BGCs. Various synthetic biological approaches are being investigated to 

awaken these silent BGCs, so that the potential of their products can be explored (van der 

Heul et al., 2018).  

 

Antibiotic production can be triggered by a number of pathways, many of which are sensitive 

to the availability of an essential nutrient such as nitrogen, carbon or phosphate. It frequently 

co-occurs with the differentiation of the substrate mycelium into an aerial mycelium followed 

by sporulation, and some genes participate in both pathways. bldA (discussed further in 

Section 1.2.3.2) for instance codes for the tRNA for a UUA leucine codon, which is very rare 

in the G+C rich Streptomyces genome. Deletion of this gene does not impair normal growth, 

as no TTA-containing genes are essential. However, bldA as its name suggests, is required 

for the development of the aerial mycelium, and a TTA codon is present in actII-ORF4 which 

regulates production of actinorhodin, redZ a regulator of prodiginine biosynthesis, and mmyB 

a regulator of methylenomycin biosynthesis. Thus both aerial mycelium development and 

antibiotic production are dependent on bldA (Liu et al., 2013). 

 

Some of the energy required for the generation of the aerial mycelium and for sporulation 

comes from autolysis of the substrate mycelium itself, so it is possible that antibiotic 
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production is a defensive measure to protect this nutritional investment. However, given the 

low levels at which antibiotics accumulate in the natural environment, it is possible that they 

also play an entirely different role altogether, perhaps in cell communication and signalling 

(van der Heul et al., 2018). 

 

1.1.3 The Streptomyces coelicolor genome 

 

Streptomyces coelicolor is morphologically unusual amongst bacteria, and this is also true 

of its chromosome. Most bacteria have a circular chromosome, whilst that of S. coelicolor is 

linear (Bentley et al., 2002). At around 8.7 Mbp it is large for a prokaryote, with around 8,000 

predicted genes. It contains a large central region containing most of the essential genes, for 

instance those for cell division, DNA replication, transcription, translation, and the production 

of amino acids. This region is flanked by two uneven arms containing non-essential genes, 

such as those for secondary metabolite production, and oddly some genes for the production 

of ‘gas vesicle’ proteins which are more commonly found in aquatic bacteria where they 

provide flotation. The chromosome is illustrated in Figure 1.3, and the distribution of genes 

by G+C content and by size is shown in Figure 1.4. 
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Figure 1.3 Circular representation of the linear chromosome of S. coelicolor. The dark blue 

section is the central region where the essential genes lie, the light blue sections the arms 

where many of the biosynthetic gene clusters are found. The first two circles illustrate all 

genes on the reverse and forward strand respectively coloured by function; the third shows 

selected genes classified as ‘essential’; the fourth shows selected genes classified as 

‘contingency’; the fifth illustrates mobile elements; the sixth, coloured black, shows G+C 

content, and the seventh, coloured purple and khaki, shows GC bias (G-C / G+C). 

Reproduced from Bentley et al. 2002. 

S. coelicolor is well adapted to living in the diverse soil environment, with a plethora of two-

component sensors to detect environmental conditions and an estimated 965 predicted 

transcriptional regulators including 65 -factors, enabling it to respond in a myriad of ways to 

whatever stresses it encounters. In order to interact with its immediate environment, in 

particular in its role as a saprophyte, it contains 614 transport proteins and 819 proteins which 
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are potentially secreted. Secondary metabolites are discussed above, and they also allow it 

to cope with a variety of stresses, from desiccation or lack of a nutrient through to competition 

for resources (Bentley et al., 2002).  

 

The first secondary metabolites identified in S. coelicolor were antibiotics, aided by the fact 

that two of them, actinorhodin and prodiginine produce blue and red pigments respectively 

(Bibb, 1996).  Following publication of the complete genomic sequence of S. coelicolor in 

2002 (Bentley et al., 2002) further potential BGCs producing secondary metabolites were 

identified, aided by the development of bioinformatic software specific to finding BGCs, such 

as antiSMASH (Medema et al., 2011). Thirty-two secondary metabolites have now been 

identified in S. coelicolor, plus a number of compatible solutes such as ectoine, an important 

component of the osmotic stress response, and trehalose, a disaccharide with protective 

effects against cold-shock, heat-chock and oxidative stress discussed further in Section 

1.3.1.4. These secondary metabolites are diverse, and include “polyketides, pyrones, 

peptides, siderophores, γ-butyrolactones, butenolides, furans, terpenoids, fatty acids, 

oligopyrroles and deoxysugars” (Van Keulen & Dyson, 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to its chromosomal DNA, S. coelicolor contains two large low copy number 

plasmids, SCP1 and SCP2. SCP1 is linear, has a copy number of seven, and contains 

around 365 kilo-base pairs, including long Terminal Inverted Repeats of around 75 kb at 

each end. Of the 353 predicted coding sequences it contains, over half (57%) are of 

completely unknown function. The rest are distributed functionally in a similar way to the 
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Figure 1.4 Histograms showing the distribution of genes by %GC content and by number of 

base pairs. Nineteen genes are in excess of 5,100 bp, the largest being sco3230 which is 

22,392 bp long and codes for CDA non ribosomal peptide synthetase 1. Data from NCBI 

Genome Assembly 20383v1 RefSeq GCF_000203835.1 (O’Leary et al., 2016)  
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chromosome, with a relatively large number of regulatory genes, including three -factors, 

and the BGC for the production of and resistance to the antibiotic methylenomycin (Bentley 

et al., 2004). SCP2 is circular, much smaller than SCP1 at around 31kb, and also has a low 

copy number of between one and four. It has just 34 putative coding regions, and as with 

SCP1 the function of most of them is unknown (Haug, 2003).  

 

1.1.4 Gene and genome nomenclature 

 

Genes in the S. coelicolor chromosome can be identified non-ambiguously by their locus 

name in the format scoNNNN where NNNN is a four-digit number. These locus names can 

be exactly located on the chromosome by reference to reference sequence NC_003888.3 

in the NCBI online database (O’Leary et al., 2016). They are also frequently referred to by 

more meaningful names (such as bldA, the first of the ‘Bald’ genes studied) and their protein 

products can be identified by a number of different reference systems. For simplicity, the 

author uses lower case italicised scoNNNN when discussing genes, and upper case non-

italicised SCONNNN when discussing their protein products, as well as their more 

meaningful name where known. 

 

Reference sequence NC_003888.3 from NCBI Genome Assembly 20383v1 RefSeq 

GCF_000203835.1 has been removed from the NCBI database, though it can still be 

viewed. The RefSeq record has been suppressed due to ‘missing strain identifier’ and the 

NCBI say they make ‘no judgement on the sequence itself, just on this taxonomic feature’ 

(NLM support, personal communication, 7th Dec 2020). 

 

Streptomyces coelicolor A3(2) is the model organism for study, and the MT1110 variant of 

this was generated at UMIST (Manchester) and has been widely used by Professor C. P. 

Smith’s group since the late 1980s. This prototrophic variant lacks the two SCP plasmids. 

Where S. coelicolor is referred to in the experimental sections of this document it is the 

MT1110 variant unless otherwise specified. 
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1.2 Regulation of bacterial gene expression 

 

Gene expression is a two-stage process, with DNA being transcribed to messenger RNA 

(mRNA), then this mRNA being translated into protein. Transcription and translation in 

bacteria are tightly coupled given the short half-lives of most bacterial mRNA, typically of the 

order of just a few minutes (Rauhut & Klug, 1999). Indeed it is common for translation to start 

as soon as the Ribosome Binding Site (RBS) has been transcribed, with both transcription 

and translation occurring simultaneously on the same mRNA (McGary & Nudler, 2013). 

Many functions or responses in bacteria are dependent on the simultaneous activation of a 

number of genes, and it is common for them to occur in groups called operons. The genes 

in an operon are adjacent on the DNA and all come under the control of a single promoter 

and are transcribed as a polycistronic mRNA containing a number of coding sequences. 

Often the proteins coded for in an operon work together in multi protein sub unit complexes. 

(Osbourn & Field, 2009) 

 

Regulation of this process takes place at multiple points - during transcription, during 

translation and post-translationally, the subject of a review in FEMS Microbiology Reviews 

(Bervoets & Charlier, 2019). Protein production is energetically very expensive, so regulation 

as early as possible during transcription has obvious benefits, but regulation at the post-

transcriptional, translational or post-translational level has the advantage of the speed at 

which the changes have an effect.  The more complex the environment in which the bacteria 

lives, the greater the complexity of regulation it requires – intracellular organisms for instance 

face fairly constant environmental conditions, and have on average around a third as many 

transcription factors (TFs) per ORF as do free living prokaryotes (Perez-Rueda et al., 2018).  

 

Much of the research published on bacteria relates to the model organism Escherichia coli, 

and to a lesser extent Bacillus subtilis, rather than Streptomyces or actinomycetes in general. 

There are many known differences between E. coli and S. coelicolor – E. coli is low-GC, 

gram-negative enteric bacteria with a simple lifecycle, whilst S. coelicolor is a high-GC gram-

positive bacteria that lives in a complex environment and exhibits morphological changes as 

it passes through a succession of developmental stages (Hopwood, 2007). The typical 

bacterial system whereby mRNA is translated into proteins relies on a ribosomal binding site 

(RBS) a short distance before the translational start site (TSS), but S. coelicolor has a large 
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number of leaderless transcripts, which very likely lack an RBS. Romero et al. (2014)  found 

264 leaderless mRNAs (defined as having a leader shorter than 10nt) in S. coelicolor, whilst 

applying exactly the same experimental technique to E. coli revealed only five. Jeong et al. 

(2016) identified 714 leaderless transcripts, 21% of all TSSs found, whilst Vockenhuber et 

al. (2011) identified 54, 25% of the TSSs they discovered. Despite the differences in numbers 

found in each analysis, it is clear that leaderless mRNA, whilst being rare in E. coli, is 

common in S. coelicolor.  

 

Start codon usage also varies between E. coli and S. coelicolor. Escherichia coli uses AUG 

to initiate 83% of open reading frames (ORFs), GUG to initiate 14% and UUG to initiate 3% 

(Blattner et al., 1997; Leith et al., 2019), and only two ORFs are known to start with non-

canonical codons, infC and pcnB both initiate with AUU (Hecht et al., 2017). S. coelicolor 

shows more variety, with 61.3% of ORFs initiating with AUG, 35.2% with GUG and 3.1% 

using UUG, and 23 ORFs starting with non-canonical start codons (Jeong et al., 2016).  

 

The ’stringent response’ to shortages of amino acids is discussed in detail in Section 1.2.1.3, 

and it too differs between E. coli and S. coelicolor. In E. coli, the ‘alarmone’ (p)ppGpp interacts 

directly with the RNAP to regulate translation, but this is not the case in S. coelicolor. An 

alternative whereby (p)ppGpp regulates levels of GTP to indirectly regulate transcription has 

been proposed for B. subtillis and it is possible that S. coelicolor possesses a similar system. 

 

 It is to be expected that some processes dealing with cold-shock will be conserved between 

E. coli and S. coelicolor, but there is plenty of room for research to explore to what extent this 

is the case. 

 

 

1.2.1 Transcriptional regulation 

 

1.2.1.1 The RNAP holoenzyme and sigma factors 

 

Bacterial RNA Polymerase (RNAP), the enzyme which transcribes DNA to mRNA and other 

non-coding RNAs, has a core with subunits 2, ,  and , which associate with a sigma 

factor () to form a holoenzyme. Each bacterium has a range of different sigma factors, and 
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members of the most common sigma factor family, 70, recognise and allow the RNAP to 

bind to a specific sequence of two hexanucleotide blocks located at positions -10 and -35 

from the transcription start site (position +1). This region is known as the ‘promoter’ of the 

gene, also known as the Pribnow box. Thus, each sigma factor can initiate transcription of a 

gene by matching its promoter with a complementary sequence, and the group of genes 

regulated by a particular sigma factor or transcriptional regulator are part of the same 

‘regulon’. Typically there is a sigma factor described as a ‘housekeeping sigma factor’ which 

matches all the genes essential in all conditions, though it could be argued that there are no 

genes which are essential in all conditions, as an exception can always be imagined (P. 

Hoskisson, personal communication). In addition to this housekeeping sigma factor a 

number of ‘alternative sigma factors’ are also present which express a subset of genes in 

response to a particular condition or stress (Paget, 2015). 

 

1.2.1.2 Transcription factors 

 

Transcription factors (TFs) are proteins which bind DNA, typically upstream of or even 

overlapping the RNAP binding site. Typically, a transcription factor can bind upstream of a 

number of different genes which compose its regulon, and act either to stimulate transcription 

(‘an activator’) or prevent it (‘a repressor’). Some transcription factors can function as both 

activators and repressors. Activators work in one of two ways. Firstly, they can directly 

interact with the RNAP to aid in the initiation of transcription, or the unwinding of the DNA 

strand for reading by the RNAP (‘open complex formation’). Secondly, they can effect 

conformational change on the DNA in order to aid RNAP binding, for instance where the -10 

and -35 elements are not optimally spaced, a transcription factor can act to twist or reshape 

the DNA so as to align the two elements with the RNAP (Figure 1.5) (Lee et al., 2012a).  
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Figure 1.5 Activator protein binds the chromosomal DNA strand, reshaping it so both the        

-35 and -10 sites contact the RNAP. Image from Lee et al., 2012a. 

Repressors can act in a number of ways. Most simply, they can bind to and occupy the -10 

and -35 binding sites, making them unavailable to the RNAP (Rojo, 1999); they can bind 

downstream, allowing RNAP to initiate transcription but blocking it during the elongation step 

(Pavco & Steege, 1990);  they can deform the DNA, typically by inducing a tight loop which 

prevents RNAP attachment (Becker et al., 2014); they can act against activating transcription 

factors, either by competing for the same space on the DNA or by blocking the activating 

domain (Valentin‐Hansen et al., 1996); or they can allow the RNAP to bind, but then hold it in 

place, preventing it from achieving elongation (Rudra et al., 2015). 

 

Further, some TFs can be switched on or off by interactions with small molecules. A common 

example of this is the ‘two-component system’, which as the name implies has two parts. A 

sensor, frequently placed in the cell membrane, detects some environmental signal, and 

auto-phosphorylates a histidine residue. This phosphoryl group is then transferred to a 

residue on the ‘response regulator’ which is switched on or off by this phosphorylation event. 

Frequently, the response regulator is a transcription factor whose binding to DNA is enabled 

or prevented. More complex chains, called ‘phospho-relay systems’ are also possible, where 
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a phosphoryl group is passed along a series of intermediate proteins before eventually 

arriving at the terminal response regulator (Parkinson & Kofoid, 1992; Bervoets & Charlier, 

2019). 

 

Similar to the ‘two-component system’ is the ‘one component system’, which is more 

common than the two-component system in prokaryotes. This term refers to a TF that 

consists of a polypeptide that has both a DNA-binding domain, and a sensor domain, 

typically in the form of a ligand binding domain. Activation of the sensor domain then directly 

affects the ability of the DNA-binding domain to bind DNA. One particularly large and 

important family of one component systems is the TetR family of regulators (TFR). Of the 

965 known regulatory proteins in the S. coelicolor genome, 153 (15.8%) are TFRs 

(Cuthbertson & Nodwell, 2013). 

 

TFRs are homodimeric and have an N-terminal DNA-binding domain, and a C-terminal 

domain which frequently binds a ligand, and usually act as repressors. They act by binding 

to DNA and repressing transcription until they bind their cognate ligand, which causes 

conformational change and the TFR and DNA become separated. The DNA binding domain 

is conserved, and shows a high level of similarity between TFRs (Yu et al., 2010). It consists 

of three ⍺-helices, the second and third of which are arranged in a helix-turn-helix DNA-DNA 

binding motif, which typically binds a palindromic sequence. In some cases, TFRs can show 

multimeric binding to adjacent palindromic sites (Engohang‐Ndong et al., 2004), and the 

DarR TFR has been shown to bind DNA as a dimer-of-dimers (Schumacher et al., 2023). 

As at 2013, ligands had been identified for 61 TFRs, and they are very diverse, including 

antibiotics, bile acids, cell to cell signalling molecules, carbon sources, proteins, fatty acids 

and their derivatives and metal ions, and this diversity leads to a greater structural diversity 

of ligand-binding domains (Cuthbertson & Nodwell, 2013). 

 

1.2.1.3 Transcription regulation by the second messengers and the alarmone (p)ppGpp  

 

Transcriptional initiation is regulated by protein TFs. In addition, regulation is carried out by a 

number of nucleotide-based ‘second messengers’ such as cAMP, (p)ppGpp, c-di-GMP and 

c-diAMP (Pesavento & Hengge, 2009). The first of these to be investigated were cAMP and 

(p)ppGpp in E. coli (Busby & Ebright, 1999; Hauryliuk et al., 2015; Hengge et al., 2023), and 
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then subsequently the role of c-di-GMP as a secondary messenger was revealed (Bush et 

al., 2015), followed by c-di-AMP (Commichau et al., 2019) and more recently mixed purine 

di-nulceotides such as c-AMP-GMP (Yoon & Waters, 2021). Second messengers have 

been shown to be widely used in bacteria including in the regulation of “growth rate, 

metabolic homeostasis, general stress responses, the transition to multicellularity and 

developmental differentiation, and most recently, mechanisms of phage resistance” 

(Hengge et al., 2023). 

 

One of the most widely studied of these secondary messengers is (p)ppGpp, a single 

guanosine nucleotide with four (or five) additional phosphate groups. Many bacteria exhibit 

a widely conserved ‘stringent response’ whereby (p)ppGpp is produced in response to 

amino acid starvation, binds to the RNAP holoenzyme, and acts to inhibit production of 

translational machinery such as rRNA and tRNA, and instead boosts production of the 

mechanisms of amino acid biosynthesis and transport (Artsimovitch et al., 2004). There are 

also genus specific (p)ppGpp regulatory systems, notably in S. coelicolor where (p)ppGpp 

synthesis regulates several genomic systems, mainly those characteristic of streptomycetes 

such as antibiotic production and morphogenetic changes (Hesketh et al., 2007). 

 

Escherichia coli possesses two (p)ppGpp synthase genes, relA and spoT. The RelA protein 

binds the 50S ribosomal subunit, and on detecting uncharged tRNA undergoes a change in 

conformation and synthesises ppGpp from GDP and ppGpp from GTP. Once (p)ppGpp is 

produced, RelA is dislodged from the ribosome, which endorses the ‘hopping’ model which 

suggests that by moving rapidly between ribosomes, low concentrations of RelA are able to 

monitor the overall level of uncharged tRNAs (English et al., 2011; Wendrich et al., 2002). 

The SpoT protein responds to other stresses such as carbon, nitrogen, phosphate or fatty 

acid deficiency by synthesising or hydrolysing (p)ppGpp to alter its cellular concentration 

(Vinella et al., 2005). 

 

Once synthesised, (p)ppGpp acts to destabilise transcription by binding RNAP and 

disrupting the formation of the open complex at transcription initiation (Zuo et al., 2013). The 

promoters of rRNA produce unstable open complexes which are especially vulnerable to 

this destabilisation, and RNAP is thus freed up for the transcription of amino acids, whose 

synthesis genes produce more stable open complexes (Barker et al., 2001b, 2001a). 
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Though S. coelicolor has two (p)ppGpp synthesis genes, relA (sco1513) and rshA (sco5794) 

and displays a stringent response to amino acid starvation, the RNAP binding-sequence has 

not been conserved (Humphrey, 2015) and it is less clear how (p)ppGpp functions. An 

alternative model has been proposed for B. subtilis whereby (p)ppGpp acts through 

regulation of GTP, the initiating NTP for all rRNA promoters (Krásný & Gourse, 2004), and it 

is possible that a similar system is present in S. coelicolor.  

 

1.2.1.4 Transcription regulation by nucleoid associated proteins 

 

Eukaryotic DNA is compacted to form chromatin, a series of nucleosomes formed of DNA 

coiled around a histone core. There is no equivalent structure in prokaryotes, but there are 

proteins with architectural roles in prokaryotes called Nucleoid Associated Proteins (NAPs), 

some of which have been shown to have regulatory roles effected by altering DNA structure. 

An example is the ‘Histone-like Nucleoid Structuring protein’ (H-NS) found in E. coli. These 

proteins typically repress gene expression by polymerising along the DNA to form a rigid 

filament, forming a bridge which compacts the chromosome (Gehrke et al., 2019) or altering 

the level of DNA supercoiling (Hardy & Cozzarelli, 2005). These changes to the 

chromosomal structure then inhibit RNA Polymerase activity. There are at least four proteins 

with a similar role in various bacterial genera, H-NS, MvaT/MvaU, Rok and Lsr2, though 

none share sequence or structure with each other, and they appear to have diverse 

regulons. In E. coli, the H-NS response appears to react to inter alia cold-shock (Atlung & 

Ingmer, 1997), whilst in Strepomyces venezuelae the protein Lsr2 silences cryptic BGCs 

(Gehrke et al., 2019). Several homologues of NAPs have been tentatively identified in S. 

coelicolor (Bradshaw et al., 2013) including the product of the Lsr2 homologue encoding 

gene sco3375, and nucleoid associated protein, SCO2075 (DdbA) which has the ability to 

alter DNA supercoiling, increasing nucleoid condensation during sporulation due to the large 

volume of bacterial chromosome that needs to be packed into each spore (Aldridge et al., 

2013). It also plays a role in the transcription of the -factor sigR, which governs the response 

to thiol-oxidative stress, and its overexpression can recover (p)ppGpp production in mutants 

where the relA ((p)ppGpp synthetase) gene has been removed. Thus, it is possible that it 

may play a role in linking both supercoiling and transcriptional response to stress. 
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Proteins coded for by the bld network in S. coelicolor control morphological differentiation, 

after an unidentified trigger initiates the growth of the aerial mycelium in preparation for 

sporulation. One of these proteins, BldC (encoded by gene sco4091), binds to hundreds of 

promoters, exerting a positive effect on some and a negative effect on others. It does so by 

binding to and altering the conformation of DNA, blurring the line between a transcription 

factor and a NAP. A winged helix-turn-helix domain binds DNA in an unusual head to tail 

oligomerization targeting a direct repeat sequence. This sequence is degenerate, 5 -

AATT(N3-4)(C/G)- 3 . It is the AT-induced narrowing of the minor groove that is targeted, and 

some divergence from the sequence can be tolerated in a sequence that is flanked by 

consensus sequences. The co-operative binding of a series of BldC units to the DNA can 

distort and shorten it, which then either facilitates or prevents transcription (Dorman et al., 

2020; Schumacher et al., 2018) 

 

Bacterial DNA is described as linear or circular but is in fact in a twisted, superhelical 

conformation, otherwise it would not fit inside the cell. The amount of supercoiling locally 

present is crucial to maintaining the DNA in a form which is accessible to cellular processes 

such as replication and transcription in which a separation of the DNA strands is required. 

The level of supercoiling in S. coelicolor is maintained by two proteins, a type I topoisomerase 

TopA (encoded by gene sco3543), and a two-protein gyrase GyrAB (encoded by sco3873 

and sco3874). The topoisomerase removes negative supercoils, whilst the gyrase 

generates them. The transcription of various groups of genes is affected by the level of 

supercoiling present – notably, and not surprisingly, the topoisomerase and gyrase genes 

themselves that are responsible for maintaining equilibrium, but also large numbers of genes 

involved in other processes. These genes which are affected by the level of supercoiling are 

not evenly distributed along the chromosome, but instead appear in clusters. (Eriksson et al., 

2002; Szafran et al., 2019) 

 

1.2.1.5 Transcription termination 

 

Once the RNAP holoenzyme has attached to the DNA, initiated transcription, and moved to 

elongation, it will continue to produce RNA until transcription is terminated. Thus, termination 

is required to prevent transcription continuing into the adjacent gene or operon and can also 
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be used to modulate stoichiometry within an operon if termination likelihood can be increased 

or decreased as required.  

 

Termination can happen in two ways, either intrinsic termination or factor-dependent 

termination. Intrinsic termination is brought about by the mRNA being produced, which forms 

a stable hairpin generally followed by a series of uracil residues. The RNA polymerase 

pauses at the hairpin, and the presence of the uracil residues cause it to terminate 

transcription and disassociate from both the DNA and the mRNA. This process can be 

further controlled by the presence of an anti-terminator immediately prior to the terminator 

sequence, which forms a structure that shares some of the RNA residues of the terminator. 

Thus only one of the two terminator or anti-terminator structures can exist, and the 

competition between them can be affected by molecular events to turn termination on and 

off (Henkin & Yanofsky, 2002). 

 

The second mechanism of termination, factor-dependent termination, is reliant upon a 

homohexameric protein designated Rho. It attaches to a recognition sequence on the mRNA 

transcript and follows the RNAP in a 3  direction. Polymerase does not proceed at a regular 

pace, it is subject to pausing as it progresses, and if the Rho factor catches up with and 

contacts it, this causes transcription to terminate and the RNAP to disassociate. Regulation 

can thus be effected by altering Rho access to the transcript, or by altering the sensitivity of 

the RNAP to pausing at each pause site (Figure 1.6) (Banerjee et al., 2007). 

 



 62 

 

Figure 1.6 Overview of rho-dependent transcription termination. Image from Bannerjee et 

al., 2007). 

 

1.2.2 mRNA stability and regulation by non-coding RNA 

 

1.2.2.1 The degradosome 

 

Bacterial mRNA typically has a short half-life of just a few minutes. It is rapidly degraded by 

a multiprotein complex known as the ‘degradosome’ (Figure 1.7). The backbone of this 

complex in E. coli is RNase E, which consists of an N-terminal endonuclease, and a C-

terminal scaffold which binds other enzymatic components including a DEAD box helicase 

(RhiB), a glycolytic enzyme enolase, and a phosphorolytic exoribonucleotide phosphorylase 

(PNPase). The scaffold also contains RNA binding sites and a membrane targeting 

sequence (Bandyra et al., 2013). 
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Figure 1.7 Diagram of the canonical degradosome. The N-terminus is an endonuclease 

domain, whilst the C terminus is a scaffold composed of binding sites for various enzymes 

and for the RNA substrate. From Bandyra et al. 2013, under Creative Commons licence CC 

BY 3.0. 

Degradosome activity is regulated in order to control gene expression in two ways. Firstly, 

active translation increases the half-life of mRNA, as the ribosome itself provides protection 

against nucleases by physically preventing their access. There are however some 

circumstances in which a stalled ribosome can attract RNAse, or even activate a widespread 

degradation of mRNA if the stalling is due to a lack of charged tRNAs (Deana, 2005). 

Secondly, RNA-binding proteins may act to directly protect mRNAs by attaching to nuclease 

cleavage sites, or by reconfiguring secondary structure so that the cleavage sites become 

either buried or more exposed to reduce or increase the rate of degradation (Bervoets & 

Charlier, 2019).  

 

1.2.2.2 Riboswitches and thermosensors 

 

mRNAs can fold into complex structures, usually due to sequences in their 5 untranslated 

region (5  UTR), and some can adopt more than one configuration in response to a small 

ligand, or an environmental cue such as temperature or pH. These alternative structures can 

lead to the ribosomal binding site (RBS) being sequestered or exposed, which will inhibit or 

enhance translation respectively.  Alternatively, they can take the form of intrinsic terminator 

or anti-terminator hairpins as discussed above. Thus, they effectively become switches, 

which can modulate gene expression as required. Many different organic molecules or 

metallic ions can be bound as activating ligands, including purines, amino acids, a 
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phosphorylated sugar, and inorganic substances such as Mg2+ cations (Serganov & Nudler, 

2013). 

 

As well as responding to specific ligands, mRNAs can respond structurally to their immediate 

environment. The mRNA encoding the E. coli cold-shock protein CspA reconfigures in 

response to a reduction in temperature, allowing a prompt increase in production of protein 

even before the bacterium has had a chance to react at the transcriptional level (Giuliodori 

et al., 2010), discussed in Section 1.3.2.4. 

 

1.2.2.3 Non-coding RNAs 

 

Small non-coding sequences of RNA (sRNA) regulate both transcription and translation in a 

number of ways. They can be considered in three broad classes, those that interact with 

proteins; those that interact with cis mRNA, that is they are transcribed from the same 

genomic location as the mRNA that they regulate; and those that interact with trans mRNA, 

mRNA that is transcribed from a distant location or locations. There are a number of 

advantages to an organism in using sRNAs to regulate gene expression post-

transcriptionally – they can respond very quickly to external stresses, and sRNAs are not 

costly to produce, being much shorter than mRNAs and not requiring translation. 

 

An example of sRNA interaction with protein is the regulation of the CsrA protein in E. coli by 

CsrB and CsrC sRNAs. CsrA dimers bind to GGA motifs in the 5 UTR of the mRNAs it 

regulates, thereby affecting their stability and/or translation. CsrB and CsrC contain multiple 

GGA binding sites, and can thus sequester CsrA, leaving less of it unbound to interact with 

its targets (Waters & Storz, 2009).  

 

Cis-acting sRNAs are often coded on the opposite strand of the mRNA that they regulate, 

and thus exhibit, or contain regions of, perfect base complementarity. S. coelicolor contains 

a 22 gene complex, the prodiginine cluster, that produces two products, prodiginine and 

butyl-meta-cycloheptylprodigionine. The protein coded for by the redG (sco5897) gene 

catalyses the conversion of the first of these products to the second, and an sRNA is coded 

on the opposite strand of redG. This antisense sRNA has perfect base complementarity and 

can bind to redG mRNA and prevent its translation. The prodiginine : butyl-meta-
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cycloheptylprodigionine ratio is maintained at around 2:1, so this sRNA is assumed to be 

modulating redG translation to maintain this ratio, whilst allowing continued expression of 

genes downstream of it within the same operon (Moody et al., 2013). 

 

E. coli contains two sRNAs, IstR and OhsC, which are encoded next to genes that produce 

toxic proteins. They contain regions of perfect complementarity and can thus bind the mRNA 

and prevent it from being translated. Why the bacterium has evolved this way is not entirely 

clear, but one suggested explanation is that whilst the toxins would be deadly in a high dose, 

in a low dose they can slow growth or bring about stasis, to give the bacteria time to react to 

a sudden stress. Potentially there may be a link to the phenomenon of ‘persister cells’. When 

under antibiotic attack, some cells may at random go into a dormant-like state in order to 

survive (Macek et al., 2019). 

 

sRNAs can also modulate operon expression. For instance, the fatDCBAangRT operon in 

Vibrio anguillarum has a site complementary to the RNA sRNA in the intergenic region 

following the fatA gene. When the sRNA is bound here, it induces transcription termination, 

reducing expression of the subsequent angRT genes (Waters & Storz, 2009). 

 

Trans-acting sRNAs display incomplete complementarity, and often act on multiple targets. 

Typically, they act to prevent translation by inhibiting ribosome binding, but they can also act 

to destabilise mRNA, and often they do both. Due to their imperfect complementarity, many 

sRNAs in many bacteria rely on an RNA chaperone protein ‘Hfq’ in order to function – though 

interestingly, whilst in E. coli and other enterobacteria Hfq is well characterised and its role in 

mediating post-transcriptional regulation is known, the role of Hfq is not well established in 

low G+C Gram-positive bacteria, while Streptomyces and all other actinomycetes lack this 

protein or any known replacement (Bervoets & Charlier, 2019; Swiercz et al., 2008).  

 

Because they act on multiple targets, trans-acting sRNAs can function in a manner 

analogous to transcription factors, modulating a regulon, but acting post-transcriptionally, 

and are often induced to deal with stress. For instance, when E. coli senses a deficit of iron, 

the RhyB sRNA down-regulates several enzymes which contain iron-sulphur clusters (Duval 

et al., 2015). Transcriptional control by trans-acting sRNAs also occurs. E. coli codes for 

three sRNAs, DsrA, ArcZ and RprA, which bind to the 5  UTR of rpoS, the mRNA which 
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codes for the stress response sigma factor s. In doing so, they prevent the Rho termination 

factor from binding or from passing, and hence prevent Rho-dependent transcription 

termination (Sedlyarova et al., 2016). 

 

1.2.3 Translational regulation 

 

Translation from the mRNA transcript to protein is carried out by the ribosome, which is 

composed of three rRNA units and associated proteins. In E. coli, 16S rRNA combines with 

21 proteins to form the 30S subunit, whilst 5S and 23S rRNA combine with a further 32 

proteins to form the 50S subunit, and these two subunits assemble to form a 70S ribosomal 

unit (Nierhaus, 1980). As with transcription, translation has three phases; initiation, 

elongation and termination. Initiation Factor (IF) proteins and various other helper proteins 

assist in bringing the ribosome, mRNA and initial tRNA together so that translation can 

commence. 

 

1.2.3.1 Regulation of translation initiation 

 

Normally, translation initiation in prokaryotes is intrinsically regulated by the sequence of the 

Ribosomal Binding Site on the mRNA. A consensus sequence on the mRNA upstream of 

the coding section known as the ‘Shine Dalgarno’ (SD) sequence is antisense to the 16S 

rRNA that forms part of the ribosome, and the level of complementarity combined with its 

distance from the translation start codon define how efficiently it is able to bind the ribosome 

(Hockenberry et al., 2017). However, around 21% of S. coelicolor genes are effectively 

leaderless, having a 5 UTR of nine nucleotides or fewer, and it is unclear how these bind to 

the ribosome (Jeong et al., 2016). The 5′ AUG start codon of leaderless E. coli mRNA 

transcripts interacts with ribosomes in order to initiate translation so possibly a similar system 

is present in S. coelicolor (Brock et al., 2008). It is possible that leaderless transcripts provide 

a slight advantage in requiring less energy to produce, as none is spent in producing the 

UTR.  

 

Secondary structure also acts to regulate translation. Many genes are expressed 

polycistronically, with several or many open reading frames (ORFs) on a single mRNA, but 

the levels of each protein produced from a polycistronic mRNA can vary by as much as a 
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hundred-fold. This is due both to changes in SD binding efficiency, and also to variations in 

the secondary structure of each ORF, with the RBS either being made easily accessible or 

partially sequestered as appropriate (Burkhardt et al., 2017).  As described above, RNA 

secondary structure can also be altered in response to molecular or environmental cues to 

alter RBS accessibility and hence translation efficiency. 

 

Translation initiation can also be regulated by RNA-binding proteins. These can bind so as 

to mask the RBS, or close by so as to prevent ribosomal binding by steric hindrance. 

Alternatively they can allow the ribosome to bind, but then entrap it so it cannot then move 

on to elongation (Duval et al., 2015). 

 

1.2.3.2 Regulation by codon usage 

 

mRNA represents the 20 amino acids which are the building blocks of all proteins as three 

nucleotide codons, with a potential 64 codon combinations. Sixty-one specify amino acids 

and three are used as stop codons. Thus, there is marked redundancy, and each amino acid 

is encoded by between one and six codons. Codon usage varies by organism, and there is 

selective pressure to balance minimising the energetic cost of transcript production whilst 

maximising translational efficiency. This pressure is strongest for the most abundant mRNA 

transcripts. Production costs for mRNA bases are proportional to the number of nitrogen 

atoms each contains, two for uracil, three for cytosine, and five for both guanine and adenine, 

and the cost in terms of nitrogen atoms also correlates with the cost in terms of the number 

of high-energy phosphate bonds required to assemble each base. Translational efficiency 

depends on the abundance of appropriate tRNAs, and the ability of some tRNAs to facilitate 

the translation of more than one codon due to ‘wobble’ base pairing, where a non-

complementary base can sometimes be tolerated in the third codon position (Seward & 

Kelly, 2018). Thus, each organism has a distinctive pattern of codon usage, optimised for its 

requirements. The pattern for Streptomyces coelicolor is shown in Table 1.1. 
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Table 1.1 Codon usage in S. coelicolor.  

 

The amino acid that each codon translates to is shown, followed by the frequency per 1000 

that this codon is used. Cells are coloured by their frequency level (Nakamura, 2000) 

There are circumstances when it appears that rare codon usage may perform a regulatory 

task. A good example is mentioned in Section 1.1.2, that of S. coelicolor which utilises a rare 

TTA leucine codon to regulate the temporal expression of 145 target genes, some of them 

essential for the formation of the aerial mycelium and for the production of antibiotics. The 

TTA codon is rare in the GC rich S. coelicolor genome. The bldA gene codes for a leucine 

tRNA with an anticodon that matches the UUA trinucleotide transcribed from TTA on the 

chromosome, and mutants with this gene deleted do not form aerial mycelium on minimal 

medium, nor do they produce antibiotics (Lawlor et al., 1987). In its early growth phases 

where it is establishing the substrate mycelium, bldA is repressed. Once the bacterium needs 

to differentiate, bldA is switched on and proteins encoded by genes containing TTA codons 

can now be produced. In particular, the TTA containing gene adpA can then be translated 

and is an important regulator of aerial mycelium formation (Hackl & Bechthold, 2015). In total, 

S. coelicolor has around 145 TTA containing chromosomal genes, and a further 19 in the 

SCP1 and SCP2 plasmids (Chater & Chandra, 2008), predominantly involved in secondary 

metabolism, and usage of these rare codons is widespread in streptomycetes in general. 

Around half of all known antibiotic biosynthesis gene clusters in streptomycetes utilise TTA 

codons. There is extensive literature describing the regulatory effects of bldA, but none 

describing how bldA is itself regulated, other than that the abundance of bldA tRNA is 

determined in part by the rate that its precursor tRNA is processed (Leskiw et al., 1993). 

Chater and Chandra (2008) state “There is no other published information about the control 

of bldA expression, nor any about the isolation and characterisation of the tRNA…” and no 

subsequent studies into the regulation of bldA have been identified.  

Codon Amino acid Freq/1000 Codon Amino acid Freq/1000 Codon Amino acid Freq/1000 Codon Amino acid Freq/1000

TTT Phe 0.4 TCT Ser 0.6 TAT Tyr 1 TGT Cys 0.7

TTC Phe 25.9 TCC Ser 20.2 TAC Tyr 19.5 TGC Cys 7.1

TTA Leu 0.1 TCA Ser 1.1 TAA Stop 0.1 TGA Stop 2.4

TTG Leu 2.4 TCG Ser 13.7 TAG Stop 0.5 TGG Trp 15.2

CTT Leu 1.6 CCT Pro 1.6 CAT His 1.7 CGT Arg 5.5

CTC Leu 36.5 CCC Pro 25.5 CAC His 21.8 CGC Arg 39.1

CTA Leu 0.4 CCA Pro 1.4 CAA Gln 1.4 CGA Arg 2.6

CTG Leu 60.9 CCG Pro 33.4 CAG Gln 25.2 CGG Arg 31.9

ATT Ile 0.6 ACT Thr 1.2 AAT Asn 0.7 AGT Ser 1.5

ATC Ile 27.5 ACC Thr 39.8 AAC Asn 16.3 AGC Ser 12.5

ATA Ile 0.7 ACA Thr 1.7 AAA Lys 1.1 AGA Arg 0.8

ATG Met 15.8 ACG Thr 19 AAG Lys 19.6 AGG Arg 3.7

GTT Val 1.5 GCT Ala 3.1 GAT Asp 3.1 GGT Gly 9.2

GTC Val 46.9 GCC Ala 78.4 GAC Asp 58.2 GGC Gly 60.9

GTA Val 2.7 GCA Ala 5.6 GAA Glu 8.7 GGA Gly 7.2

GTG Val 35 GCG Ala 49.5 GAG Glu 48.2 GGG Gly 18.3
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There are a small number of other examples in other bacterial families, such as control of 

fimbrial production in E. coli by a rare TTG leucine codon (Ritter et al., 1997), and the use of 

a rare ACG threonine codon in solventogenesis in Clostridium acetobutylicum (Sauer & 

Dfirre, 1992). However, there appears to be little evidence of this mechanism being common 

or widespread outside of streptomycetes (Saier, 1995).  

 

1.2.4 Post-translational modification of proteins 

 

Bacterial proteins can be modified by the covalent attachment of small chemical groups, 

oligosaccharides, or polypeptides. This normally occurs after translation, and the additions 

are commonly referred to as Post-Translational Modifications (PTMs), though a minority 

occur during rather than after translation. These PTMs are usually, though not exclusively, 

dynamic and reversible, being added or removed by well-regulated enzymes (Macek et al., 

2019).  

 

Phosphorylation is effected by kinases and reversed by phosphatases. One example of this 

has already been discussed, that of two-component systems. The first component is a 

histidine kinase, usually embedded in the cell membrane. This responds to a specific 

stimulus by autophosphorylating a histidine residue. This phosphoryl group is then passed 

to an aspartate residue on a response regulator which then effects a cellular reponse. Most 

frequently this response is a change in gene expression caused by changes in DNA-binding 

affinity, though reponse regulators with RNA and protein binding domains have been 

identified, as well as those which act as enzymes themselves (Sánchez de la Nieta et al., 

2020). 

 

The first component, a sensor which is frequently found in the cell membrane, responds to 

a stimulus by the phosphorylation of a histidine residue, and this phosphate group is passed 

to a residue on a response regulator, which alters in behaviour in response (Parkinson & 

Kofoid, 1992).  

 

Serine and threonine residues are usually phosphorylated by ‘Hanks type’ kinases, which 

are also found in eukaryotes and archaea, and tyrosine by ‘BY kinases’ which to date have 
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only been found in bacteria. ‘Hanks type’ kinases are those which were described by  Hanks 

et al. (1988), a group of kinases which share eleven common conserved subdomains. 

Though they were initially believed to only exist in eukaryotes, the advent of genomic 

sequencing technologies revealed that they were widespread in bacteria and archaea 

(Stancik et al., 2018). Unlike two-component system kinases which typically act on just one 

target, serine/threonine/tyrosine kinases often have multiple targets. As well as reacting to 

external stimuli, they are involved in many physiological processes including regulation of 

metabolism, virulence and antibiotic resistance, cell division, transcription and translation 

(Janczarek et al., 2018; Macek et al., 2019). Streptomyces coelicolor is unusually rich in 

serine/threonine/tyrosine enzymes, with a predicted 47 kinases and 49 phosphatases. The 

majority (≈80%) of these are active during morphological differentiation in preparation for and 

during sporulation, indicating their role in the initiation and regulation of these processes 

(Manteca et al., 2011). 

 

Phosphorylation is also used in metabolism. Bacteria can use many different carbohydrates 

for energy and carbon and will produce enzymes to transport and catabolise carbohydrate 

sources depending on which are present, and which it prefers to use. This system is termed 

Carbon Catabolite Repression (CCR) (Stülke et al., 1998). The phosphoenolpyruvate-

dependent  phosphotransferase system (PTS) is involved in the transport of sugars and a 

phosphate is passed from the phosphoenolpyruvate to the sugar via a series of enzymes 

which are regulated by their phosphorylation status. In Gram-negative bacteria, 

phosphorylation of EIIAGlc regulates the level of cAMP in the cell, and cAMP is the ligand 

bound by a transcription factor, CRP. In Gram-positive bacteria it is HPr which is 

phosphorylated at two sites, a histidine and a serine residue (Warner & Lolkema, 2003). A 

second HPr-like protein, Crh, has been discovered in B. subtilis which contains just the 

regulatory-site serine residue, which also participates in the regulation of CCR (Galinier et 

al., 1997). 

 

Acetylation of lysine residues is a PTM which is highly conserved in bacteria. Acetate can be 

added and removed by acetyltransferases and deacetylases respectively, and other 

acylations are possible, such as succinylation. These modifications can alter protein 

structure, and interactions with other proteins or DNA, and can be used by the bacteria for 

rapid adaptation to external changes. Acetylation and succinylation can be involved in amino 
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acid, energy and lipid metabolism and translation, but there is a lot of work to be done to fully 

characterise their roles (Macek et al., 2019). 

 

The crotonylation of lysine residues is widespread in Streptomyces (Sun et al., 2020). Many 

proteins have been shown to be crotonylated in Streptomyces roseosporus, in particular 

enzymes involved in carbon metabolism and protein turn-over, and crotonylation has an 

effect on differentiation and secondary metabolite production. The glucose kinase Glk is 

reversibly crotonylated and a specific role for crotonylation in the regulation of the Carbon 

Catabolite Repression (CCR) mechanism has been proposed. 

 

Another modification of lysine residues is unique to actinobacteria, namely the attachment of 

a polypeptide called the ‘prokaryotic ubiquitin-like protein’ (Pup). In a manner analogous to 

ubiquitin in eukaryotes, it is associated with tagging of proteins for degradation by the 20S 

proteasome as well as diverse other less well-defined functions. A single enzyme, Pup-

ligase (PafA / SCO1640) is responsible for attaching Pup to all of its protein targets (and also 

appears to play a separate and essential role in sporulation not associated with the 

attachment of Pup to proteins). Up to 110 Pup targets have been identified, with widespread 

roles in nucleic acid and protein metabolism, regulation, and stress and toxin responses – 

though whether Pup was targeting them for degradation or playing some other role is 

currently unknown (Compton et al., 2015). 

 

Glycosylation of proteins is highly conserved in bacteria and can take three forms. N-linked, 

where the sugars are attached to the nitrogen atom of an asparagine or arginine residue; O-

linked, when attached to the hydroxyl group of normally serine or threonine residues; and S-

linked, joined to the thiol group of a cysteine residue. This type of PTM is most commonly 

found on the surface of bacteria and is involved in pathogenesis and the adhesion of 

commensal bacteria to their host. The PTM lipidation, whereby lipid chains are attached to 

cysteine residues, is also implicated in pathogenesis, activating bacterial toxins, assisting in 

adhesion to and invasion of host cells, and providing protection against the host immune 

system (Macek et al., 2019). 

 

Bacterial PII proteins are widespread in plants, archaea and bacteria (Sant’Anna et al., 2009). 

They have a role in nitrogen regulation, controlling a range of transcription factors and 

membrane proteins (Merrick, 2015), and can take two forms depending on whether they are 
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uridylylated or not. Both uridylylation and deuridylylation are effected by the GlnD protein, 

which binds glutamine. When cellular glutamine levels are high, uridylyltransferase activity is 

dominant, whilst when levels are low uridylyl-removing activity dominates (Zhang et al., 

2010).  

 

1.2.5 Proteolysis 

 

Proteins are also regulated by being broken up into their component amino acids, which can 

then be recycled (Gottesman, 2003). There are two forms of proteolysis, general and 

regulated. General proteolysis, basically untargeted quality control, is needed to remove 

defective or misfolded proteins and is of particular importance as a response to a stress 

which increases the amount of misfolded protein (Schmidt et al., 2009). Regulated 

proteolysis provides a fast-responding system to control regulatory proteins, often as part of 

the cellular processes required for ordered growth, division, and differentiation; to produce 

signalling proteins; or to respond quickly to stress (Mahmoud & Chien, 2018). An example 

of general proteolysis is given in 1.2.5.1, and examples of each of these three uses of 

regulated proteolysis are given in 1.2.5.2 below (Schmidt et al., 2009). 

 

1.2.5.1 General proteolysis 

 

The Lon protease is responsible for dealing with approximately 50% of misfolded proteins in 

E. coli. It binds with little sequence specificity, instead recognising hydrophobic motifs which 

would normally be sequestered inside a protein. If they are persistently exposed, this is 

indicative of misfolded protein and this attracts Lon to recognise and degrade it. In contrast, 

the ClpXP protease degrades proteins that have been tagged with a degradation signal 

(‘degron’). For example, if a ribosome stalls due to damaged mRNA lacking a stop codon, it 

can be rescued by tmRNA which adds an ssrA tag to the nascent polypeptide, signalling that 

it is of poor quality. The ClpXP protease then detects this tag and degrades the protein 

(Mahmoud & Chien, 2018). 
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1.2.5.2 Regulated proteolysis 

 

Proteins which are to be dealt with by regulated proteolysis are either tagged with a degron 

such as Pup or interact with an adaptor protein which targets the protein to the protease. 

AAA+ chaperones use ATP hydrolysis to unfold tagged proteins and then to feed them into 

a protease (Konovalova et al., 2014). 

 

1.2.5.2.1 Regulatory protein control 

 

Regulated proteolysis can form part of the cell cycle. An example is temporal regulation in 

Caulobacter crescentus. When C. crescentus divides, it does so asymmetrically into two 

different cell types - a sessile, stalked cell which immediately enters S phase of a new cell 

cycle, and a motile ‘swarmer’ cell which remains in G1. The Cell Cycle Transcriptional 

Regulator CtrA has been shown to repress DNA replication initiation, and is removed by 

proteolysis from the compartment which is destined to become the sessile, stalked cell 

following division. CtrA remains in the compartment which becomes the swarmer cell and 

persists for a period of time. Once the swarmer cell is ready to become sessile and enter into 

replication, it too lyses CtrA to allow this to happen (Domian et al., 1997). 

 

1.2.5.2.2 Proteolytic production of signalling proteins 

 

Intercellular signalling is common in bacteria, often involving ‘quorum sensing’, where a 

diffusible intercellular signalling molecule is used, to which cells respond once concentration 

reaches a threshold level. Thus, many cells can contribute to and react to the sensing 

system. Cellular signalling can also take place between just two adjacent cells. In many 

cases, these intercellular signals are produced by the proteolysis of a large precursor. One 

example is the SapB peptide which initiates aerial mycelium formation in S. coelicolor. A pre-

peptide is translated from the ramS (sco6682) transcript, which is then modified by 

dehydration of four serine residues and the formation of two lanthionine bridges, then a 

protease removes the leading sequence and the remaining peptide self assembles with 

other copies of itself to form mature SapB (Konovalova et al., 2014). 
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1.2.5.2.3 Proteolytically regulated stress responses 

 

Though it is energetically expensive to produce proteins only for them to be degraded almost 

immediately, such a system allows very fast response to an external stress. An example is 

the regulation of the sigma factor s, a general stress response factor in E. coli. It is produced 

at a basal rate, and is controlled by a homeostatic feedback loop, whereby s activates the 

expression of RssB, a protein which targets s to the ClpXP protease complex. This keeps 

the half-life of s in the one to five minute range and prevents its accumulation. In reaction to 

stress, RssB can be sequestered in complexes that prevent it from targeting s, the 

consequence being an immediate increase in s, followed rapidly by an increase in the 

products of the genes it activates. Alternatively, in an energy starved cell, s can bind to RssB 

and ClpXP which then lacks the ATP required to unfold it for degradation, leaving the RssB 

trapped in the complex. Finally, RssB is in competition with RNAP to bind with s, so Crl, a 

protein which enhances RNAP-s binding also reduces the extent to which RssB is able to 

contact it for degradation (Hennge, 2011). 

 

1.3 The Cold-Shock Response 

 

Bacteria must be able to respond to changes in their environment in order to survive. One of 

the most profound changes is a reduction in temperature, which causes biochemical 

reactions to slow down, a decrease in the fluidity of the cell membrane, and an increase in 

nucleic acid secondary structure which can impair translation efficiency (Lim & Gross, 2014). 

This has been extensively studied, largely in the model organism Escherichia coli, and to a 

lesser extent in Bacillus subtilis. E. coli is an enteric bacterium, and it can easily be imagined 

that it could face a cold-shock due to a rapid reduction from body temperature to 

environmental temperature following expulsion, or a more gradual shock following the death 

of its host. Soil dwelling bacteria such as Streptomyces coelicolor and B. subtilis will also face 

cold stress, but this is likely to be imposed more gradually, both diurnally and seasonally. 

Though there is extensive conservation of cold-shock responses across the bacterial and 

eukaryotic kingdoms, it is also likely that the high G+C content, soil dwelling S. coelicolor may 

have developed its own unique strategies. 

 



 75 

The cold-shock response is dealt with in detail below, and many details are controversial or 

yet to be elucidated, but a likely model can be broadly summarised as follows. Cold-shock 

can be detected in two ways, changes in membrane fluidity and in translational efficiency. In 

B. subtillis, an increase in membrane rigidity triggers a two-component system which initiates 

a response producing proteins to dehydrogenate the cell membrane and restore fluidity 

(Albanesi et al., 2004). Problems with membrane fluidity in E. coli are possibly detected when 

membrane fluidity changes impact methyl-accepting chemotaxis proteins, whose primary 

purpose is to promote movement towards positive external factors such as nutrients and 

away from negative factors such as toxins (Barria et al., 2013; Weber & Marahiel, 2003).  

More dramatically, an increase in mRNA secondary structure following a reduction in 

temperature brings translation to a halt (Keto-Timonen et al., 2016). Normal growth stops, 

and in some species the cell enters an acclimation period (Gualerzi et al., 2003). During this 

period, it translates only a small number of proteins specific to dealing with cold-shock, some 

of which accumulate in high concentrations (Zhang et al., 2018). Amongst these are the 

‘Cold-shock proteins’ which coat mRNA and remove or prevent the formation of secondary 

structure. After a number of hours, the cell has adapted or ameliorated the effects of cold 

and is able to recommence translation and normal growth, though at a lower rate than before 

(Giuliodori, 2016).  

 

1.3.1 Components of the canonical Cold-Shock Response (CSR) 

 

The canonical CSR is illustrated in Figure 1.8. Inputs to the CSR are changes to the cellular 

components lists, and the outputs of the CSR are the responses the cell makes to 

compensate, and the major factors involved in these responses. 
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Figure 1.8 Canonical bacterial CSR. The inputs to the CSR are changes to cellular 

components caused by the cold shock (blue), and the outputs are the adaptations which 

take place to counteract these. Major factors effecting these changes are listed, and the black 

arrows indicate that the changes to regulation of mRNA and the ribosome interact. CAP = 

Cold Acclimation Protein; CIP = Cold-Induced Protein. Figure from Zhang and Gross (2022). 

 

Cold-shock induced proteins can be grouped into a number of functional groups: 

a. Regulation and modulation of ribosomes 

b. Formation and regulation of the degradosome 

c. RNAse III regulation 

d. Production of trehalose 

e. Modulation of DNA supercoiling 

f. RNA chaperones 

g. Membrane fluidity 

 

There are a number of other cold-shock induced proteins which have been reported, but for 

which functional roles have yet to be explored fully. These include proteins such as NusA 

which is involved in transcription, the pyruvate dehydrogenases AceE and AceF, the 

chaperones Hsc66 and HscB, and the protein of unknown function Ves (Barria et al., 2013; 

Gualerzi et al., 2003). The metabolic protein pyruvate dehydrogenases may be an example 

of ‘protein moonlighting’ (Jeffery, 2018), where a protein carries out two very different 

functions, or they may be involved in the creation of precursors for components of the CSR, 

such as fatty acids for membrane biosynthesis. 
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1.3.1.1 Regulation and modulation of ribosomes 

 

In E. coli, cold-shock induces a dramatic reduction in protein production. Within three 

minutes, there is a 50-fold reduction in protein synthesis, and over the next 30 min a further 

4-fold reduction. Over the next five and a half hours, translation increases 3.5-fold, and cell 

growth resumes at a hugely reduced rate (Zhang et al., 2018). A number of accessory 

proteins that intervene in ribosomal assembly and translation initiation have been shown to 

be induced by cold-shock and participate in this reduction and resumption of protein 

production. A combination of these trans-acting factors, and cis-elements of cold-shock 

inducible mRNAs found most frequently in the 5 UTR creates a translational bias that 

transiently favours the translation of cold-shock induced proteins (Gualerzi et al., 2003).  

 

Protein Y (pY, also known as RaiA and YfiA) of E. coli is an inhibitor of translation that is up-

regulated by cold-shock stress. It appears during the first hour following a temperature 

reduction from 37°C to 10°C, and associates with ribosomes, being found associated with 

both to the 30S subunit and to the 70S monomer. Once bound, it overlaps the A and P 

binding sites, and inhibits tRNA binding. It also stabilises the 70S ribosome at low 

temperature, preventing it from dissociating into 30S and 50S subunits. Initially it was thought 

that pY neatly prevented translation of the non-cold-shock proteins and was thus responsible 

for the initial shut down of protein production, but E. coli mutants with this gene deleted had 

similar reductions in bulk protein production under cold-shock conditions as wild type. 

Instead, it appears to be exerting a much subtler influence, whereby the translation of some 

non-cold-shock mRNAs are indeed reduced by the presence of pY, and many cold-shock 

proteins are unaffected, but this is a relatively minor effect in the overall translational 

landscape. It does seem counter intuitive that in response to cold-shock, which inhibits 

translation, E. coli should produce a protein that also makes translation harder. One possible 

explanation is that pY binds some of the 30S subunits which become free as a result of the 

cessation of translation initiation, and promotes their association with 50S subunits to form 

inactive but stable 70S monomers, which are protected from degradation and thus potentially 

will be available for use once translation recommences (Di Pietro et al., 2013) 
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Ribosomal assembly in vivo is a complex process, aided by many accessory proteins. One 

of these is RbfA (Ribosome binding factor A), a cold-shock induced protein encoded in an 

operon along with fellow cold-shock induced protein NusA. It binds to the 30S ribosomal sub-

unit and seems to play a role in the final stages of maturation, ensuring that the 5  terminal 

helix of the 16S rRNA (h1) achieves the correct conformation. This seems to be of particular 

importance at low temperatures, and RbfA ensures a more rapid supply of active 30S units, 

hence a more rapid rate of protein synthesis than would be the case in its absence (Datta et 

al., 2007). A strain of E. coli containing a plasmid that overproduced RbfA showed both faster 

adaptation to low temperature conditions, and increased overall protein production (Jones & 

Inouye, 1996) 

 

Three proteins which also assist in the complex choreography of in vivo translation initiation 

are the Initiation Factors IF1, IF2 and IF3. These are maintained in the stoichiometric ratio 

1:1:1 under all conditions. IF1 and IF3 work in concert and are thought to contribute towards 

‘cold-shock translational bias’, whereby the small group of cold-shock induced mRNAs are 

preferentially translated whilst the bulk of mRNAs are not translated. 

 

IF1 is an essential protein, coded for by the infA gene in E. coli. This has two promoters, P1 

and P2, which produce two different monocistronic mRNA transcripts. The 5  UTR of the P1 

transcript is around 200bp longer than the P2 version. At normal temperatures, the P2 

version dominates, despite the P1 being a naturally stronger promoter. This is due to the 

relative instability of the p1infA mRNA (mRNA transcribed from the P1 promoter), which has 

a shorter half-life than p2infA. RNase III acts on p1infA to further destabilise it. Following cold-

shock, the p1infA transcript shows a marked increase in stability, its transcription is 

stimulated by the cold-shock protein CspA, and its repression by H-NS is reduced. This leads 

to a transient threefold increase in the IF1 / ribosome ratio, which lasts for a number of hours 

but reverts to normal by the time that normal growth resumes. IF1 is essential at low 

temperature, working in conjunction with IF3, to chaperone the binding of fMet-tRNA to the 

30S and 50S subunits to form active 70S ribosomes. Inactive 70S monomers are more 

stable at low temperature, in part due to the actions of pY, and an increased IF1 and 

IF3/ribosome ratio is needed to maintain a sufficient supply of 30S subunits for translation 

initiation (Giangrossi et al., 2007). 
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There is a structural similarity between IF1 and CspA, and both are found to colocalise with 

ribosomes. In addition, an IF1 homologue has yet to be identified in some bacterial species, 

such as Bacillus stearothermophilus, and as this protein is deemed essential, there must be 

a functional replacement. This has led to speculation that CspA can fulfil the same role in 

translation initiation, and/or conversely IF1 might have a role as an RNA chaperone, but 

further research is needed to definitively demonstrate the truth or otherwise of this proposition 

(Weber et al., 2001). 

 

IF3 is encoded in E. coli by the infC gene, and there are three promoters upstream of it (and 

a fourth part way through the coding sequence), plus two transcription termination sites 

downstream, and it can thus produce six transcripts of different lengths (Liveris et al., 1991). 

The three upstream promoters are designated PT, PI1 and PI2 (starting at the most distal). At 

normal temperatures, transcripts starting at the PI2 promoter dominate, with very little 

transcription from PT and PI2. In the first four hours following cold-shock, the level of PI2 

transcripts does not alter, but there is a substantial increase in PT and PI1 transcripts 

(Giuliodori et al., 2007). There are also two additional transcripts produced which are 20bp 

and 50bp longer than PI1 but it is not known at this time whether these represent two further 

promoter sites which are only active under cold stress, or cleavage of a longer transcript. PT 

is located upstream of thrS, the gene preceding infC, which produces threonyl-tRNA 

synthetase. This potentially implies an increase in production of this protein under cold-shock 

conditions. In addition, as PT and PI1 lie further upstream from infC they yield a transcript with 

a longer 5  UTR, a feature of several cold-shock mRNAs which may increase stability and/or 

favour translation at low temperature. 

 

IF3 acts to increase translation of cold-shock proteins and inhibit translation of non-cold-

shock proteins in a number of ways. In association with cold-shock mRNAs it increases the 

velocity of fMet-tRNA binding to the 30S subunit and facilitates the formation of the 70S 

initiation complex. Conversely, when presented with non-cold-shock mRNAs IF3 induces 

the formation of non-productive 70S complexes. However, the exact mRNA features that 

allows IF3 to discriminate between cold-shock and non-cold-shock transcripts is as yet 

unknown. Additionally, at low temperatures, there is an endogenous increase in 30S and 

50S subunits combining into stable 70S units, and IF3 also acts to counter this tendency, 
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thus maintaining a pool of 30S subunits available for translation initiation (Giuliodori et al., 

2007). 

 

IF2 is found in two forms in E. coli, a 97.3kDa protein IF2 and the 79.7kDa IF2, resulting 

from its mRNA containing two independent translation start sites. Like IF1 and IF3, the 

IF2/ribosome ratio is increased following cold-shock, by both stabilisation of the infB mRNA 

and increased translational efficiency. It plays a role in correct ribosomal assembly at low 

temperature, through GTP powered protein chaperone activity predominantly carried out by 

the IF2 variant (Brandi et al., 2019) 

 

There are putative homologues for all three E. coli Initiation Factors in Streptomyces 

coelicolor, namely SCO4725 (InfA), SCO5706 (InfB) and SCO1600 (InfC) (O’Leary et al., 

2016). The players of translational bias in Streptomyces have not been identified so far and 

it is not known whether translational regulatory mechanisms identified in E. coli are 

conserved in Streptomyces. 

 

Two other E. coli cold-shock proteins appear to be involved in ribosomal assembly and 

translation, but their exact role is less well defined. Trigger Factor (TF) is an E. coli cold-shock 

protein, whose synthesis increases 3-fold under cold-shock conditions, which has been 

shown to enhance cell viability at low temperatures. It acts to enhance the ability of GroEL to 

fold proteins and associates 1:1 with the 50S component of ribosomes. It is a molecular 

chaperone with peptidyl-prolyl cis/trans isomerase activity and is the first enzyme to interact 

with the polypeptide as it is synthesised, maintaining it in an open conformation. This implies 

that it might have a role to play in maintaining translation under cold-shock conditions 

(Kandror & Goldberg, 1997; Lill, R. et al., 1988; Stoller et al., 1995). The DEAD box helicase 

CsdA (coded by the gene formerly known as deaD, and also known as protein W2) is 

involved in alternative degradosome formation as described in Section 1.3.1.2, but also has 

a role in facilitating translation initiation. CsdA is required in order to form the ternary complex 

fMET-tRNA.30S.mRNA for mRNA that contains secondary structures, which are more 

common at low temperature. It is believed it acts by unwinding mRNA in a manner similar to 

the homologous eukaryotic protein eIF4A, though unlike eIF4A it is not ATP-dependent (Lu 

et al., 1999).  
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1.3.1.2 Formation and regulation of the degradosome 

 

The E. coli degradosome (Figure 1.7) is a multiprotein complex described in Section 1.2.2.1, 

formed around RNase E, which contains an endonuclease moiety and binds a number of 

other enzymes, normally including a DEAD box helicase, RhiB, and an exoribonuclease 

PNPase. RhiB is powered by ATP and acts to unwind mRNA to allow its degradation by 

PNPase (Coburn et al., 1999). Following cold-shock, another DEAD box helicase, CsdA, 

accumulates rapidly, and this can either replace RhiB in the degradosome, or bind to a 

separate site forming a degradosome with two helicases. It appears that CsdA containing 

degradosomes are necessary for efficient mRNA decay at low temperatures, though no 

mechanism for this has been proposed (Prud’homme-Généreux et al., 2004).  

 

The degradosome is itself both autoregulated and regulated by RraA (Regulator of 

Ribonuclease Activity A) and RraB (previously known as YjgD). These inhibitors affect which 

mRNA transcripts the degradosome acts on, hence providing yet another layer of regulatory 

control. RraB also affects the make-up of the degradosome itself, favouring CsdA over RhiB, 

so may also be involved in the cold-shock response (Gao et al., 2006). 

 

1.3.1.3 RNAse III regulation 

 

The Mg2+ dependent endonuclease RNAse III, encoded by the rnc gene, forms a homodimer 

in its active state, and has a number of roles in E. coli. It is responsible both for cleaving rRNA 

and tRNA precursors into functional units, and for the degradation of pnp mRNA (responsible 

for PNPase production) and rnc, its own mRNA. There is also a cleavage site between the 

P1 and P2 promoters of infA, which allows RNAse III to destabilise p1infA mRNA (Nicholson, 

1999). Cold-shock stimulates production of YmdB which binds the dimerization site, forming 

a non-functional heterodimer. This then allows both PNPase and P1IF1 (IF1 translated from 

p1infA mRNA) to accumulate in the cell, as they are no longer being degraded by RNAse III. 

It has been shown that the E. coli protein YmdB is also effective in inhibiting the RNAse III 

homologue (SCO5572 also known as AbsB) in Streptomyces coelicolor (Kim et al., 2008b), 

though no YmdB homologue has yet been identified.  
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1.3.1.4 Production of trehalose 

 

Trehalose is a non-reducing disaccharide, formed of two molecules of glucose, which 

protects cells against harsh environmental conditions, including heat shock, cold-shock and 

oxidative damage. Streptomyces spores can contain as much as 12% by dry weight 

trehalose, and can remain viable following total dehydration (Martín et al., 1986). Trehalose 

has been shown to stabilise proteins at high temperature by acting as a ‘chemical 

chaperone’, preventing denaturation and aggregation, and both exogenous and 

endogenous trehalose has a protective effect on the cell membrane (Crowe, 2007; Crowe 

et al., 1998; Leslie et al., 1994; Welch & Brown, 1996). Protein stabilisation by trehalose has 

been demonstrated to increase yield of recombinant protein in E. coli and reduce 

aggregation, both when added to culture medium and when the host bacteria were 

engineered to over-produce it in situ (Schultz et al., 2007). 

 

It has been shown that trehalose content increases up to seven-fold following cold-shock in 

E. coli, and that survival at low temperatures is greatly enhanced by its presence. 

Interestingly, trehalose production increases in response to a moderate temperature 

reduction to 16°C, but its protective effect is not apparent until much lower temperatures are 

reached. However, a direct reduction in temperature from 37°C to 4°C does not lead to 

increased trehalose production, as all cellular functions cease at this low temperature. In 

order for the cell to receive full protection from increased trehalose content, cooling needs to 

take place over several hours (Kandror et al., 2002). 

 

Trehalose production in E. coli is dependent on the otsA / otsB operon. Increased 

transcription of this operon at reduced temperature is dependent on the presence of the 

general stress  factor RpoS, but not of the major cold-shock protein CspA. A similarity 

between CspA and OtsA/B is that mRNA stability varies with temperature. The half-life of 

CspA increases from around 12 seconds at 37°C to 70 min at 15°C (Fang et al., 1997; 

Giuliodori et al., 2010). Similarly, otsA/B has a half-life of less than 2 min at 37°C, but this 

increases more than 10-fold at 16°C to around 20 min (Kandror et al., 2002). 

 

Streptomyces coelicolor has genes tentatively identified as possible homologues of otsA and 

otsB, sco4288 and sco4290, which raises the interesting question as to the function of the 
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intervening gene sco4289, which contains a membrane lipoprotein lipid attachment site but 

whose function is currently unknown. Other homologues to otsA are sco5442 and sco7334, 

and to otsB sco0238 (O’Leary et al., 2016). 

 

1.3.1.5 Modulation of DNA supercoiling 

The level of DNA supercoiling regulates the transcription of various ‘supercoiling sensitive’ 

genes, often in contiguous or semi-contiguous regions of the chromosome. Though Lim & 

Gross (2014) imply that DNA supercoiling can be directly affected by temperature, most 

other references refer only to various DNA-binding proteins which either increase or 

decrease supercoiling. The genes for a number of these are up-regulated following cold-

shock, including gyrA, hns and hupB in E. coli, which code for GyrA, H-NS and HU 

respectively (Phadtare & Inouye, 2004). Mizushima et al. (1997) examined the reduction in 

negative supercoiling in E. coli following cold-shock and concluded that GyrA and HU were 

responsible for this. Hardy & Cozzarelli (2005) have shown that H-NS increases 

supercoiling, in addition to its functions as a transcriptional regulator, though they did not 

specifically examine this under reduced temperature. It seems reasonable to conclude that 

DNA supercoiling is affected by cold-shock, with regulation inter alia by these three proteins, 

and that this has an effect o gene transcription, but more research is needed in this area to 

clarify this process.  

The proteins SCO3543 (TopA), SCO3873 and SCO3874 (GyrA and GyrB) have been 

identified as major DNA supercoiling regulators in S. coelicolor (Szafran et al., 2016). Many 

supercoiling sensitive genes have been identified, and these are not evenly spread 

throughout the chromosome but instead form clusters. One region in particular, from 

sco4667 to sco4700, is particularly rich in supercoiling sensitive genes, with 26 of the 34 

genes present being sensitive. Within this region is the cold-shock protein gene sco4684. 

The homologous CSP gene sco5921 is also within a cluster of supercoiling sensitivity. Both 

are affected by changes in TopA regulation, as are the adjacent DEAD box helicases 

sco5920 and sco4685, and also the adjacent genes sco4686-88 (Shivaji & Prakash, 2010; 

Szafran et al., 2019). 
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1.3.1.6 RNA chaperone proteins 

 

Perhaps the most important of all the cold-stress induced proteins are the ‘Cold-shock 

proteins’ (CSPs). They are extremely well conserved, have been present since the beginning 

of single cell life, are found across a wide range of both Gram-positive and Gram-negative 

bacteria, and a highly similar domain is found in a variety of eukaryotic nucleic acid binding 

proteins (Graumann & Marahiel, 1998). The most well studied of these proteins is CspA in 

E. coli, one of nine homologous CSPs not all of which are involved in the cold-shock 

response. The CspA mRNA transcript acts as a thermosensor, the 5  UTR adopting different 

conformations at its normal temperature, 37°C, when initially exposed to cold-shock, and 

after a period of cold-shock when CspA concentration reaches a critical point, thus regulating 

the amount of CspA that is produced.  

 

CspA acts primarily as an mRNA chaperone. A reduction in temperature results in an 

increase in secondary structure in mRNA that in turn inhibits the ability of the ribosome to 

form translation initiation complexes and produce protein. DMS-seq probing can be used to 

generate a ‘Gini’ index which measures the level of secondary structure present as 

described below (Zhang et al., 2018). 

 

Unpaired bases in mRNA are susceptible to modification by Dimethyl Sulfate (DMS), whilst 

those bases which have been paired through the formation of secondary structure are 

protected. High throughput sequencing can be applied to mRNA after DMS treatment has 

been applied, and a count made of how many bases in each position remain unmodified. If 

there is no secondary structure, the count will be roughly even at every position. If there is 

structure, the count will be uneven, with spikes at every position at which the mRNA contacts 

itself. The ‘Gini index’, a measure of unevenness more frequently used to describe 

distribution of income, can be calculated from the distribution of counts. The higher the index, 

the more uneven the distribution, hence the higher the level of secondary structure is present. 

Figure 1.9A illustrates the initial increase in the Gini index level under cold-shock conditions. 

After the 6-hour acclimation period, the level of secondary structure has reduced significantly, 

though it remains higher than it was initially at 37°C (Figure 1.9B).  
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Figure 1.9 Histograms showing distribution of the Gini index of secondary structure in the E. 

coli transcriptome. Panel A shows the dramatic increase in Gini index, and thus secondary 

structure, half an hour after the temperature is reduced from 37°C to 10°C. Panel B shows 

the partial recovery after 6 hours at 10°C, as the level of secondary structure is reduced. 

Reproduced from Zhang et al. (2018). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

The level of secondary structure present in mRNA has been shown to be the most important 

predictor of translation efficiency, which is consistent with this increase in structure being the 

cause of the observed reduction in bulk protein synthesis immediately following a 

temperature reduction, and its resumption at a lower level following the acclimation period 

(Burkhardt et al., 2017). Deletion mutants were used to demonstrate that the only two genes 

which are essential to this recovery process are cspA which encodes CspA, and rnr which 

encodes RNase R, a 3 exoribonuclease with intrinsic helicase activity. CspA binds RNA 

(and DNA) non-specifically and hence can act as a chaperone to all mRNA, but in order to 

do so it needs to almost completely coat it - a ratio of one CspA protein for every 10 

nucleotides of mRNA has been observed. This is where the importance of RNAse R 

becomes apparent - as well as producing huge quantities of CspA, the cell produces RNAse 

R to reduce the level of mRNA present until the ratio of CspA to mRNA is sufficient for it to 

be effective (Zhang et al., 2018). 

 

A B 
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CspA has other roles to play in the cold-shock response. It has been shown to act as a 

transcription anti-terminator, increasing the transcription of an operon containing nusA, infB, 

rbfA and pnp, the genes responsible for NusA, IF2, RbfA and PNPase. It also negatively 

represses its own transcription, and positively enhances the transcription of p1InfA (Bae et 

al., 1997, 2000). 

 

Nine S. coelicolor proteins have been identified as likely cold-shock proteins, based on their 

similarity to CspA : SCO00527, SCO3731, SCO3748, SCO4295, SCO4325, SCO4505, 

SCO4684, SCO5921 and SCO6439. These are discussed in more depth in Chapter 3. 

 

1.3.1.7 Membrane fluidity 

 

Cold-shock causes membrane fluidity to decrease, and cells respond by changing the fatty 

acid content of the lipid membrane to increase the proportions of shorter chain fatty acids, 

branched fatty acids or fatty acids with an increased number of carbon double bonds. In B. 

subtilis the fatty acid desaturase Des adds double bonds to existing saturated fatty acids 

attached to the membrane. In E. coli there is an increase in β-ketoacyl-ACP synthase II 

activity which increases unsaturated fatty acid content in the inner membrane. Additionally, 

there is a shift from (saturated) laureate to (unsaturated) palmitoleate in the outer membrane 

(Zhang & Gross, 2021). 

 

1.3.2 Cold-shock sensing 

 

1.3.2.1 Transmembrane sensors 

 

One of the effects of decreasing temperature is to decrease cell membrane fluidity, and in 

some cases, it seems that it is this increase in cell membrane rigidity itself which alerts the 

cell to the temperature drop (Vigh et al., 1998). 

 

A two-component system has been proposed in B. subtilis, consisting of DesK, a membrane 

bound auto-phosphorylatable histidine kinase and DesR, a DNA binding response regulator. 

DesK senses the temperature change related change in membrane fluidity and 

phosphorylates DesR, which then binds to DNA promoting the transcription of the des gene. 
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This then produces the Des protein, which in turn desaturates the acyl chain of membrane 

phospholipids. Membrane fluidity is thus restored, and Des represses transcription of the des 

gene, creating a negative feedback loop (Aguilar, 2001; Albanesi et al., 2004). 

 

A similar system has been suggested for the cyanobacterium Synechosistis sp. A dimerised 

transmembrane histidine kinase Hik33 may respond to increased membrane rigidity by 

phosphorylating a cytosol-based kinase Hik19, which in turn phosphorylates Rer1, a 

transcriptional regulator of the desB gene, which produces an 3 fatty acid desaturase. 

Induction of cell membrane rigidity other than by temperature change also induces an 

increase in fatty acid desaturases, confirming that it is the rigidity that is being detected  rather 

than the temperature change directly (Suzuki et al., 2000). 

 

It has been proposed that E. coli is able to sense and respond to temperature changes using 

methyl-accepting chemotaxis proteins (MCPs). These form transmembrane structures and 

respond to chemoeffectors such as Ni2+ ions (repellent) or maltose (attractant). When an 

attractant is detected, the bacterium continues to swim smoothly forward, and when a 

repellent is detected it instead ‘tumbles’, such that it then swims in a different direction. This 

system relies on conformational change in the MCPs, and it has been suggested that 

conformational change may also follow temperature change, though exact details are 

currently unknown (Weber & Marahiel, 2003). 

 

Whilst there is reasonable evidence for these systems, the actual mechanism by which 

changes in membrane fluidity are detected remains unclear, and there is as yet no indication 

that systems to deal with cold-induced effects other than membrane rigidification are induced 

by the actions of these two-component systems. Indeed this has been specifically proven for 

B. subtilis, that the DesK/DesR system only regulates the production of des and not the rest 

of the cold-shock response (Beckering et al., 2002) 

 

1.3.2.2 Translation inhibition 

 

A cold-shock like response can be triggered in E. coli and B. subtilis by the application of the 

antibiotic chloramphenicol, which arrests translation (Graumann et al., 1997). This provides 

some evidence that the reduction in translation which immediately follows a cold-shock is 
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used by the cell to detect and respond to the temperature reduction. The mechanism driving 

such a system has not been conclusively demonstrated, though it has been suggested that 

an ‘inverted stringent response’ is the mechanism at work. 

 

The ‘stringent response’ occurs when translation is halted due to a shortage of amino acids. 

The increase in occupancy of the ribosomal A-site by uncharged tRNA leads to an increase 

in the alarmone (p)ppGpp which upregulates production of amino acids and downregulates 

genes associated with translation (Irving et al., 2021).  

 

The model of an ‘inverted stringent response’ assumes that there is a baseline level of 

(p)ppGpp in the cell when translation is proceeding normally. If translation is halted whilst 

there is no shortage of amino acids, due to increased secondary structure following cold-

shock or due to the application of chloramphenicol, then the ribosomal A-site will be occupied 

by charged rather than uncharged tRNA. This will then produce the opposite reaction to the 

stringent response, a decrease rather than an increase in (p)ppGpp, and a reduction rather 

than an increase in amino acid production, coupled with an increase in production of 

translation associated proteins (Weber & Marahiel, 2003). A reduction in (p)ppGpp following 

cold-shock has been observed in E. coli, and it has been shown that B. subtilis reacts to cold-

shock as described, by reducing amino acid production and enhancing translational 

machinery, but the ‘inverted stringent response’ remains at present an interesting theory 

rather than accepted fact. There is a dissenting study that found an increase rather than a 

decrease in (p)ppGpp following cold-shock in B. subtilis, though the shock in this case was 

to 0°C so this may have been an artefact of the severity of the shock (Ikehara et al., 1984). 

 

1.3.2.3 Changes in DNA supercoiling 

 

Chromosomal DNA exhibits supercoiling, the extent of which has been shown to influence 

gene expression (Martis B. et al., 2019). The level of supercoiling varies with temperature, 

but it is not clear whether this is an intrinsic property of the chromosome itself altering its 

conformation in response to temperature changes or due to alterations in the amount or 

activity of topoisomerases, nucleoid associated proteins, or other proteins which act to alter 

the level of supercoiling. If the changes in supercoiling are indeed protein dependent, this 
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does not answer the fundamental question of how the bacteria are detecting the change in 

temperature in the first place (Eriksson et al., 2002). 

 

1.3.2.4 Changes in RNA conformation 

 

The major cold-shock protein acting in E. coli is CspA. Its mRNA transcript has been shown 

to be a great deal more stable at low temperature than at normal temperatures, exhibiting a 

half-life of 70 min at 15°C versus around 12 seconds at 37°C (Fang et al., 1997; Giuliodori 

et al., 2010). Three hypotheses have been advanced to explain this phenomenon. i) the 

normal RNA degradosome is inactivated, and subsequently replaced by a new degradation 

mechanism  (Prud’homme-Généreux et al., 2004); ii) more ribosomes are translating cspA 

mRNA during cold-shock and these protect it from degradation (Hankins et al., 2007) and iii) 

cspA mRNA adopts a different conformation at low temperature which protects it from 

degradation (Giuliodori et al., 2010). It is of course possible that all of these factors play a 

role, but the first two do not explain how the cell detects the shift in temperature in the first 

place. 

 

There is good evidence to support the third hypothesis. (Giuliodori et al., 2010) showed that 

under Temperature Gradient Gel Electrophoresis, cspA mRNA shows a non-linear 

temperature dependent mobility variation, with a marked change in gradient at 20°C. The 

increase in mobility at higher temperatures would be consistent with the mRNA forming a 

more compact structure. They then went on to probe with RNAses at different temperatures 

and found very different cleavage patterns at 37°C and at temperatures below 20°C, 

indicating that a change in structure has occurred between these two temperatures, such 

that different regions are exposed to or protected from the RNAses. Their modelling suggests 

a long-range interaction at normal temperatures between regions of the 5  UTR and of the 

coding region, and the formation of a long helix. At lower temperatures, this structure is 

predicted to unfold, leaving the transcript as a branched structure of short stem loops. 

Mutations were introduced, and their effect on the RNAse fragmentation pattern used to 

provide further confirmation of these structures. Zhang et al. (2018) used DMS-seq to 

present a model whereby the 5 UTR of cspA takes a different, less compact, conformation 

at 10°C compared to 37°C, and further showed that as CspA accumulated, it acted on cspA 

mRNA to revert it to a more compact structure. The two models do not exactly match, so 
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whilst it seems beyond doubt that a change in structure is occurring it is not clear which, if 

either, of the suggested structures is the correct one.  
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1.4 Aims and objectives 

 

The hypothesis being tested is that whilst some functional elements of the CSR in E. coli 

may be conserved in S. coelicolor, it is likely that its CSR will be different. One or more of the 

proteins coded for by genes identified as homologues to the E. coli cspA are expected to 

play a role in the S. coelicolor CSR. To explore this hypothesis, the response of S. coelicolor 

to cold-shock will be explored bioinformatically, transcriptionally and post-transcriptionally in 

a range of media, and gene deletion will be performed to test for the creation of a cold-

sensitive phenotype. 

 

The aims of this study were as follows - 

 

1.4.1 Bioinformatic exploration of putative Cold-Shock Proteins in S. coelicolor 

 

The CSP domain is conserved in many species of both prokaryotes and eukaryotes and 

shows high levels of amino acid sequence identity. The aim was to compare proteins of the 

predicted proteome of S. coelicolor with the archetypal E. coli CSP primary sequence to 

identify putative CSP genes in the S. coelicolor chromosome, and to model the structure of 

their protein products as confirmation of likely candidates.  

 

1.4.2 Induction of the cold-shock response in S. coelicolor 

 

The next objective of this study was to investigate the conditions in which a cold-shock 

response can be induced in S. coelicolor. Typically, Streptomyces is cultivated in the 

laboratory in one of two ways, either on a solid growth medium in a petri dish or submerged 

in a liquid growth medium in a flask. The solid medium produces a culture that most 

resembles that found in nature, with the chronological formation of the substrate mycelium, 

aerial mycelium and sporulating hyphae. Culture in liquid medium does not produce 

morphological differentiation in S. coelicolor (though it does in some other Streptomyces 

species) but is the method that is used for bulk production of proteins and metabolites. 

Laboratory culture in sterile soil has been achieved, and whilst this is an interesting avenue 

it is not appropriate for this study (Nazari et al., 2013). The conditions required to induce cold-

shock in both solid and liquid cultures were ascertained in this study. 
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1.4.3 Elucidation of the cold-shock transcriptome  

 

Once the conditions required to induce the cold-shock response had been identified, ‘RNA-

seq’ was used to analyse the transcriptome in and on a variety of growth media. This 

technique involves the taking of samples at various time points following cold-shock, 

sequencing cDNA created from the mRNA present and comparing this with samples taken 

before cold-shock, and from a control treated in the same way but held at a constant 

temperature. The relative abundance of each transcript is dependent on a number of factors 

including the relative rate of transcription of the associated gene, how stable the mRNAs are 

and the rate at which they are degraded by nucleases. This analysis revealed which, if any, 

of the candidate cold-shock proteins identified bioinformatically actually respond to cold-

shock, and also provided a dataset of other gene transcripts which alter significantly in 

abundance in response to exposure to cold-shock.  

 

1.4.4 Elucidation of the cold-shock translatome 

 

Following the quantification of transcriptional changes following cold-shock by RNA-seq, 

changes in the translatome were also elucidated, using both ‘polysome profiling’ and 

‘ribosome profiling (Ribo-seq)’. In both these techniques, the presence of a ribosome bound 

to mRNA is used as a proxy for active translation occurring. Mycelium samples were taken 

in the same way as in Section 1.4.3, and their mRNA extracted. Both the transcriptome and 

translatome from the same cultures were analysed to allow for direct comparison. 

 

The ’polysome profiling’ technique uses ultracentrifugation in a sucrose gradient to separate 

mRNA into that bound to zero, one or more ribosomes, and sequencing can then be used 

to identify and quantify which mRNAs make up each category. The ‘ribosome profiling’ 

(‘Ribo-seq’) technique exploits the feature that the section of mRNA which is bound to a 

ribosome is protected against degradation by an RNAse, which is used to remove all 

sections of mRNA which are not bound to ribosomes. Again, sequencing was used to 

identify and quantify these ribosome-protected RNA fragments. In both techniques, 

comparison between overall transcript abundance and ribosome associated transcript 

abundance was used to calculate translation efficiency (TE), a measure of how much of the 



 93 

mRNA that has been transcribed appeared to be actively involved in translation (ribosome-

bound) under each environmental condition. 

 

1.4.5 Deletion of genes associated with the cold-shock response 

 

The CRISPR-Cas9 system allows very precisely targeted cutting of chromosomal DNA and 

was used to delete genes and/or operons identified as being involved in the cold-shock 

response. This demonstrated whether the chosen genes/operons are essential for the 

survival of the bacterium, and any phenotypical changes compared to wild type could be 

identified. 

 

1.4.6 Overexpression of Cold-shock and related proteins in E. coli 

 

S. coelicolor is not ideally suited to the bulk production of proteins and metabolites. It is 

subject to low growth rates, viscous cultures, and the formation of mycelial clumps which are 

only active around the surface of the pellets as the middle becomes oxygen and nutrient 

deprived (van Wezel et al., 2006). Instead, E. coli is the workhorse of choice for synthetic 

protein and metabolite production, and if it is possible to clone a gene for a desired 

Streptomyces protein into E. coli, this is the preferred route. E. coli is the most well studied of 

the bacteria, exhibits a fast cell doubling time and can reach high cell densities in cheap 

growth media, and is available as a variety of strains tailored to various types of product 

(Huang et al., 2012; Selas Castiñeiras et al., 2018). Once candidate proteins involved in the 

cold-shock response were identified, they were inserted into plasmids in E. coli and this 

system was used to overexpress protein. This protein can then be used in future 

experiments, for example to identify and measure any effect of the addition of exogenous 

cold-shock induced proteins on cell free protein production at normal and cold temperatures. 

 

1.4.7 Identification of RNA-binding proteins that may be involved in regulation of 

expression 

 

The canonical E. coli Cold-shock Protein CspA acts post-transcriptionally by binding mRNA 

and reducing the amount of secondary structure it contains. By identifying proteins which are 

bound to RNAs in S. coelicolor at both normal and cold temperatures, it should be possible 
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to observe whether a similar system appears to be functioning. Additionally, other protein 

binding RNAs can be identified for future study, to try and elucidate further the mechanisms 

of post-transcriptional regulation. 

 

 

  



 95 

2 Materials and methods 

 

2.1 Materials 

 

2.1.1 Bacterial strains 

 

2.1.1.1 Bacterial strains used in this study 

 

Table 2.1 Bacterial strains used in this work. 

Strain Description and genotype Reference 

Streptomyces coelicolor 

A3(2) MT1110 

Prototrophic, SCP1-, SCP2- , a 

plasmid-free derivative of the original 

John Innes stock strain, 1147 

(Hindle & Smith, 

1994) 

Streptomyces coelicolor 

A3(2) M145 

Prototrophic, SCP1-, SCP2- a 

plasmid-free derivative of a previous 

auxotrophic derivative of the original 

John Innes stock strain, 1147 

(Kieser et al., 2000) 

Escherichia coli 

ET12567/pUZ8002 

F-  dam13::Tn9(CamR) dcm-6 hsdM 

hsdR recF143 zjj202::Tn10(TetR) 

rpsL136. Methylation deficient E. coli 

strain used in intergeneric 

conjugation E. coli – Streptomyces. 

(Flett et al., 1997) 

Escherichia coli DH5 F′ endA1 hsdR17(rk-, mk
+) glnV44 thi-

1 recA1 gyrA(Nalr) relA1 (lacIZYA-

argF)U169 

deoR(80dlac(lacZ)M15) 

(Woodcock et al., 

1989) 

Escherichia coli T7 

Express lysY 

MiniF lysY (CamR) / fhuA2 lacZ::T7 

gene1 [lon] ompT gal sulA11 R(mcr-

73::miniTn10--TetS)2 [dcm] R(zgb-

210::Tn10—TetS) endA1 ∆(mcrC-

mrr)114::IS10 

NEB #C3010  

https://international.n

eb.com/products/c30

10-t7-express-lysy-

competent-e-coli-

high-

https://international.neb.com/products/c3010-t7-express-lysy-competent-e-coli-high-efficiency#Product Information
https://international.neb.com/products/c3010-t7-express-lysy-competent-e-coli-high-efficiency#Product Information
https://international.neb.com/products/c3010-t7-express-lysy-competent-e-coli-high-efficiency#Product Information
https://international.neb.com/products/c3010-t7-express-lysy-competent-e-coli-high-efficiency#Product Information
https://international.neb.com/products/c3010-t7-express-lysy-competent-e-coli-high-efficiency#Product Information
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efficiency#Product 

Information  

 

Glossary of genotype descriptions : - 

 

Escherichia coli DH5 

 

F′ - F prime fertility factor. Genes which allow transfer by conjugation which have been 

excised from the chromosome into a plasmid, along with a portion of the adjacent 

chromosome. 

 

endA1 – endonuclease 1 mutation, prevents non-specific degradation of ds DNA. 

 

hsdR17(rk-, mk
+) – eliminates the restriction component of the EcoKI methylation – restriction 

system. 

 

glnV44 – suppresses amber stop codon by inserting glutamine. 

 

thi-1 – thiamine auxotroph, cannot produce its own thiamine. 

 

recA1 – disabled RecA DNA repair mechanism, to reduce unwanted recombination.  

 

gyrA(Nalr) – provides resistance to nalidixic acid. 

 

relA1 – develops alternative lipid structure, weak cell membrane. 

 

(lacIZYA-argF)U169 – confers hydrogen peroxide resistance. 

 

deoR – allows uptake of large plasmids, represses nucleic acid catabolism. 

 

(80dlac(lacZ)M15) – allows blue/white screening. 

 

  

https://international.neb.com/products/c3010-t7-express-lysy-competent-e-coli-high-efficiency#Product Information
https://international.neb.com/products/c3010-t7-express-lysy-competent-e-coli-high-efficiency#Product Information
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Escherichia coli ET12567 

 

F- - no F (fertility factor) plasmid.  

 

dam13::Tn9(Camr) – chloramphenicol resistance. 

 

dcm-6 – disabled cytosine methylation. 

 

hsdM – deletion of hsdM methyltransferase of EcoKI system. 

 

 hsdR – deletion of hsdR restriction enzyme of EcoKI system. 

 

 recF143 – disabled DNA repair mechanism. 

 

zjj202::Tn10(Tetr) – tetracycline resistance. 

 

rpsL136 – streptomycin resistance. 

 

Escherichia coli T7 Express lysY 

 

MiniF – fertility plasmid, exhibits replication properties of the F plasmid. 

 

lysY – produces T7 lysozyme, binds and inhibits T7 RNA polymerase. 

 

(CamR) – chloramphenicol resistant. 

 

 fhuA2 – resistance to T1 phage. 

 

lacZ::T7 gene1 – T7 RNA polymerase under control of lac promoter. 

 

[lon] ompT – deficient in Lon and OmpT proteases. 

 

gal – cannot use galactose as a carbon source. 
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sulA11 – allows cells to divide normally in the absence of Lon. 

 

R(mcr-73::miniTn10--TetS)2 – inactivated restriction system which targets methylated DNA. 

 

∆(mcrC-mrr)114::IS10 – inactivated restriction system which targets methylated DNA. 

 

[dcm] – disabled cytosine methylation. 

 

R(zgb-210::Tn10--TetS) – tetracycline resistance. 

 

endA1 - endonuclease 1 mutation, prevents non-specific degradation of ds DNA. 

2.1.1.2 Bacterial strains created in this study 

 

Table 2.2 Streptomyces strains created in this work. 

Strain Description and genotype (nucleotide numbering based on NCBI reference 

sequence NC_003888.3) 

KO5919.14 S. coelicolor A3(2) MT1110 derivative with sco5919 gene inactivated by 

insertion of a T base following base 6,487,680 creating a frameshift 

mutation at codon 16 of the sco5919 ORF. 

KO5919.15 Independent isolate of above mutant 

5918.A6 S. coelicolor A3(2) MT1110 derivative with sco5918 gene removed (bases 

6,486,961 – 6,487,279) 

5918.B1 Independent isolate of above mutant 

5918.B2 Independent isolate of above mutant 

5921op.A S. coelicolor A3(2) MT1110 derivative with the sco5921 operon (sco5921, 

sco5920, sco5919 and sco5918; bases 6,486,961 – 6,489,982) removed 

5921op.B Independent isolate of above mutant 

5921op.C Independent isolate of above mutant 

5921op.D Independent isolate of above mutant 

Crispr 

Control 

S. coelicolor A3(2) MT1110 that has received via conjugation an unaltered 

pCRISPR-Cas9 plasmid (no inserted guide RNA or HDR templates) which 

has then been activated by exposure to thiostrepton 
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2.1.2 Plasmids and oligonucleotides 

 

2.1.2.1 Plasmids used in this study 

Table 2.3 Plasmids used in this study 

Plasmid Description Reference 

pUZ8002 Non replicative vector that integrates in the 

Streptomyces chromosome site specifically either at 

ɸC31 or pSAM2 attachment sites, or via directed 

homologous recombination. RK2 plasmid derivative 

with defective oriT (aph) and transfer functions for oriT 

mediated intergeneric conjugal transfer from E. coli to 

Streptomyces. 

(Flett et al., 

1997) 

pCRISPR-

Cas9-

ScaligD 

pGM1190 derivative with additional sgRNA scaffold 

under control of constitutive ermE* promoter, codon 

optimised cas9 under control of tipA and ScaligD 

cassette (produces LigD protein) under control of 

ermE* promoter. Confers resistance to apramycin and 

thiostrepton. 

(Tong et al., 

2015), Addgene 

Cat No. #125688 

pCRISPR-

Cas9 

pGM1190 derivative with additional sgRNA scaffold 

under control of constitutive ermE* promoter, codon 

optimised cas9 under control of tipA. StuI restriction site 

to allow insertion of template DNA. Confers resistance 

to apramycin and thiostrepton. 

(Tong et al., 

2015), Addgene 

Cat. No. 

#125686 (no 

longer listed) 

pET-15b pBR322 derivative used to overexpress protein with an 

N-terminal His-tag under control of a T7 promoter 

which is repressed by LacI in the absence of IPTG. 

Also contains N terminal thrombin cleavage site. 

Ampicillin resistance. 

Merck Millipore 

#69661 

pET-22b (+) pBR322 derivative used to overexpress protein with a 

C-terminal His-tag under control of a T7 promoter 

which is repressed by LacI in the absence of IPTG. 

Ampicillin resistance. 

Merck Millipore 

#69744 
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pET15-

nhishspR 

Ampicillin resistant IPTG activated overexpression 

plasmid with hspR/sco3668 gene inserted between 

NdeI and XhoI restriction sites to acquire N-terminal 

His-tag. 

Supplied by Dr 

G. Bucca 

pET22-

chishspR 

Ampicillin resistant IPTG activated overexpression 

plasmid with hspR/sco3668 gene stop codon deleted 

and fused to C-terminal His-tag. 

Supplied by Dr 

G. Bucca 

pSP73-

4xS1m-rev 

pSP73 derivative with four adjacent repeats of the 

‘S1m’ streptavidin binding aptamer sequence inserted 

into BglII site (Leppek & Stoecklin, 2014), reengineered 

so inserted sequence is under control of T7 promoter. 

Supplied by Dr 

G. Bucca. 

   

2.1.2.2 Oligonucleotide primers used in this study 

Table 2.4 Oligonucleotide primers used in this study 

Primer Sequence (5 - 3) Description 

sgRNA_FWD_5921_1 CATGCCATGGGA

AGTGGTTCAACG

CGGAAAGTTTTAG

AGCTAGAAATAGC 

sgRNA ‘A’, targeting 

sco5921/sco4684 with NcoI site, 

forward primer 

sgRNA_FWD_5920_1 CATGCCATGGAC

GCCCGCTCTGTG

AAGCTGGTTTTAG

AGCTAGAAATAGC 

sgRNA ’B’, targeting 

sco5920/sco4685 with NcoI site, 

forward primer 

sgRNA_FWD_5919_1 CATGCCATGGGT

AGGCGCTCTCCC

ATTGCGGTTTTAG

AGCTAGAAATAGC 

sgRNA ‘C’, targeting sco5919 with 

NcoI site, forward primer 

sgRNA_FWD_5918_1 CATGCCATGGCAT

GGCCCTTAGGATT

TCGCGTTTTAGAG

CTAGAAATAGC 

sgRNA ‘D’, targeting sco5918 with 

NcoI site, forward primer 
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sgRNA_FWD_4686_1 CATGCCATGGGT

ACGCGGAACCGT

TCCGTAGTTTTAG

AGCTAGAAATAGC 

sgRNA ‘E’, targeting sco4686 with 

NcoI site, forward primer 

sgRNA_FWD_1661_1 CATGCCATGGCA

AGGACATAACCCA

GATCCGTTTTAGA

GCTAGAAATAGC 

sgRNA ‘F’, targeting sco1661 with 

NcoI site, forward primer 

sgRNA_FWD_5921_2 CATGCCATGGGT

GAACTTCGACATC

GCGCAGTTTTAGA

GCTAGAAATAGC 

sgRNA ‘G’, targeting 

sco5921/sco4684 with NcoI site, 

forward primer 

sgRNA_FWD_5920_2 CATGCCATGGGT

GGTGGGCGGGAT

GTCGATGTTTTAG

AGCTAGAAATAGC 

sgRNA ‘H’, targeting 

sco5920/sco4685 with NcoI site, 

forward primer 

sgRNA_FWD_5919_2 CATGCCATGGCG

CTCTCCCATTGCG

CGGCAGTTTTAGA

GCTAGAAATAGC 

sgRNA ‘I’, targeting sco5919 with 

NcoI site, forward primer 

sgRNA_FWD_5918_2 CATGCCATGGCA

GCACCGGCGAAA

TCCTAAGTTTTAG

AGCTAGAAATAGC 

sgRNA ‘J’, targeting sco5918 with 

NcoI site, forward primer 

sgRNA_FWD_4686_2 CATGCCATGGCG

CGGCCGGACCCC

AGGTCTGTTTTAG

AGCTAGAAATAGC 

sgRNA ‘K’, targeting sco4686 with 

NcoI site, forward primer 

sgRNA_FWD_1661_2 CATGCCATGGTC

GTACGACCTTCTC

GTGATGTTTTAGA

GCTAGAAATAGC 

sgRNA ‘L’, targeting sco1661 with 

NcoI site, forward primer 
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sgRNA_RVS ACGCCTACGTAAA

AAAAGCACCGACT

CGGTGCC 

sgRNA primer with SnaBI site for 

use with sgRNA ‘A’ to ‘L’, reverse 

primer 

Chkdel_1661_F_fwd CCGCCTGGTGCT

CAACG 

 

PCR amplify section of sco1661 

to check if DSB successfully 

created by sgRNA ‘F’, forward 

primer 

Chkdel_1661_F_rvs ACGCGATCGGCT

CGAAG 

PCR amplify section of sco1661 

to check if DSB successfully 

created by sgRNA ‘F’, reverse 

primer 

Chkdel_1661_L_fwd CGGCTTCTGGAA

CAGCAC 

PCR amplify section of sco1661 

to check if DSB successfully 

created by sgRNA ‘L’, forward 

primer 

Chkdel_1661_L_rvs CGCCGAGTACGC

GAAGAC 

PCR amplify section of sco1661 

to check if DSB successfully 

created by sgRNA ‘L’, reverse 

primer 

Chkdel_4684_AG_fwd CGAACAGAGTGG

AATTACTCGG 

PCR amplify section of sco4684 

to check if DSB successfully 

created by sgRNA ‘A’ or ‘G’, 

forward primer 

Chkdel_4684_AG_rvs GGAGCACGTGGA

GAATTGC 

PCR amplify section of sco4684 

to check if DSB successfully 

created by sgRNA ‘A’ or ‘G’, 

reverse primer 

Chkdel_4685_BH_fwd AATCCCAGGGCG

TGACC 

PCR amplify section of sco4685 

to check if DSB successfully 

created by sgRNA ‘B’ or ‘H’, 

forward primer 

Chkdel_4685_BH_rvs CGCGCTCGGCAC

GTTC 

PCR amplify section of sco4685 

to check if DSB successfully 
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created by sgRNA ‘B’ or ‘H’, 

reverse primer 

Chkdel_4686_EK_fwd GAGGTACTTCGT

GACGCTGC 

PCR amplify section of sco4686 

to check if DSB successfully 

created by sgRNA ‘E’ or ‘K’, 

forward primer 

Chkdel_4686_EK_rvs CAGAAGTGCTGA

CGGACTCC 

PCR amplify section of sco4686 

to check if DSB successfully 

created by sgRNA ‘E’ or ‘K’, 

reverse primer 

Chkdel_5918_DJ_fwd AGCAGCAGGATC

CAGTACG 

PCR amplify section of sco5918 

to check if DSB successfully 

created by sgRNA ‘D’ or ‘J’, 

forward primer 

Chkdel_5918_DJ_rvs GCGTCCTCGCTC

TCTCC 

PCR amplify section of sco5918 

to check if DSB successfully 

created by sgRNA ‘D’ or ‘J’, 

reverse primer 

Chkdel_5919_CI_fwd GGCCGACGGTGA

GACG 

PCR amplify section of sco5919 

to check if DSB successfully 

created by sgRNA ‘C’ or ‘I’, 

forward primer 

Chkdel_5919_CI_rvs GCCCTCAGCCGG

ATCAC 

PCR amplify section of sco5919 

to check if DSB successfully 

created by sgRNA ‘C’ or ‘I’, 

reverse primer 

Chkdel_5920_BH_fwd GGTCCCGGGTCA

GTCTG 

PCR amplify section of sco5920 

to check if DSB successfully 

created by sgRNA ‘B’ or ‘H’, 

forward primer 

Chkdel_5920_BH_rvs GTTCCGTATGAAC

CGCACACG 

PCR amplify section of sco5920 

to check if DSB successfully 
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created by sgRNA ‘B’ or ‘H’, 

reverse primer 

Chkdel_5921_AG_fwd GCGGGAACGATG

TTCTCG 

PCR amplify section of sco5921 

to check if DSB successfully 

created by sgRNA ‘A’ or ‘G’, 

forward primer 

Chkdel_5921_AG_rvs TCTCTGCCGCAAT

AAGCAAGG 

PCR amplify section of sco5921 

to check if DSB successfully 

created by sgRNA ‘A’ or ‘G’, 

reverse primer 

Ins1-F GGTCGATCCCCG

CATATAGGGCGG

CGCCACCGTCC 

PCR amplify template covering 

≈1000 bases downstream of 

sco5918, forward primer 

Ins1-R CCGACACGACAA

ACGCG 

PCR amplify template covering 

≈1000 bases downstream of 

sco5918, reverse primer 

Ins2-F CGGCGCGTTTGT

CGTGTCGGCACA

GGCAGGAGAGTT

ACG 

PCR amplify template covering 

≈1000 bases upstream of 

sco5918, forward primer 

Ins2-R TCGTCGAAGGCA

CTAGAAGGGGGC

ACGTCACCGTGC 

PCR amplify template covering 

≈1000 bases upstream of 

sco5918, reverse primer 

Ins3-F CGGCGCGTTTGT

CGTGTCGGGACA

TCGACAGTAGCA

CGCCA 

PCR amplify template covering 

≈1000 bases upstream of 

sco5921, forward primer 

Ins3-R TCGTCGAAGGCA

CTAGAAGGCCTG

CGGATCCTGGAG

CTGG 

PCR amplify template covering 

≈1000 bases upstream of 

sco5921, reverse primer 
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Chkdel1-F GCATGCTTTGCCA

TCTCCCT 

PCR amplify region including 

sco5918 to check deletion, 

forward primer 

Chkdel1-R CGG TGC CCT 

TCG GAC G 

PCR amplify region including 

sco5918 to check deletion, 

reverse primer 

Chkdel2-F GCGGACGCAAGC

CGTCT 

PCR amplify region including 

entire HDR template and sco5918 

to check deletion, forward primer 

Chkdel2-R CGCCCTGCACGG

CGG 

PCR amplify region including 

entire HDR template and sco5918 

to check deletion, reverse primer 

Chkdel3-R GGAGACACCGCT

CGCC 

PCR amplify region including 

sco5921 to sco5918, reverse 

primer, pairs with Chkdel2-F 

p22/15_3668_NdeI_XhoI_F TTAACATATGGAC

GGTCGGCGAC 

PCR amplify sco3668 with 

additional sequence to allow 

insertion between NdeI and XhoI 

sites in pET-15b or pET-22b, 

forward primer 

p15_3668_NdeI_XhoI_R TATACTCGAGTCA

GTCCGAGGACTG

GCC 

PCR amplify sco3668 with 

additional sequence to allow 

insertion between NdeI and XhoI 

sites in pET-15b, reverse primer 

p22_3668_NdeI_XhoI_R TATACTCGAGGTC

CGAGGACTGGCC

G 

PCR amplify sco3668 with 

additional sequence to allow 

insertion between NdeI and XhoI 

sites in pET-22b, reverse primer 

p22/15_5921_NdeI_XhoI_F TTAACATATGGCT

GCTGGTACCGTG

A 

PCR amplify sco5921 with 

additional sequence to allow 

insertion between NdeI and XhoI 

sites in pET-15b or pET-22b, 

forward primer 
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p15_5921_NdeI_XhoI_R TATACTCGAGTCA

GGCGGGAACGAT

GTTCTCG 

PCR amplify sco5921 with 

additional sequence to allow 

insertion between NdeI and XhoI 

sites in pET-15b, reverse primer 

p22_5921_NdeI_XhoI_R TATACTCGAGGG

CGGGAACGATGT

TCTCG 

PCR amplify sco5921 with 

additional sequence to allow 

insertion between NdeI and XhoI 

sites in pET-22b, reverse primer 

p22/15_5920_NdeI_XhoI_F TTAACATATGAAC

CGCACACGCACG 

PCR amplify sco5920 with 

additional sequence to allow 

insertion between NdeI and XhoI 

sites in pET-15b or pET-22b, 

forward primer 

p15_5920_NdeI_XhoI_R TATACTCGAGCTA

GGCGGCCGCGCC 

PCR amplify sco5920 with 

additional sequence to allow 

insertion between NdeI and XhoI 

sites in pET-15b, reverse primer 

p22_5920_NdeI_XhoI_R TATACTCGAGGG

CGGCCGCGCCAG

C 

PCR amplify 5920 with additional 

sequence to allow insertion 

between NdeI and XhoI sites in 

pET-22b, reverse primer 

 

2.1.2.3 Plasmids created in this study 

Table 2.5 Plasmids created in this study 

Plasmid Description (nucleotide numbering based on NCBI 

reference sequence NC_003888.3) 

pCRISPR-Cas9-ScaligD-A pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco5921/sco4684 

pCRISPR-Cas9-ScaligD-B pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco5920/sco4685 

pCRISPR-Cas9-ScaligD-C pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco5919 
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pCRISPR-Cas9-ScaligD-D pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco5918 

pCRISPR-Cas9-ScaligD-E pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco4686 

pCRISPR-Cas9-ScaligD-F pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco1661 

pCRISPR-Cas9-ScaligD-G pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco5921/sco4684 

pCRISPR-Cas9-ScaligD-H pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco5920/sco4685 

pCRISPR-Cas9-ScaligD-I pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco5919 

pCRISPR-Cas9-ScaligD-J pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco5918 

pCRISPR-Cas9-ScaligD-K pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco4686 

pCRISPR-Cas9-ScaligD-L pCRISPR-Cas9-ScaligD containing sgRNA targeting 

sco1661 

pCRISPR-Cas9-ScaligD-M pCRISPR-Cas9-Scalig with unchanged sgRNA for control 

pSP73-4xS1m-rev-

sco5921 

pSP73 modified to transcribe sco5921 including 5 UTR 

(bases 6,489,982 to 6,489,617) plus fourfold repeating 

streptavidin-binding aptamer, under control of a T7 

promoter. 

pSP73-4xS1m-rev-

SCO5921_plus_stem_loop 

pSP73 modified to transcribe sco5921 including 5 UTR and 

following stem loop (bases 6,489,982 to 6,489,555) plus 

fourfold repeating streptavidin-binding aptamer, under 

control of a T7 promoter. 

pSP73-4xS1m-rev-null pSP73 modified to just a fourfold repeating streptavidin-

binding aptamer under control of a T7 promoter. 

pSP73-4xS1m-rev-

sco5920 

 

pSP73 modified to transcribe the sequence immediately 

following the stem loop to 50 bases into sco5920 (bases 

6,489,554 to 6,489,218) plus fourfold repeating streptavidin-

binding aptamer, under control of a T7 promoter. 
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pCRISPR-Cas9-D-Inter pCRISPR-Cas9 plasmid containing sgRNA targeting 

sco5918 (intermediate used in the creation of pCRISPR-

Cas9-x5918 and pCRISPR-Cas9-x5921op) 

pCRISPR-Cas9-x5918 pCRISPR-Cas9 plasmid containing sgRNA sequence to 

create DSB in sco5918 plus HDR template to repair with 

sco5918 deleted 

pCRISPR-Cas9-x5921op pCRISPR-Cas9 plasmid containing sgRNA sequence to 

create DSB in sco5918 plus HDR template to repair with 

entire sco5921 to sco5918 operon deleted 

pET15-sco3668 Ampicillin resistant IPTG activated overexpression plasmid 

with sco3668 gene inserted between NdeI and XhoI sites to 

acquire N-terminal His-tag. 

pET15-sco5921 Ampicillin resistant IPTG activated overexpression plasmid 

with sco5921 gene inserted between NdeI and XhoI sites to 

acquire N-terminal His-tag. 

pET15-sco5920 Ampicillin resistant IPTG activated overexpression plasmid 

with sco5920 gene inserted between NdeI and XhoI sites to 

acquire N-terminal His-tag. 

pET22-sco3668 Ampicillin resistant IPTG activated overexpression plasmid 

with sco3668 gene inserted between NdeI and XhoI sites to 

acquire C-terminal His-tag. 

pET22-sco5921 Ampicillin resistant IPTG activated overexpression plasmid 

with sco5921 gene inserted between NdeI and XhoI sites to 

acquire C-terminal His-tag. 

pET22-sco5920 Ampicillin resistant IPTG activated overexpression plasmid 

with sco5920 gene inserted between NdeI and XhoI sites to 

acquire C-terminal His-tag. 
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2.1.3 Media, buffers and reagents 

 

2.1.3.1 Growth Media 

 

Water refers to sterile reverse osmosis (RO) water unless otherwise stated. All media were 

prepared as described by  Kieser et al., (2000) unless otherwise stated. Media components 

were obtained from Fisher (Fisher Scientific Bishop Meadow Road, Loughborough, 

Leicestershire, LE115RG) and Sigma (Sigma-Aldrich Chemical Co., The Old Brick Yard, 

New Road, Gillingham, Dorset, SP8 4XT), except Difco Bacto media supplied by Becton 

Dickinson (Becton Dickinson (Cme) UK Ltd, Unit 26, 28 Decoy Road, Worthing, BN14 8ND). 

Media, solutions and glassware were sterilised by autoclaving at 121°C, 103 kPa for 15 min. 

Filter sterilization when required was performed using an 0.22 µm filter (Fisher Cat No.  

#16447555). 

 

Media used for growing Escherichia coli.  

Prepared according to manufacturer’s instructions. 

 

Luria Bertani (LB) broth 

LB Broth (Lennox) (Sigma #L7275) 

Composition : 

10 g / L  Tryptone 

5 g / L  Yeast extract 

5 g / L  NaCl 

2.2 g / L inert binding agents 

 

LB agar 

LB Broth with agar (Lennox) (Sigma #L7025) 

Composition : 

13.72 g / L  Agar 

9.14 g / L Tryptone 

4.57 g / L Yeast extract 

4.57 g / L  NaCl 

1.6 g / L inert binding agents  
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Media used for growing Streptomyces coelicolor 

All S. coelicolor media Kieser et al. (2000) unless otherwise stated. 

2YT broth 

 

Difco Bacto tryptone    6.4 g 

Difco Bacto yeast extract   4.0 g 

NaCl      2.0 g 

Water       to 400 ml 

 

Supplemented Minimal Medium (solid) (SMMS) 

 

Casamino acids    0.8 g 

TES buffer     2.29 g 

Agar      4 g 

 

Adjused pH to 7.2 using 1 M NaOH, added water to 400 ml and autoclaved. Then added: 

 

50 mM NaH2PO4 + 50 mM K2HPO4  4 ml 

1M MgSO4     2 ml 

50% w/v glucose    7.2 ml 

Trace element solution 1 (see below)  0.4 ml  

 

Supplemented Minimal Medium (SMM) (liquid) 

 

PEG6000     20.35 g 

MgSO4     0.24 g 

(NH4)2SO4     0.8 g 

Glucose     4 g 

Casamino acids    0.8 g 

TES buffer     2.29 g 

50 mM NaH2PO4 + 50 mM K2HPO4  4 ml 

Adjusted pH to 7.2 using 1 M NaOH, added water to 400 ml and autoclaved.  

Then Trace element solution 1 added 0.4 ml 
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Yeast extract – malt medium (YEME) 

 

Difco Yeast Extract    1.2 g 

Difco bacto-peptone    2.0 g 

Oxoid malt extract    1.2 g 

Glucose     4 g 

Sucrose     41.2 g 

Water      to 400 ml 

Autoclaved, then added 

MgCl2.6H2O (2.5 M)    0.8 ml 

 

Mannitol Soya flour (MS) agar 

 

D-mannitol     8 g 

Soya flour     8 g 

Agar      8 g 

Tap water     to 400 ml 

 

Cullum (Tong et al., 2015) 

 

D-mannitol     8 g 

Soya flour     8 g 

Agar      8 g 

1 M MgCl2     4 ml (10 mM) 

Tap water     to 400 ml 

 

  



 112 

R5 

 

Sucrose     41.2 g 

K2SO4      0.1 g 

MgCl2.6H2O     4.05 g 

Glucose     4 g 

Casamino acids    0.04 g 

Trace element solution 2    0.8 ml 

Yeast extract     2 g 

TES buffer     2.29 g 

Agar      8.8 g 

Water      to 400 ml 

 

Autoclaved and then added in order 

 

0.5% KH2PO4      400 µl 

5 M CaCl2.2H2O     160 µl 

20% L-Proline (filter-sterilised)  600 µl 

1 N NaOH     280 µl 

 

Trace element solution 1 

 

ZnSO4.7H2O     40 mg 

FeSO4.7H2O     40 mg 

MnCl2.4H2O     40 mg 

CaCl2.6H2O     40 mg 

NaCl      40 mg 

Milli-Q purified water    to 400 ml 

Autoclaved before use. Stored at 4°C. 
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Trace element solution 2 

 

ZnCl2      40 mg 

FeCl3.6H2O     200 mg 

CuCl2.2H2O     10 mg 

MnCl2.4H2O     10 mg 

Na2B4O7.10H2O    10 mg 

(NH4)6Mo7O24.4H2O    10 mg 

Milli-Q purified water    to 400 ml 

Autoclaved before use. Stored at 4°C. 

 

2.1.3.2 Buffers and reagents 

 

SA-RNP lysis buffer (Leppek & Stoecklin, 2014) 

 

Nuclease-free water        45.925 ml 

1 M Tris-HCl (pH 7.5)        1 ml (20 mM) 

5 M NaCl         1.5 ml (150 mM) 

1 M MgCl2         75 µl (1.5 mM) 

0.1 M DTT         1 ml (2 mM) 

200 mM vanadyl ribonucleoside RNAse inhibitor    500µl (2 mM) 

cOmplete Ultra EDTA-free protease inhibitor (Sigma #5892791001) 5 tablets 

 

SA-RNP wash buffer (Leppek & Stoecklin, 2014) 

 

Nuclease-free water        43.25 ml 

1 M Tris-HCl (pH 7.5)        2 ml (20 mM) 

5 M NaCl         3 ml (300 mM) 

1 M MgCl2         250 µl (5 mM) 

0.1 M DTT         1 ml (2 mM) 

200 mM vanadyl ribonucleoside RNAse inhibitor    500 µl (2 mM) 

cOmplete Ultra EDTA-free protease inhibitor (Sigma #5892791001) 1 tablet 
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SA-RNP Elution buffer (Leppek & Stoecklin, 2014) 

 

Nuclease-free water        9.49 ml 

1 M Tris-HCl (pH 7.5)        200 µl (20 mM) 

5 M NaCl         60 µl (30 mM) 

1 M MgCl2         50 µl (5 mM) 

0.1 M DTT         200 µl (2 mM) 

cOmplete Ultra EDTA-free protease inhibitor (Sigma #5892791001) 1 tablet 

 

Polysome profiling lysis buffer (Bucca et al., 2018) 

 

Nuclease-free water        88.365 ml 

1% Triton X-100        1 ml 

1 M Tris-HCl pH 8.0        2 ml (20 mM) 

2 M KCl         7 ml (140 mM) 

1 M MgCl2         150 µl (1.5 mM) 

Added the following on day of use 

0.1 M DTT         1 ml (1 mM) 

34 mg / ml Chloramphenicol                  235 µl (80 µg / 

ml) 

100 u / ml RNase out (Fisher #10154652)     250 µl (25 u) 

cOmplete Ultra EDTA-free protease inhibitor (Sigma #5892791001) 10 tablets 

 

Sucrose gradient buffer (Bucca et al., 2018) 

 

75% sucrose stock solution 75g sucrose in 100 ml water 

From the stock solution 5 different dilutions from 10 – 50% sucrose were prepared including 

the following - 

1 M Tris-HCl pH 8  200 µl (20 mM) 

2 M KCl   700 µl (140 mM) 

1M MgCl2   50 µl (5 mM) 

0.1 M DTT   50 µl (0.5 mM) 

34 mg / ml chloramphenicol 23.5 µl (80 µg/ml) 

Nuclease-free water  to 10 ml 
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Ribo-Seq lysis buffer A (Jeong et al., 2016) 

 

Nuclease-free water  47.35 ml 

1 M Tris-HCl pH 7.5  1 ml (20 mM) 

1 M MgCl2   250 µl (5 mM) 

5 M NaCl   1.4 ml (140 mM) 

 

Ribo-Seq lysis buffer B (Jeong et al., 2016) 

 

Ribo-Seq lysis buffer A 28.5 ml 

20% Triton X100  1.5 ml 

34 mg / ml chloramphenicol 30 µl (34 µg / ml) 

 

Recovery buffer (Jeong et al., 2016) 

 

Nuclease-free water  11.25 ml 

1 M Tris-HCl pH 8  0.75 ml (50 mM) 

20% Triton X100  0.75 ml 

1 M MgCl2   0.75 ml (50 mM) 

0.5 M EGTA   0.75 ml (25 mM)  

5 M NaCl   0.75 ml (250 mM) 

 

Ribo-Seq gel extraction buffer (Jeong et al., 2016) 

 

3 M Sodium acetate  

pH 5.5    5 ml (0.3 M) 

20% SDS   625 µl 

0.5 M EDTA   100 µl (1 mM) 

Nuclease-free water  44.275 ml 
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Reducing-conditions sonication buffer (G. Bucca, personal communication) 

 

NaPO4    0.69 g 

NaCl    1.75 g 

Urea    48.05 g (8 M) 

Adjusted to pH 7.8 using 3M NaOH 

Made up to 100ml with Milli-Q ultrapure water. 

Before use,10 ml of above was aliquoted and 1 tablet cOmplete Ultra EDTA-free protease 

inhibitor was added. 

 

Ni-NTA purification buffers B, C, D and E (Qiagen, 2003) 

 

NaH2PO4.H2O   13.8 g (100 mM) 

Tris base   1.2 g (10 mM) 

Urea    480.5 g (8 M)     

Buffer B : Adjust to pH 8.0 using NaOH 

Buffer C : Adjust to pH 6.3 using NaOH 

Buffer D : Adjust to pH 5.9 using NaOH 

Buffer E : Adjust to pH 4.5 using NaOH 

Made up to final volume of 1000 ml with Milli-Q ultrapure water. 

 

Transformation buffer (TB) (G. Bucca, personal communication) 

 

PIPES    1.52 g (10 mM) 

CaCl2.6H2O   1.64 g (15 mM) 

KCl    9.32 g (250 mM) 

Dissolved in 500 ml Milli-Q ultrapure water and adjusted to pH 6.7 with 1M KOH. 

5.4 g MnCl2 (55 mM) was added and made up to 500 ml with Milli-Q ultrapure water. Filter 

sterilised before use. 
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TE buffer (G. Bucca, personal communication) 

 

1M Tris pH 8   500 µl  

0.5M EDTA   100 µl 

Milli-Q ultrapure water to 50 ml 
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2.2 Microbiological methods 

 

2.2.1 E. coli culture conditions 

 

E. coli cultures were grown at 37°C both in liquid and on solid growth media. Liquid cultures 

were grown in a shaking incubator (220 - 250 rpm) for 16 - 20 h at 37°C unless stated 

otherwise. The broth volume was from one fifth to one tenth of the flask volume. Strains were 

stored in 25 % glycerol at -80°C. 

 

2.2.2 Preparation of competent E. coli DH5⍺ and ET12567/pUZ8002 cells 

 

An LB agar plate (Fisherbrand Polystyrene Petri dish 90 mm x 16.2 mm Fisher #12654785) 

was streaked with E. coli cells from glycerol stock to single colony and incubated overnight 

at 37°C. One colony was taken and incubated in an orbital shaker overnight in 5 ml LB broth 

at 37°C at 220 rpm. 1 ml of this culture was then put in 100 ml of LB broth and shaken at 

37°C / 220 rpm for three hours, and the optical density at 600 nm (OD600) measured with a 

Jenway 6300 spectrophotometer to confirm that it was between 0.4 and 0.6. The culture was 

incubated on ice for 10 min, then cells were pelleted at 1,442 RCF (3200 rpm) for 10 min at 

4°C. Supernatant was discarded, and tubes inverted for one minute. Cells were 

resuspended in 2 ml of ice-cold transformation buffer (TB), 18 ml TB added, incubated on 

ice for 10 min then cells were pelleted at 1,442 RCF for 10 min at 4°C and the supernatant 

discarded. Cells were then resuspended in 5 ml ice cold TB and 350 µl Dimethyl sulfoxide 

(DMSO) added whilst swirling, incubated on ice for 10 min, then divided into 200 µl aliquots 

and frozen in liquid nitrogen before being stored at -80°C. 

 

2.2.3 Transformation and storage of competent E. coli cells 

 

Plasmid DNA was introduced into competent E. coli as follows. 200 µl of competent cells 

were thawed on ice, then mixed with 20 ng of plasmid DNA and incubated on ice for 20 min, 

before being heat shocked at 42°C in a dry block heater (Grant UBD Thermoblock) for 90 s, 

put back on ice for 2 min and 1 ml of LB broth added. After an hour at 37°C on an Eppendorf 

Thermomixer C (Fisher #15158953) the cell suspension was briefly spun in a centrifuge to 

pellet the cells, 1 ml of LB broth removed, the pellet resuspended by mixing with pipette and 
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the culture plated on 90 mm diameter polystyrene Petri dishes (‘plates’) containing LB agar 

with appropriate antibiotic selection and incubated overnight at 37°C. 

 

Once successful transformation was confirmed by plasmid extraction using the NEB 

Monarch plasmid miniprep kit (NEB #T1010) and the correct inserted sequence verified by 

sequencing by Eurofins Genomics (https://eurofinsgenomics.eu), 750 µl of 50% glycerol was 

added to 750 µl of culture grown from a single colony overnight in LB broth at 37°C and 250 

rpm and the resulting mixture stored at -80°C. 

 

2.2.4 Streptomyces growth conditions 

 

S. coelicolor cultures were grown at 30°C both on solid and in liquid growth media. The 

media compositions are described in section 2.1.3.1. Where cultures were to be transferred 

between plates, they were grown on cellophane discs of normal wettable cellulose acetate 

film (Kieser et al., 2000). Cellophane discs (diameter 100 mm) were prepared by boiling in 

RO water for 10 min in a large beaker. The water was discarded, and the process repeated 

once. The cellophane discs were then autoclaved suspended in RO before being placed on 

the surface of agar plates. 

 

2.2.5 Streptomyces spore suspension preparation 

 

MS agar plates were inoculated with 30 µl of a dense spore suspension (>1 x 108 cfu / ml) 

of S. coelicolor plus 100 µl sterile RO water. An L shaped spreader (Fisher #15625467) was 

used to distribute the spores evenly over the plate, which was then incubated at 30°C for 11 

days. 9 ml of sterile RO water was pipetted onto each plate, then they were gently brushed 

with a sterile disposable 10 µl plastic loop (Fisher #15702115) to liberate the spores. The 

spore suspension was then filtered through autoclaved 10 ml syringes containing approx. 20 

mm packed depth of cotton wool and the filtered spores were pelleted at 1,442 RCF for 10 

min. The supernatant was removed, the spores resuspended in 25% glycerol, and the 

resulting spore suspension stored at -20°C in Nalgene cryogenic tubes (Fisher #10344691). 

 

Spore viable count was determined by serial dilutions to 10-6, 10-7 and 10-8 which were then 

plated onto MS agar plates at 100 µl of suspension plus 100 µl water, distributed with an L 
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shaped spreader then incubated overnight at 30°C and the resulting colonies counted. Spore 

suspensions with a density in excess of 1 x 108 / ml were retained for use. 

 

2.2.6 Cold-shock experiments in solid medium cultures 

 

2.2.6.1 Solid medium colony growth 

 

The procedure followed was based on that described in Kieser et al. (2000). Five-hundred 

ml flasks containing stainless steel springs of length approximately equal to the base of the 

flask circumference were coated in Sigmacote siliconizing solution (Sigma #SL2), rinsed 

thoroughly with Milli-Q water and autoclaved. Fifty to one-hundred ml of 2YT medium was 

inoculated with spore suspension prepared as described in 2.2.5 at a density of between 

1,000,000 and 29,400,000 cfu / ml and pregerminated by incubating in a shaking incubator 

at 250 rpm at 30°C for 5 – 9 h until germ tubes were formed. The suspension was transferred 

to a 50 ml conical centrifuge tube and pelleted at 1,442 RCF (3,200 rpm) for 10 min, then 

resuspended in sterile RO water and vortex mixed. The optical density at 450 nm (OD450) 

was measured, and number of germ tubes per ml was estimated using the formula (Prof. M. 

Bibb, personal communication to G. Bucca) : 

 

OD450 

--------  x 4 x 106 
0.1 
 

The suspension was then incubated in an ultrasonic bath (Grant XB2) for 10 min in order to 

disperse the spores and germ tubes as they tend to aggregate. Plates containing solid 

SMMS medium (or MS medium for colonies grown for imaging by electron microscopy) had 

a sterile cellophane disk placed on them to stop mycelium growth into the agar and therefore 

to facilitate the harvest of the mycelium. Sufficient suspension to contain approximately 1 x 

106 spores was made up to 200 µl with sterile RO water and evenly distributed on top of the 

cellophane with an L shaped spreader. The plates were left the right way up at room 

temperature for 20 min, then inverted in an incubator at 30°C for 40 - 42 h. 
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2.2.6.2 Cold-shock 

 

SMMS plates were acclimated at cold temperature (4° or 10°C) or control temperature 

(30°C). Cellophane disks containing a Streptomyces culture as described above were 

transferred onto acclimated plates and incubated at cold or control temperature as 

appropriate. At the sampling time points, mycelium was scraped from the cellophane using 

a spatula into 15 ml conical centrifuge tubes each containing 5 ml of RNAProtect (Qiagen 

#76506), resuspended with a 1000 µl pipette, mixed by vortex mixer, and left to stand for a 

minimum of 15 min. Samples were then spun in a centrifuge to pellet the cells at 1,268 RCF 

(3,000 rpm) for 10 min and the supernatant removed before being stored at -80°C. 

 

2.2.7 Cold-shock experiments in cultures grown in liquid media 

 

2.2.7.1 Cold-shock experiment in cultures grown in rich liquid medium 

 

Five-hundred ml flasks were prepared as in 2.2.6.1, 120 - 140 ml of YEME medium added 

and then inoculated with 120 – 140 µl of a dense spore suspension > 108 cfu / ml. The culture 

was then incubated in an orbital shaker at 250 rpm and 30°C, and the optical density at 450 

nm (OD450) was monitored. Once the culture was in late exponential phase (between 17 h 

35 min and 19 h 19 min, OD450 approx. 4.5) a sample was taken and subjected to cold-shock 

by the addition of three volumes of fresh medium at 4°C to instantaneously reduce the culture 

temperature to 10°C. The cold-shocked culture was then divided into a number of 500 ml 

conical flasks containing springs which had been pre-chilled to 10°C, one for each sample 

time point, and placed in a shaking incubator (Thermo Scientific MaxQ 5000) at 10°C and 

250 rpm. A control sample was taken at the same point and diluted with 3 volumes of fresh 

medium pre-warmed to 30°C and placed into a number of 500 ml conical flasks containing 

springs which had been pre-warmed to 30°C and placed in a shaking incubator at 30°C and 

250 rpm. 

 

At the chosen time points, samples for ‘RNA-seq’ analysis were vacuum filtered through a 

Stericup system with 0.45 µm pore size (Sigma #S2HVU01RE) and the mycelium was 

scraped with a spatula into 15 ml conical centrifuge tubes containing 5 ml of RNAProtect 

(Qiagen #76506), mixed by vortex mixer, and left to stand for a minimum of 15 min. Mycelium 
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was then spun in a centrifuge to pellet the cells at 1,268 RCF (3,000 rpm) for 10 min and the 

supernatant discarded before the mycelium was stored at -80°C. 

 

2.2.7.2 Cold-shock experiment in cultures grown in supplemented liquid minimal medium 

(SMM) 

 

500 ml flasks were prepared as in 2.2.6.1, 100 – 150 ml 2YT medium added and then 

inoculated with 100 – 150 µl dense spore suspension at a concentration > 108 cfu / ml. The 

culture was then incubated in an orbital shaker at 250 rpm and 30°C for 7 h to pre-germinate 

the spores. Germ tubes were transferred to 50 ml conical centrifuge tubes and cells were 

pelleted at 1,442 RCF (3,200 rpm) for 10 min, then resuspended in sterile SMM and mixed 

by vortex mixer. The suspension was then incubated in an ultrasonic bath for 10 min in order 

to disperse the germ tubes that tend to aggregate, and then diluted with SMM medium until 

an appropriate OD450 was reached. The appropriate OD450 varied and was selected so the 

culture would be in late exponential phase at a time when the laboratory could be accessed, 

as restrictions were in place during some periods due to the COVID-19 pandemic. The 

diluted culture was incubated at 250 rpm and 30°C and the OD450 read to confirm that the 

culture was in late exponential phase, then divided into ‘cold’ and ‘control’ samples, the 

temperature adjusted as described above by the addition of fresh media, and samples taken 

at various time points by filtration as described in Section 2.2.7.1. 

 

2.2.8 Taking samples for polysome profiling experiments 

 

Liquid culture samples had chloramphenicol added to a concentration of 80 µg / ml and were 

incubated at room temperature for 2 min, then placed on ice for a further 2 min. They were 

then spun in a centrifuge to pellet the cells at 4,629 RCF / 4°C in a non-swing out rotor for 2 

min and the supernatant removed, the pellet was washed in ice cold 3 ml polysome profiling 

lysis buffer, spun in a centrifuge for 2 more min and the supernatant removed. The samples 

were resuspended in 1 ml of ice cold lysis buffer with four 5 mm glass beads added and 

mixed by vortex mixer four times for 20 seconds each time, being returned to ice for 20 

seconds between each mixing. Centrifugation at 4,629 RCF / 4°C for 2 min took place, 

followed by centrifugation of the supernatant at 16,627 RCF / 4°C for 5 min. The supernatant 

from this second centrifugation was then frozen at -80°C. 
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2.2.9 Taking samples for the ribosome profiling experiment 

 

Samples were vacuum filtered through a Stericup system with 0.45 µm pore size and 

scraped with a spatula into 1.5 ml microcentrifuge tubes (Fisher #10051232) which were 

then immersed in liquid nitrogen. 1.5 ml of ice cold Ribo-Seq lysis buffer A was added and 

the samples spun in a centrifuge to pellet the cells at 10,000 RCF / 4°C for 90 seconds. The 

pellet was then transferred to a pestle and mortar and ground to a powder whilst being cooled 

with liquid nitrogen. The powder was added to 2 ml of ice cold Ribo-Seq lysis buffer B and 

cells were pelleted at 4,229 RCF / 4°C in a non-swing out rotor for 2 min, the supernatant 

retained and spun in a centrifuge at 13,000 RCF / 4°C for 5 min. The supernatant from this 

second centrifugation was retained, and frozen at -80°C. 

 

2.2.10 Transfer of pCRISPR-Cas9 plasmids by conjugation and activation of the Cas9 

protein 

 

E. coli ET12567/pUZ8002 containing a modified pCRISPR-Cas9 plasmid were plated on 

selective LB agar containing the appropriate antibiotics for strain and vector selection (50 µg 

/ ml kanamycin, 50 µg / ml apramycin, 25 µg / ml chloramphenicol) at 37°C for 24 h, then 

single colonies used to inoculate 10 ml of LB broth with the same antibiotic combinations. 

This was incubated at 37°C and 250 rpm for 24 h, washed twice in 10 ml antibiotic-free LB 

broth, then resuspended in 800 µl of LB broth. 100 µl of the resuspended cells was taken 

and mixed with 50 µl of S. coelicolor spores from a spore suspension prepared as described 

in 2.2.5. The mixture was plated on Cullum agar plates overnight, then overlaid with 1 ml 

sterile Milli-Q water containing 1 mg nalidixic acid and 1 mg apramycin. The plates were 

incubated at 30°C for 3 – 5 days, then exconjugants were picked and re-streaked onto R5 

plates with 1 µg / ml thiostrepton and 50 µg / ml apramycin and incubated for 5 – 7 days.  

 

2.2.11 Small scale protein overexpression  

 

Colonies of E. coli T7 Express lysY (NEB #C3010) containing plasmids with genes encoding 

the proteins to be overexpressed were grown overnight at 37°C on LB agar plates containing 

50 µg / ml ampicillin. One colony from each plate was scraped with a pipette tip and the tip 
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placed in 5 ml of LB broth containing 100 µg / ml ampicillin in a shaking incubator at 37°C / 

250 rpm. The OD600 was monitored until it exceeded 0.4 (270 min), at which point 1 ml pre-

induction samples were taken and 500 µl samples were taken and stored in 25% glycerol at 

-80°C for later use. IPTG was added to a concentration of 0.4 mM to induce protein 

overexpression. After 120 min the cells were pelleted at 1,442 RCF and the supernatant 

discarded, the pellet was resuspended in 1 ml of water and stored at -20°C. 

 

2.2.12 Larger scale protein overexpression 

 

Cells were scraped with a pipette tip from the frozen glycerol stocks of E. coli T7 Express 

lysY containing plasmids encoding genes for the proteins to be overexpressed and 

incubated overnight in 5 ml LB broth containing 50 µg / ml ampicillin. 500 µl of the overnight 

cultures was used to inoculate 50 ml of antibiotic-free LB broth in a 500 ml conical flask which 

was then placed in a shaking incubator at 37°C and 250 rpm until its OD600 exceeded 0.4 

(160 – 280 min). One ml pre-induction samples were taken, then IPTG was added to a final 

concentration of 0.4 mM. After 210 – 240 min the samples were spun in a centrifuge to pellet 

the cells at 1,442 RCF and the supernatant discarded, the pellet was resuspended in 1 ml 

of water and stored at -20°C. 

 

2.3 Nucleic acid manipulation methods 

 

2.3.1 RNA extraction from Streptomyces cultures by phenol / chloroform 

 

The procedure followed was the Qiagen miRNeasy protocol (Qiagen #217004) with 

additional modifications that were necessary to efficiently disrupt the bacterial cell wall of the 

Gram-positive bacteria and lyse the cultures. To this end, extracted mycelium was 

resuspended in lysozyme (Sigma #L6876) dissolved in TE buffer at a concentration of 0.015 

g / ml and incubated at room temperature for 15 min. 600 µl of RNeasy Lysis Buffer (RLT 

buffer, Qiagen #79216) containing 10 µl / ml −mercaptoethanol was added and the mixture 

mixed by vortex mixer then transferred to a 2 ml microfuge tube containing one 5 mm 

stainless steel bead (Qiagen #69989) and placed in a Tissuelyser LT (Qiagen #85600) for 

efficient mechanical cell disruption / homogenisation for 2 min at 30 rpm. The lysate was then 
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spun in a centrifuge to pellet the cell debris at 16,627 RCF (13,000 rpm) for 2 min, the 

supernatant was recovered, and its volume estimated. 

 

The cleared lysate was extracted with phenol / chloroform to eliminate the protein 

contaminants. To this end one volume of phenol:chloroform:isoamyl alcohol was added, and 

the mixture mixed by vortex mixer for 30 seconds, then spun in a centrifuge at 4°C for 5 min 

at 16,627 RCF to separate the aqueous phase containing the nucleic acids from the organic 

phase. Neutral pH phenol:chloroform:isoamyl alcohol (25:24:1, Sigma #77617) was used for 

the first liquid cold-shock experiment, the first solid cold-shock experiment, and the first 

replicate of the second solid cold-shock experiment, then acid (pH 4.5) 

phenol:chloroform:isoamyl alcohol (125:24:1, Fisher #AM9720) thereafter. The top phase 

containing the nucleic acids was removed and retained leaving behind the proteins at the 

interface, and the phenol/chloroform extraction repeated twice more on the upper phase. 

Then one volume of chloroform was added, the mixture mixed by vortex mixer then spun in 

a centrifuge at 4°C for 2 min at 16,627 RCF, and the top phase was again transferred to a 

fresh RNase-free microcentrifuge tube. From this point onward the standard manufacturer’s 

instructions were followed for the miRNAeasy RNA extraction kit (Qiagen #217004). The 

total RNA was then eluted in 30 µl of nuclease free water and stored at -80°C. 

 

Genomic DNA was removed using the Turbo DNA free kit (Invitrogen #AM1907) as follows. 

The following components were mixed for each sample. 

 

RNA dissolved in water (4.2 – 54 µg) 20 µl 

Nuclease free water   24 µl 

Turbo DNA buffer   5 µl 

Turbo DNA enzyme (RNase free) 1 µl (2 units) 

 

Mixture was incubated at 37°C for 30 min, then 5 µl of enzyme inactivation reagent added 

and incubated for 5 min at room temperature. The sample was then spun in a centrifuge for 

90 s at 10,000 RCF, and the supernatant recovered. The resulting RNA samples were 

quantified using a NanoDrop One C spectrophotometer (Labtech International) and quality 

checked on an Agilent TapeStation 4200 using RNA screen tapes (Agilent #5067-5576) 

according to manufacturer’s instructions, and then stored at -80°C. 
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2.3.2 RNA extraction by Trizol-LS / chloroform 

 

This procedure was followed to extract RNA from the sucrose gradient fractions obtained 

from the Teledyne ISCO gradient fractionator used to separate the sucrose gradient fractions 

following ultracentrifugation. Two times 250 µl aliquots of each sample were each combined 

with 750 µl Trizol-LS (Invitrogen #10296028), mixed by vortex mixer and incubated at room 

temperature for 5 min. 200 µl chloroform was added, mixed by vortex mixer for 15 seconds, 

then incubated at RT for a further 5 min. Centrifugation took place at 9,838 RCF (10,000 

rpm) / 4°C to separate the phases. The aqueous upper phase was retained, and 1 µl of 15 

mg / ml glycoblue (Invitrogen #AM9516) plus 800µl of isopropanol added. This mixture was 

mixed by vortex mixer for 15 s, incubated at RT for 10 min, then placed at -80°C for at least 

an hour to precipitate the RNA. Samples were spun in a centrifuge at 9,838 RCF / 4°C for 1 

hour, the supernatant was discarded and the remaining RNA pellet washed in 1 ml ice-cold 

75% ethanol twice, with centrifugation for 10 min at 9,838 RCF / 4°C to allow supernatant 

removal. All ethanol was removed with a pipette and the RNA pellet air dried for 15 min, then 

it was resuspended in 20 µl nuclease-free water. Genomic DNA was removed using the 

Turbo DNA free kit as described above (Section 2.3.1).  

 

2.3.3 rRNA depletion 

 

Samples containing from 100 ng – 1 µg RNA were processed in batches grouped by 

similarity of RNA Integrity Number (RIN) as assessed by the TapeStation quality control 

analysis. Four different kits were used in an attempt to remove unwanted rRNA: 1. The 

QIAseq FastSelect 5S/16S/23S kit (Qiagen #335927); 2. the NEBNext rRNA Depletion Kit 

(Bacteria) (NEB #E7850); 3. Illumina Ribo-zero rRNA Removal Kit (Bacteria) (Illumina 

#MRZMB12424, discontinued) were all used according to manufacturer’s protocols.  

 

The fourth kit, NEBNext RNA Depletion Core Reagent Set (NEB #E7865) requires the 

addition of custom DNA probes designed specifically for the organism being worked with. 

Single strand DNA probes were designed using the NEB depletion design website to remove 

all 18 rRNAs and three sRNAs, rnpB, ssrA and Srp (NEB, 2020). The NEB depletion design 

website generated duplicates of some DNA probes and these were removed from the 

dataset. 319 probes remained following deduplication, and a pool of custom oligos at 2 nM 
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concentration was produced by Integrated DNA Technologies (IDT). The probes used are 

listed in Table A14.1. 

 

2.3.4 Library preparation and sequencing 

 

The NEBNext Ultra II Directional RNA Library Prep Kit (NEB #E7760) or NEBNext Small 

RNA Library Prep Set for Illumina (NEB #E7330S) as appropriate were used for RNA-seq / 

polysome profiling and ribosome profiling library preparation, respectively. Both kits were 

used according to manufacturer’s instructions. For the RNA-seq between 100 and 1,000 ng 

of RNA was used as input and the number of PCR amplification cycles chosen varied 

between 11 and 14. The Agilent TapeStation 4200 was used to quality control the final 

libraries and to calculate average fragment size, and a Qubit fluorometer used to measure 

concentration in ng / µl. The nanomolar concentration was calculated using the formula 

 

Conc. in ng / µl 
--------------------   x 106 
Av. Size x 660 
  

and 2 nM dilutions of each sample prepared in Illumina resuspension buffer. 3 µl of each 

sample were combined to produce the final library. QPCR with the NEBNext Library Quant 

Kit (NEB #E7630) was used to verify final concentration which was then adjusted by dilution 

with resuspension buffer. Double stranded DNA was denatured with NaOH and neutralised 

following the Illumina standard protocol for denaturing and diluting libraries specific to a 

NextSeq 500 sequencer. Bacteriophage PhiX spike-in control was added to 1% final dilution 

at loading concentration which was 1.8 pM and the entire volume of 1.3 ml was loaded into 

the Nextseq 500 sequencer. Samples were sequenced with a mid-output v2.5 kit pair end 

2x75 cycles (Illumina #20024904) for RNA-seq and polysome profiling, and with a high 

output v2.5 kit 75 cycles single ended (Illumina #20024906) for ribosome profiling analysis. 

 

2.3.5 Fractionation of RNA for polysome profiling 

 

Five layers of sucrose gradient buffer were frozen at -80°C in ultracentrifuge tubes, 50% at 

the bottom then 40%, 30%, 20% and 10% on top, and a pump solution was prepared 

consisting of 60% sucrose coloured with bromophenol blue. The gradients were then frozen 



 128 

at -20°C within the tubes, carefully stored upright. When required, sucrose gradients were 

defrosted at 4°C overnight before use, then the polysome-containing sample was pipetted 

carefully on top and subjected to ultracentrifugation at 166,880 RCF using a Surespin 630/17 

rotor at 30,000 rpm for 3 h at 4°C. A Teledyne ISCO Density Gradient System with UA-6 

Detector with a 254 nm filter and a Foxy R1 fraction collector was used to separate the 

resultant fractions into free RNA (no polysome attached), S30, S50 and S70 ribosomal 

complex associated RNA (monosome fraction) and RNA associated with two or more 

ribosomes (polysome fraction). The RNA was extracted from pooled monosome and 

polysome fractions as detailed in Section 2.3.2. 

 

2.3.6 Preparation of samples for ribosome profiling 

 

The procedure followed was originally developed by Prof B.K. Cho’s laboratory at Korea 

Advanced Institute of Science and Technology, and has been described in Jeong et al. 

(2016). Following the preparation of cleared lysates described in Section 2.2.9, the 

concentration of RNA in the ribosome profiling samples frozen at -80°C and defrosted on ice 

at the time of the experiment was initially assessed using a NanoDrop One C 

spectrophotometer, and the measured concentration value divided by 2.5 based on a 

protocol optimised in Professor B.K. Cho’s lab (G. Bucca, personal communication) (Table 

A7.7). Micrococcal nuclease (MNase) was used to digest the free RNA leaving the 

monosome intact for subsequent purification of RNA protected fragments (c. 30 nucleotides). 

Input RNA for MNase digestion was defined as 50 µg input: 400U of MNase in 176 µl volume 

in the original protocol optimised for Streptomyces in Prof. Cho’s laboratory. In the initial Ribo-

seq experiment performed the samples were all too dilute to achieve this, and the amounts 

of RNA used are listed in Table 5.5. The amount of micrococcal nuclease (MNase) was 

adjusted down in proportion. This batch is subsequently referred to as ‘batch 1’. For the 

subsequent batches (batches 2, 3 and 4), the lysed cell extracts were concentrated by 

dehydration in a vacuum concentrator (Eppendorf Concentrator #F-45-48-11 GB), their 

concentration assessed using a Qubit fluorometer and 50 µg of RNA used as input. 

 

Cell lysate containing up to 50 µg of RNA was prepared as follows, and incubated for 2 h in 

an Eppendorf Thermomixer C at 37°C. 

 



 129 

Cell lysate  containing 50 µg RNA, as discussed above 

10x MNase buffer 20 µl 

100x BSA  2 µl 

MNase   2 µl (400 U) 

RNase-free water to 200 µl   

 

At the end of the reaction, 2.5 µl 500 mM EGTA was used to quench the MNase reaction. 

Sephacryl S400 MicroSpin columns (Sigma #GE27-5140-01) were used to purify the 

monosomes after MNase digestion as follows. The resin was resuspended by shaking, and 

the storage buffer removed using a serological pipettor to push it through the column. The 

resin was equilibrated by passing 500 µl of recovery buffer through it three times, removing 

the buffer by centrifugation at 400 RCF / 4°C. 100 µl of sample was added to the centre of 

each column, and they were spun in a centrifuge for 2 min at 400 RCF / 4°C. 

 

RNA from monosome fractions was isolated by column purification using the miRNeasy kit 

(Qiagen #217004) according to manufacturer’s protocol. The final miRNeasy elution was in 

30 µl water. Samples were then dehydrated in a vacuum and resuspended in 8 µl nuclease-

free water for input to the next step. 

 

RNA samples in a denaturing gel loading buffer (Invitrogen #AM8546G) were separated by 

size using denaturing electrophoresis conditions at 200V on a 15% TBE-urea 

polyacrylamide gel (Fisher #12050126) in Invitrogen UltraPure TBE running buffer (Fisher 

#10358142) prepared using autoclaved Milli-Q water. 26 and 34 oligonucleotide markers 

and 15 and 45 oligonucleotide markers plus a 10 nt ladder were run alongside the RNA 

samples. The gel was stained in 50 ml TBE buffer (Fisher #10358142) containing 5 µl SYBR 

Gold nucleic acid stain (Invitrogen #S11494) and visualised using a Vilber Lourmat Fusion 

Fx imaging system. The gel was then transferred to a Labgene Blue Light Transilluminator 

(Labgene #DR22A) and the region from 15 to 45 nt excised. The RNA was extracted from 

gel fragments resuspended in 400 µl of Ribo-Seq gel extraction buffer, and was frozen at -

80°C for 30 min.  

 

Samples were then placed on a rotator (Stuart #SB3) for 4 h at room temperature, then spun 

in a centrifuge at 20,000 RCF / 4°C for 5 min. The supernatant was removed and retained, 

and a further 100 µl of Ribo-Seq gel extraction buffer added to the remaining acrylamide gel 
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pellets to maximise the yield of RNA extraction from the gel. After 5 min incubation at room 

temperature with 10 seconds mixing by vortex mixer each minute, the samples were spun 

in a centrifuge at 20,000 RCF / 4°C for 5 min and the supernatant combined with that 

previously taken. The RNA was precipitated out of the solution by adding 16 µl of 5M NaCl, 

45 µl of 3M sodium acetate, 4 µl of glycoblue and 1.2 ml of absolute ethanol, thorough mixing 

and incubating at -80°C for at least 1 hour. The samples were then spun in a centrifuge for 

30 min at 20,000 RCF / 4°C to pellet the RNA, the supernatant removed and the pellet was 

washed twice with 1 ml ice-cold 70% ethanol by centrifugation at 20,000 RCF / 4°C for 10 

min before the supernatant was carefully removed. The pellet was then air dried for 5 min 

and resuspended in 9 – 11 µl of nuclease-free water depending on the input required to the 

next stage. 

 

rRNA, and tRNA where applicable, was depleted using the NEB core depletion kit with 

custom probes as follows. RNA pellets after purification from acrylamide gel fractionation 

from the first two batches were each dissolved in 11µl nuclease free water and depleted 

using 2 µl of the probes described in Section 2.3.3 designed to remove rRNA and three other 

non-coding RNAs, (listed in Table A14.1). The third batch of pellets were resuspended in 9 

µl and depleted with 2 µl of the Section 2.3.3 probes plus 2 µl of additional probes designed 

to deplete selected tRNAs (listed in Table A14.2) and the fourth batch of pellets were 

dissolved in 9 µl of nuclease free water and depleted with 2 µl of the Section 2.3.3 probes 

plus 2 µl of additional probes designed to deplete all tRNAs based on their first 30 bases 

(listed in Table A14.3). The final elution was carried out in 18 µl of nuclease-free water. 

 

For library preparation the depleted RNA was denatured at 80°C for 90 sec in an Eppendorf 

Thermomixer C, left to cool to 37°C, then phosphorylated in the following mixture for 1 hour 

at 37°C. 

 

RNA sample  18 µl 

Nuclease-free water 25 µl 

10x T4 PNK buffer 5 µl  (NEB #M0201SVIAL) 

SUPERase-In  1 µl  (Invitrogen #AM2694) 

T4 PNK  1 µl  (NEB #B0201SVIAL) 
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75 µl of ethanol was added, and the RNA purified using the miRNeasy kit. The 30 µl of 

purified RNA was then dehydrated in a vacuum concentrator and resuspended in 6 µl of 

nuclease-free water. Library preparations were then produced using the NEBNext Small 

RNA Library Prep Set for Illumina (NEB #E7330S) according to manufacturer’s protocol. 

After 3′ adapter ligation and hybridisation of the reverse transcription primer, the 5′ adapter 

was ligated to the small RNA fragments (15 – 45 nt) and the RNA was reverse transcribed 

using PostScript Reverse transcription enzyme. The cDNA was then amplified by QPCR 

using LongAmp Taq master mix together with a universal SR primer for Illumina and primer 

containing a unique index for each library. The amplification cycle in the QPCR step was 

halted as soon as the amplification curve started to reach an amplification plateau (Table 

2.6). 

Table 2.6 Number of QPCR cycles used in ribosome profiling library preparation.  

 

Samples are labelled control (CT) or cold-shock (CS), time point in minutes, and replicate (A 

or B). The protocol used, developed in Prof. Cho’s lab, was optimised when PCR 

amplification was halted as soon as the amplification curve started to plateau (G. Bucca, 

personal communication), and between 18 and 22 cycles of QPCR were required to reach 

this point. 

The QPCR amplified cDNA was examined using the TapeStation 4200 to verify the 

presence of DNA of an appropriate size (expected 146 – 154 bp) and the absence of 

remaining primer (79 bp in size) and adaptor dimers (115 bp). The library was separated by 

size using electrophoresis on 2% analytical grade agarose gel in TBE buffer (Fisher 

#10358142) with 1x GelRed nucleic acid stain (Sigma #SCT123) at 100 V with a 100 bp 

ladder, and the band between ≈140 and 200 bp excised and purified using Monarch DNA 

gel extraction kit (NEB #T1020) according to manufacturer’s instructions. The cDNA was 

once more examined using the Tapestation 4200 to verify the presence of DNA of an 

Sample 1 2 3 4

CT0A 22 19 19 20

CT0B 22 19 19 20

CT120A 22 19 19 18

CT120B 19 19 19 20

CS120A 19 20 19 20

CS120B 19 19 19 18

QPCR cycles
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appropriate size (expected between 140 and 200 bp) then the samples were sequenced as 

described in section 2.3.4.  

 

2.3.7 Construction of recombinant plasmids 

 

Various plasmids were constructed by cloning S. coelicolor PCR amplified DNA fragments 

and inserting them into the plasmids, as follows. 

 

2.3.7.1 PCR generation of DNA inserts 

 

Sections of DNA from the chromosome of S. coelicolor M145 (provided by Dr G. Bucca) 

were amplified for insertion into plasmids using the Cambio Failsafe PCR system using 

premix G (Cambio #FS99100) and the following reagents. 

 

10 µM forward primer  2.5 µl  

10 µM reverse primer  2.5 µl  

Genomic DNA (50 ng / µl) 1 µl 

Enzyme mix   0.5 µl  

Milli-Q water   to 25 µl 

PCR master mix  25 µl 

 

A thermal cycler (PCRmax Alpha Cycler 4) was used with the following programme - 

 

95° 5 min 

 

Then 25 cycles of 

95° 30 s 

60° 30 s 

72° 50 s 

 

Then final extension of 

72° 5 min. 
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For longer DNA fragments the elongation time was extended to approx. 1 min per 1 kb of 

expected product. The primers used typically had extra bases added to create a restriction 

site, and a further four TATA bases to allow efficient attachment of the restriction enzyme 

and are listed in section 2.1.2.2. 

 

2.3.7.2 Purification and verification of DNA clones after enzymatic reactions 

 

DNA from PCR amplification or other enzymatic reactions was purified with the MinElute 

PCR purification kit (Qiagen #28004) according to the manufacturer’s instructions. DNA was 

visualised by agarose gel electrophoresis to ensure that it was of the expected size. Agarose 

gel was prepared with a concentration of between 0.8% and 1.5% depending on the 

expected size of product being isolated. The agarose gel was prepared by dissolving 

agarose (Sigma #A9539) by heating in a microwave in 1x TBE buffer, or 1x TAE buffer 

(Fisher #10794037) if product was intended for further processing to prevent enzymatic 

inhibition by borate from the TBE. 1x GelRed nucleic acid stain was added to the dissolved 

agarose and the gel was set at room temperature. DNA in 1x gel loading dye (NEB 

#B7024S) was size separated by electrophoresis in the agarose gel at 80 – 120 V and the 

results viewed using a Vilber Lourmat Fusion Fx imaging system.  

 

2.3.7.3 Restriction endonuclease digest 

 

DNA inserts were prepared for ‘sticky end’ ligation by preparing the following mixture. 

Restriction enzymes were typically 20 units / µl implying 30 units of each in the mixtures. 

 

32 µl Milli-Q water 

10 µl insert DNA (500 ng – 1 µg) 

5 µl CutSmart buffer (NEB #B6004S) 

1.5 µl [Restriction enzyme 1] 

1.5 µl [Restriction enzyme 2] 

 

The reagents were incubated at 37°C in an Eppendorf Thermomixer C for 90 min. 

 

DNA vectors were prepared for ‘sticky end’ ligation by preparing the following mixture.  
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23 µl Milli-Q water 

28 µl vector (1.5 - 5 µg DNA) 

6 µl CutSmart buffer 

1.5 µl [Restriction enzyme 1] 

1.5 µl [Restriction enzyme 2] 

 

The reagents were incubated at 37°C in an Eppendorf Thermomixer C for 90 min. 

 

2.3.7.4 DNA extraction from agarose gel 

 

The required sized band of DNA was isolated by electrophoresis in TAE agarose gel, viewed 

under blue light whilst wearing orange filtered goggles on a Labgene Blue Light 

Transilluminator and the appropriate band excised with a scalpel. DNA was then extracted 

using the Monarch DNA gel extraction kit (NEB #T1020) according to manufacturer’s 

instructions.   

 

2.3.7.5 Dephosphorylation of restricted DNA vectors 

 

Before ligation, DNA vectors were dephosphorylated to facilitate vector to insert ligation 

rather than vector self-ligation. The following mixture was prepared. 

 

10 µl  vector (up to 1 µg DNA) 

2 µl  CutSmart buffer 

7 µl nuclease free water 

1 µl rSAP Shrimp Alkaline Phosphatase (1 unit) (NEB #M0371S) 

 

and incubated in an Eppendorf Thermomixer C at 37°C for 30 min, then inactivated by 

incubating at 65°C for 5 min. The minElute PCR purification kit was used to purify the 

resultant DNA. 
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2.3.7.6 Ligation 

 

DNA inserts were ligated into vectors using 100 ng of vector and a 3:1 ratio of insert to vector 

as calculated on the website nebiocalculator.neb.com. 1 µl of T4 ligase (400 units, NEB 

#M0202S) was used in the smallest convenient volume of T4 buffer to perform the ligation 

overnight at 16°C in the Eppendorf Thermomixer C. 

 

2.3.8 Genomic DNA extraction for Colony PCR 

 

2.3.8.1 Genomic DNA extraction by boiling in DMSO 

 

A single S. coelicolor colony was removed from the plate, placed in 10 µl DMSO and 

incubated at 100°C on the Eppendorf Thermomixer C for 10 min, following which it was 

mixed by vortex mixer for 1 min, spun in a centrifuge to pellet the cell debris for 10 s and the 

supernatant containing the genomic DNA (gDNA) transferred to a fresh tube and stored at -

20°C.  

 

2.3.8.2 Genomic DNA extraction using GenElute Kit 

 

A single Streptomyces coelicolor colony was transferred into 10 ml Tryptic Soy Broth (Sigma 

#22092) in a 50 ml conical centrifuge tube with 10 - 20 mm spring and a loosened lid to allow 

air exchange and incubated overnight in a shaking incubator at 30°C / 250 rpm. The culture 

was then spun in a centrifuge to pellet the cells at 1,442 RCF for 10 min, the supernatant 

was removed and gDNA was extracted using the GenElute Bacterial Genomic DNA Kit 

(Sigma #NA2110) according to manufacturer’s protocol.  

 

2.3.9 Novogene whole genome sequencing 

 

S. coelicolor genomic DNA was sequenced by the Novogene sequencing company 

(Novogene (UK) Company Ltd, 25 Cambridge Science Park, Milton Road, Cambridge, CB4 

0FW). Genomic DNA quality control and assessment, library preparation and sequencing 

were performed by Novogene following standard whole genome sequencing procedure: 

controlled shearing of gDNA into short fragments of the desired average size, Illumina 
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adapters ligated, PCR amplified, size selected and purified. The libraries were then 

sequenced, and the output raw data quality checked. The reads were aligned to the NCBI 

S. coelicolor reference genome GCF_000203835.1_ASM20383v1 (O’Leary et al., 2016) 

using BWA software (Li & Durbin, 2009), and the duplicates removed using Picard software 

(Broad Institute, 2019). Single Nucelotide Polymorphisms (SNPs) and insertions or deletions 

of less than 51 base pairs (InDels) were detected using GATK (DePristo et al., 2011) with 

minimum support reads of five and mapping quality higher than 30. Structural Variants, that 

is insertions, deletions, inversions or intra-chromosomal translocations of greater than 50 

base pairs (SVs) were detected using BreakDancer software (Chen et al., 2009) and further 

analysed using ANNOVAR (Wang et al., 2010). Copy Number Variations (CNV), alterations 

in the number of copies of segments of DNA, were detected using CNVnator (Abyzov et al., 

2011) and further annotated using ANNOVAR. This analysis was all performed by 

Novogene. 

 

2.3.10 In vitro transcription of bait RNA 

 

Recombinant pSP73-4xS1m-rev plasmids containing the desired gene sequence under the 

control of a T7 promoter were linearised by incubation in CutSmart buffer with restriction 

enzyme NdeI at 37°C and purified using MinElute PCR purification columns. In vitro 

transcription using the Ambion Megascript T7 kit (Fisher #AM1333) according to 

manufacturer’s protocol was used to produce RNA using 1 µg of each of the linearised 

plasmids as a DNA template. DNA was removed using the Invitrogen TURBO DNA-free kit 

according to manufacturer’s protocol, and the sample was then size-exclusion-purified by 

centrifugation in a Sephadex G50 spin column (Sigma #11274015001) for 4 min at 1,100 

RCF.  
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2.4 Protein methods 

 

2.4.1 Cell lysis by sonication 

 

Cell total protein extracts were prepared by sonication of cell pellets resuspended in either 

reducing-conditions sonication buffer or SA-RNP lysis buffer as appropriate, each buffer 

containing protease inhibitors. A Vibracell 130 ultrasonic processor was used to lyse the cells 

and shear the chromosomal DNA while the cell suspension was kept cold by immersing the 

tube containing the cell suspension in ice-ethanol mix. Sonication conditions were 15 s on, 

30 s off, with 80% amplitude for six cycles. 

 

2.4.2 Purification of His-tagged proteins using Ni-NTA resin 

 

For purification of proteins through affinity chromatography 1 ml of 50 / 50 Ni-NTA resin 

(Fisher #11892104) in 20% ethanol was washed in 500 µl of Ni-NTA purification buffer B in 

a 1.5 ml microcentrifuge tube at 16,627 RCF for 1 min and the supernatant removed. The 

resin was washed twice more in the same buffer and resuspended in 500 µl of buffer B, 

transferred to a 15 ml centrifuge tube and 1 ml of total protein extracts and 3 ml of buffer B 

added. The mixture was placed on a Spiramix tube roller for 1 h at room temperature to allow 

the His tagged proteins to bind to the Ni-NTA resin, then transferred to a Clontech disposable 

column and the flow through drained by gravity and stored. The column was washed twice 

with 4 ml of Ni-NTA purification buffer C, and the wash retained, then proteins were eluted 

by the addition of 0.5 ml of Ni-NTA purification buffer D four times, then 0.5 ml of Ni-NTA 

purification buffer E four times. 

 

2.4.3 Separation of proteins by SDS-PAGE electrophoresis 

 

The protein samples were separated by acrylamide gel electrophoresis at 200V in an 

Invitrogen XCell Surelock Mini-Cell system (Fisher #EI0001) with 4% - 12% Bis-Tris 

polyacrylamide gels (Fisher #10472322) in Nupage MES SDS running buffer (Fisher 

#NP0002). The small-scale protein overexpression samples were mixed 1:1 with 2x 

Laemmli buffer (BioRad #1610737) containing 5% -mercaptoethanol, heated to 100°C for 

10 min in an Eppendorf Thermomixer C and loaded onto the gel.  
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10 µl of the fractions from the Ni-NTA purification were mixed with 3.85 µl Nupage LDS 

Sample Buffer (Fisher #NP0007) and 1.54 µl NuPage Sample Reducing Agent (Fisher 

#10424012), heated to 70°C for 10 min and loaded onto the gel. BioRad Precision Plus Dual 

Color Standards were used to provide a reference molecular weight size marker. The 

resulting gels were stained with InstantBlue Coomassie protein stain (Abcam #ab119211) 

by immersion and gentle rocking for 30 minutes before being washed in Milli-Q ultrapure 

water and imaged using a Vilber Lourmat Fusion FX imaging system. 

 

2.4.4 Isolation of RNA binding proteins 

 

The procedure followed was based on Leppek & Stoecklin (2014). The concentration of total 

protein extracts was measured using a BCA assay (Fisher #15877522) and diluted as 

needed to final desired concentration. 90 µg of each of the bait RNA samples was prepared 

in 150 µl of SA-RNP lysis buffer, and an extra control sample prepared with just lysis buffer 

with no RNA added. The RNA inputs were denatured by heating at 56°C for 5 min in an 

Eppendorf Thermomixer C, incubating at 37°C for 10 min then incubated at room 

temperature for a further 10 min. Aliquots of 100 µl Streptavidin Sepharose High 

Performance Beads (Sigma #GE17-5113-01) were washed three times in 1 ml SA-RNP 

lysis buffer at ≈20 RCF and 4°C for 1 min each. 3 µl of RNAsin (Promega #N2515) was 

added to each 90 µg RNA bait input, or to buffer with no RNA for the negative control sample, 

and divided between three aliquots of 100 µl of beads. The bead – RNA mixtures were then 

incubated at 4°C for 3 h on a rotator (Stuart #SB3) to facilitate binding of the RNA baits to the 

streptavidin Sepharose beads. 

 

While the RNA was being bound to the beads, aliquots of 500 µl of each of the three protein 

extracts was taken, and pre-cleared by being tumbled with 50% slurry avidin agarose (Fisher 

#11846734) for 30 min. The supernatants were then transferred to fresh tubes, and each 

was again pre-cleared by incubation in 50 µl of 50% slurry streptavidin Sepharose High 

Performance beads for 2 h at 4°C. The beads were discarded, and the supernatant 

combined with RNA-coupled beads prepared above and incubated for 4 h at 4°C on a 

rotator, to allow proteins to bind to the corresponding bait RNAs. 
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The samples were washed six times for 5 min each time with 1 ml SA-RNP wash buffer, and 

transferred to a fresh tube. The RNA-bound proteins were eluted by the addition of 5 µg of 

RNase A in 100 µl SA-RNP elution buffer. The eluate was concentrated by vacuum 

centrifugation to approximately 30 µl. 

 

2.4.5 Mass spectrometry of RNA binding proteins 

 

The protocol followed was provided by Dr Nicolas Stewart (N. Stewart, personal 

communication). The concentration of the eluted RNA binding proteins and the 

corresponding control samples was assessed by BCA assay and 10 µg of proteins in a total 

6.5 µl of water were loaded onto acrylamide gel together with 2.5 µl NuPage LDS sample 

buffer and 1 µl Nupage reducing agent. The mixtures were heated to 70°C for 10 min and 

run on Invitrogen Bolt 10% Bis-Tris 1 mm mini protein gels (Fisher #15324594) in SDS MES 

running buffer at 200 V, until they had run approximately 15 mm into the separating gel. The 

acrylamide gels were then stained with Abcam InstantBlue stain, each stained gel slice was 

excised and cut into three pieces which were de-stained by incubation in 1 ml 30% ethanol 

for 20 min repeated three times. The gel pieces were then covered in acetonitrile and allowed 

to dehydrate before being dried by centrifuging under vacuum (Savant Speedvac). 

 

The proteins were reduced to break disulfide bridges and alkylated to cap the cysteine 

residues as follows. The gel pieces were mixed by vortex mixer and incubated in 100 µl 10 

mM DTT in 25 mM ammonium bicarbonate at 56°C for 1 hour, and the supernatant 

discarded. They were then mixed by vortex mixer and incubated in the dark for 45 min at 

room temperature in 100µl of 55 mM iodoacetamide in 25 mM ammonium bicarbonate. The 

gel pieces were washed in 100µl of 25 mM ammonium bicarbonate and dehydrated once 

more with100µl of acetonitrile. They were then digested at 37°C overnight with 50 µl trypsin 

plus 50 µl of 25 mM ammonium bicarbonate. Trypsin digestion cleaves the proteins at each 

arginine or lysine residue into smaller peptides with charged ends. The peptides were then 

extracted from the gel by incubation at room temperature with repeated mixing by vortex 

mixer for 10 min in 150 µl of 70% acetonitrile / 5% formic acid, repeated three times in total, 

and dried by centrifuging under vacuum. Immediately prior to the mass spectrometry being 

carried out, they were dissolved in 10 µl of 0.1% v/v trifluoroacetic acid. 
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Dr Nicolas Stewart of Brighton University, carried out the mass spectrometry as described  

below.  

 

“Peptide samples were analysed by nanoflow LC-MS/MS using a Dionex UltiMate 3000 

RSLCnano System (ThermoFisher) coupled to a hybrid quadrupole Orbitrap mass 

spectrometer (Q Exactive, ThermoFisher) equipped with a nanospray ion source 

(Nanospray Flex, ThermoFisher). Peptides were pre‐concentrated on a µ-precolumn (300  

µm I.D. x 5 mm C18 PepMap 100, 5 µm, 100Å, ThermoFisher) at a flow rate of 20 µl / min 

for 4 min using mobile phase A (0.1% (v/v) formic acid in hypergrade water, Merck KGaA). 

At 5 min, subsequent separation was achieved by reversed phase on a nano column (Aclaim 

PepMap RSLC, 75 µm x 15 cm, C18, 2 µm, 100 Å, nanoViper, ThermoFisher) at a flow rate 

of 200 nl/min using a gradient of mobile phase B (0.1% (v/v) formic acid in acetonitrile, 

LiChrosolv, Merck KGaA) from 1% to 14% B (curve 4) over 50 min, 14% to 28% B (curve 6) 

over 40 min, 28% to 50% B (curve 7) over 5 min, increased to 99% B over 3.1 min (curve 5) 

and held at 99% B for 4.9 min and back to 1% B over 1 min to equilibrate for 11 min, with a 

total chromatographic run time of 120 min. A stainless steel emitter (40mm, 1/32” OD) was 

used post column. MS data was acquired in a data dependant manner; with full scan MS 

spectra (300-1,650 m/z) recorded at a resolution of 140,000 at 200 m/z followed by the 

fragmentation of the top 10 most abundant precursor ions. A lock mass of 445.1200 m/z 

(polysiloxane) was used. Dynamic exclusion was set to 45 s, with charge exclusion set for 

unassigned and singly charged species. Automatic gain control (AGC) target was set to 3 x 

106 with a maximum injection time of 20 ms for full scan. Fragmentation of precursor ions 

was performed by higher-energy collisional dissociation (HCD) with a normalized stepped 

collision energy of 20, 25 and 30, with a default charge state of 2. MS/MS scans were 

performed at a resolution of 17,500 at 200 m/z with an AGC target value of 1 x 105 and a 

maximum injection time of 120 ms using an isolation window of 2.2 m/z. A blank was injected 

between the sets of fractions to limit carryover between experiments.” (N. Stewart, personal 

communication). 
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2.5 Software methods 

 

2.5.1 DeepMind AlphaFold 2 software implementation 

 

The non-docker version of AlphaFold 2 software was installed on a PC running version 

20.04.3 of the Ubuntu operating system, according to the protocol published by the lab of 

Prof. Dr. Olga Kalinina of the Helmholtz Institute for Pharmaceutical Research Saarland on 

the github website (Kalininalab, 2021). A suitable environment was set up using Miniconda 

4.10.3, and AlphaFold release V2.2.0 installed, along with its accompanying databases 

(Google Deepmind, 2021). Analyses were carried out using variations of the bash script 

provided on the Kalininalab github site as detailed in Appendix 4, and the ranked_0 (highest 

confidence relaxed structure model) used. 

 

2.5.2 RNA-seq data processing 

 

RNA-seq data processing took place as follows for all total RNA extracts, and for the 

polysome profiling monosome- and polysome-associated fractions. Bash and R scripts to 

process the data were developed in conjunction with, or adapted from, code supplied by Dr 

Andrew Hesketh of Brighton University. 

 

The Illumina BaseSpace web portal (http://basespace.illumina.com) was used to (1) submit 

RNA-seq files to the NextSeq 500 sequencer with specifications of the sequencing run 

parameters and the sequence of each index matching to the corresponding library to be 

sequenced (2) verify the quality of the run, and (3) download the resulting files in ‘FASTQ’ 

format. The S. coelicolor genome assembly ASM20383v1 (RefSeq accession 

GCF_00020385.1) was downloaded from  

ftp://ftp.ncbi.nih.gov/genomes/refseq/bacteria/Streptomyces_coelicolor/latest_assembly_ve

rsions/GCF_000203835.1_ASM20383v1/  to serve as a reference (O’Leary et al., 2016). 

Start and stop positions of all open reading frames were extracted from the reference 

genome and combined with known transcription start and stop positions of all sRNAs 

identified by the B. K. Cho laboratory in 2016 (Jeong et al., 2016). A  Fasta sequence file 

was prepared from this data and used to create a Kallisto mapping index, and the FASTQ 

files were pseudo-aligned using the index to produce a series of abundance files (Bray et al., 

ftp://ftp.ncbi.nih.gov/genomes/refseq/bacteria/Streptomyces_coelicolor/latest_assembly_versions/GCF_000203835.1_ASM20383v1/
ftp://ftp.ncbi.nih.gov/genomes/refseq/bacteria/Streptomyces_coelicolor/latest_assembly_versions/GCF_000203835.1_ASM20383v1/
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2016). A Hisat2 index was also prepared from the reference genome, and Hisat2 used to 

align the sequence data to the reference genome (Kim et al., 2015). Picard was used to 

summarise the Hisat2 results, and the results were then processed in R (R Core Team, 

2017) to produce summary graphs for quality assessment, including level of transcribed but 

not translated RNA (rRNA, sRNA, tRNA etc) present in the samples (Broad Institute, 2019). 

The bash code is discussed in more detail in Appendix 5. The R packages used are 

discussed in more detail in Appendix 6. 

 

The Kallisto pseudo-alignment abundance files were imported into R and processed using 

tximport (Soneson et al., 2016), and differential transcript abundance calculated based on 

the negative binomial distribution using DESeq2 (Love et al., 2014). A regularised log 

transformation also using the DESeq2 package was used to stabilise variance, and principal 

component analysis was carried out using pcaMethods (Stacklies et al., 2007). An Empirical 

Bayes method, “Adaptive Shrinkage” was used to assess significant changes in transcript 

abundance (Stephens, 2016). Venn diagrams were produced using the VennDiagram 

package (Chen, 2022), and the openxlsx package was used to pass data from R to Microsoft 

Excel for further processing and formatting (Schauberger & Walker, 2021). Flextable (Gohel 

& Skintzos, 2022) and officer (Gohel, 2022) were used to pass data from R to Microsoft Word 

for presentation. 

 

2.5.3 Gene Set Enrichment Analysis (GSEA) 

 

The techniques used here are based on those used in (Durrant et al., 2022). The Kallisto 

pseudo-alignment abundance files described in section 2.5.2 were processed using the 

DESeq2 package to calculate the Wald statistic for each gene with alpha = 0.05 at the latest 

sample time following cold-shock (60 min for the rich liquid medium, 120 min for the SMM 

and SMMS media) relative to the “time=0” reference samples. These were ordered by their 

Wald statistic and subjected to GSEA using the gseKEGG and GSEA functions of the R 

package clusterProfiler (Wu et al., 2021).  

 

For the gseKEGG analysis, NCBI gene identifiers were converted to KEGG orthology (ko) 

identifiers according to database T00085 (https://www.genome.jp/dbget-bin/get_linkdb?-

https://www.genome.jp/dbget-bin/get_linkdb?-t+genes+gn:T00085


 143 

t+genes+gn:T00085 accessed 13/3/23) and the analysis was then carried out with an 

organism of “ko”, a generic class for non-model organisms.  

 

For the GSEA analysis, gene ontology (GO) mappings were downloaded from the EBI 

database 84.S_coelicolor.goa (https://ftp.ebi.ac.uk/pub/databases/GO/goa/proteomes/ 

accessed 21-3-22), and the analysis carried out separately for ‘molecular function’ and 

‘biological process’ terms. The p-adjust method used was Benjamini-Hochberg. 

 

For both these analyses, minimum gene set size was set to two and a p-value cutoff of 0.05 

was used. The calculation of GSEA has a pseudo-random element, and the seed was set 

to one to ensure consistency of results. 

 

2.5.4 Ribosome profiling data processing 

 

The ribosome-protected fragment datasets were downloaded from BaseSpace in FASTQ 

format as described above. Adapters were removed using Cutadapt (Martin, 2011), then 

Hisat2 and Picard were used as above with suitably changed parameters as detailed in 

Appendix 5 to deal with single end reads to align the reads to the chromosome and 

summarise. A Kallisto index similar to that described above was prepared with entries for all 

genes and the intergenic abundant RPFs discussed in Section 5.2.2.2, and Kallisto pseudo-

mapping abundance files prepared. 

 

2.5.5 Relative Translational Efficiency calculation and analysis 

 

Kallisto pseudo-alignment counts for total RNA-seq and ribosome associated fractions 

(either polysome / monosome fractions from polysome profiling or ribosome-protected 

fragments from ribosome profiling) were rounded to the nearest integer and had their 

differential transcript abundance calculated based on the negative binomial distribution using 

DESeq2. They were normalised using a regularised log transformation and Principal 

Component Analyses was carried out using pcaMethods. Shrinkage with the Approximate 

Posterior Estimation for generalised linear models (apeglm) algorithm (Zhu et al., 2019) was 

used to assess significant changes in transcript abundance. Translational Efficiency (TE) is 

the ratio of mRNAs undergoing translation to mRNA transcript counts, and the presence of 

https://www.genome.jp/dbget-bin/get_linkdb?-t+genes+gn:T00085


 144 

a ribosome is used as a proxy for active translation. Changes in transcript abundance in total 

RNA (from RNA-seq) and ribosome associated fractions were assessed separately, and 

also combined in a model that contains both the fraction, treatment, and a fraction:treatment 

interaction term. Chothani et al. (2019) show that this interaction term is equivalent to the fold 

change in TE, and an adjusted p-value can be calculated to allow the exclusion of non-

significant results. The R libraries ggplot2 (Wickham et al., 2019), ggrepel (Slowikowski, 

2021) and cowplot (Wilke, 2020) were used to display the results. 

 

2.5.6 Colony area measurement using FIJI software 

 

FIJI software (Schindelin et al., 2012) was used to measure the areas of the Streptomyces 

colonies grown for phenotypic observation. The colonies were imaged next to a scale and 

this was used to calibrate the measurements. The areas of the plate containing the colonies 

of interest were isolated, and converted to 16 bit black and white format, and the threshold 

tool used to objectively define the boundaries of each colony. The ‘Analyze particles’ function 

was used to identify and measure the colonies, and the results were imported into Excel for 

graphing. On occasion, the production of the dark blue actinorhodin decreased the contrast 

between the colonies and their background to the extent that it made the thresholding 

technique unusable, and in these cases the ‘polygon tool’ within the software was used to 

manually delineate the colony boundaries before measurement. 

 

2.5.7 MaxQuant analysis of MS raw data files 

 

Protein sequences for the deduced Streptomyces coelicolor proteome were downloaded 

from the NCBI, plus the protein sequence for bovine RNase A which was used to elute the 

proteins (NCBI Resource Coordinators, 2017). MaxQuant was used with default parameters 

and the Label Free Quantification option. Files from the mass spectrometer were input in the 

.raw format from which all proteins present were calculated. Potential contaminants and 

decoy hits were excluded. 
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2.6 Other methods 

 

2.6.1 Electron microscopy 

 

S. coelicolor colonies were grown on cellophane discs cut with an 11 mm Disc Punch (Agar 

Scientific #T5442) on MS media plates as described in section 2.2.6.1, three cellophane 

discs per plate. At appropriate sampling points, cellophanes were removed with tweezers 

and placed in a well in a six well plate (Fisher #10119831). They were then fixed by 

immersion in 0.2 M sodium cacodylate pH 7.2 with 2.5% glutaraldehyde for 10 min at room 

temperature. This was then aspirated and they were washed by immersion in 0.2 M sodium 

cacodylate pH 7.2 for 10 min. The samples were then dehydrated by immersion in 3 ml of 

increasing concentrations of ethanol for 10 min each. Concentrations used were 25% 

(twice), 50%, 75% and 100% (twice).  

 

Samples were then mounted on 12.5 mm aluminium specimen stubs (Agar Scientific 

#G301) using 12 mm diameter double sided sticky carbon tabs (Agar Scientific #G3347N) 

and sputter coated with 2 nm of platinum using a Quorum Q150T ES sputter coater. They 

were then viewed using a Zeiss Sigma Field Emission Gun Scanning Electron Microscope 

(FEGSEM) at high vacuum with secondary electron imaging using an Everhart-Thornley 

detector. 

 

2.6.2 Antibiotic production assays 

 

2.6.2.1 Actinorhodin assay 

 

The actinorhodin assay was adapted from Bystrykh et al. (1996). One ml of culture was taken 

from the main culture at each time point and frozen at -20°C. Following defrosting it was 

mixed by vortex mixer with 0.5 ml of 3 N KOH, the cells were pelleted at 9,838 RCF for 10 

min at 4°C and the OD640 of 1 ml of supernatant measured with a Jenway 6300 

spectrophotometer. The molar concentration of actinorhodin was then calculated using the 

Lambert Beer law 
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C = OD640  
       ----------- 

         ( x l) 
 

where  is the molar absorbance coefficient of actinorhodin (25,320 M-1cm-1) and l is the 

length of the cuvette lightpath. This extraction and measurement was repeated until all 

actinorhodin had been removed from the pellet. 

 

2.6.2.2 Prodiginine assay 

 

The prodiginine assay was adapted from Tsao et al. (1985). One ml of culture was taken 

from the main culture at each time point, mixed by vortex mixer and cells were pelleted at 

9,838 RCF for 10 min at room temperature, the supernatant removed, then frozen at -20°C. 

Following defrosting the pellet was resuspended in 1 ml of methanol acidified to pH 1.5 using 

HCl. The sample was then spun in a centrifuge to pellet the cells at 9,838 RCF for 10 min at 

4°C and the OD530 of 1 ml of supernatant measured with a Jenway 6300 spectrophotometer. 

The molar concentration of prodiginine was calculated using the Lambert Beer law as above, 

with a molar absorbance coefficient of 100,500 M-1cm-1. 
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3 Results I: Bioinformatic exploration of genes encoding cold-

shock protein homologues and their operons 

 

Chapter Overview 

 

The S. coelicolor chromosomal DNA sequence was examined bioinformatically, and nine 

putative cold-shock protein coding genes (CSPs) were identified. Three of these appear to 

be part of three or four-gene polycistronic operons with respective homologues that are 

similar between the operons, and a fourth possibly forms part of a two-gene operon. The 

predicted protein products were modelled structurally, and all putative CSPs were confirmed 

as having a CSP-like structure. Three members of the larger operons were identified as 

encoding DEAD-box helicases, and the other members coding for proteins of unknown 

function. The second member of the possible two gene operon has been tentatively identified 

as a putative methyltransferase. 

 

3.1 Identification of putative Cold-Shock Protein genes by sequence similarity 

 

The Basic Local Alignment Search Tool for proteins (BLASTp) is a programme maintained 

by the National Center for Biotechnology Information (NCBI) which allows users to search 

protein databases with a known amino acid sequence and returns a list of proteins which 

contain a similar sequence (Altschul et al., 1997, 2005).  The amino acid sequence for Cold 

Shock Protein A (CspA) from E. coli (NCBI Reference NP_418012.1) was used as an input, 

and the search restricted to the model organism Streptomyces coelicolor A3(2) (taxid: 

100226). Nine proteins were found which displayed significant similarity (Table 3.1). 
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Table 3.1 S. coelicolor proteins % identity compared to CspA from E. coli. 

 

Length is shown in number of amino acid residues. 

 

A multiple sequence alignment (MSA) created using Clustal Omega (‘ClustalO’) software 

(Madeira et al., 2019) is shown in Figure 3.1. CspA binds nucleic acids to the surface of three 

-sheets, via a central set of six aromatic residues, three of which are essential, plus a 

positively charged histidine, all surrounded by four positively charged lysine residues 

(Rennella et al., 2017). The MSA has been coloured to highlight these features, and these 

features are largely conserved in the putative S. coelicolor cold-shock proteins listed. 

SCO4295 and SCO6439 have an ‘essential’ phenylalanine replaced by a tyrosine residue. 

Phenylalanine and tyrosine both carry a hydrophobic aromatic side chain and therefore 

function is likely to be conserved. 

  

Protein % Identity Length 

SCO4295 63.9% 67               

SCO4505 60.0% 67               

SCO3731 58.7% 67               

SCO4684 58.7% 67               

SCO6439 58.7% 162             

SCO0527 57.1% 67               

SCO5921 57.1% 67               

SCO3748 54.0% 67               

SCO4325 49.2% 127             
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Figure 3.1 Multiple Sequence Alignment of the nine putative cold-shock proteins with CspA 

from E. coli. The MSA was calculated using Clustal Omega software. ‘Essential’ residues are 

shown in red, other aromatic residues involved in binding in green, and the four surrounding 

lysines in bold. Conserved residues involved in DNA binding are in dark grey, other 

conserved residues in light grey. * indicates identical residues, : those forming a strong group 

in the Gonnet PAM 250 matrix, indicating that they are chemically similar and less likely to 

alter the protein structure, and . indicates those forming a weak group. 

 

 

 

 

 

 

 

 

 

 

 

3.2 Operonic organisation of putative Cold-Shock Protein encoding genes 

 

Three of the putative cold-shock genes appear to be transcribed in operons, starting from 

known transcription start sites (TSS) (Jeong et al., 2016). The genes which make up these 

purported operons lie adjacent to each other on the same strand, and identified transcription 

start site(s) lie upstream of the first member. As demonstrated later in this paper, the genes 

within each purported operon show a marked tendency towards co-transcription. All the 

purported operons start with the cold-shock protein-encoding gene followed by a DEAD-box 

helicase-encoding gene, then either a gene for a cystathionine-β-synthase domain 

containing protein, one of unknown function or both. In two of the operons, the cold-shock 

protein-encoding gene is immediately followed by a sequence that would form an RNA stem-

loop structure (Figure 3.2A). Gene sco4505 is adjacent to and on the same strand as a 

putative methyl-transferase sco4504 and a single transcriptional start site has been identified 

upstream from sco4505 (Figure 3.2B), so could possibly form a two-gene operon. The other 

putative Cold-Shock Protein genes appear to be monocistronic. 

 

 

  

CspA  MSGKMTGIVKWFNADKGFGFITPDDGSKDVFVHFSAIQNDGYKSLDEGQKVSFTIESGAKGPAAGNVTSL-  
SCO5921  ---MAAGTVKWFNAEKGFGFIEQDGGGADVFAHYSNIAAQGFRELLEGQKVNFDIAQGQKGPTAENIVPA- 

SCO4684   ---MATGTVKWFNAEKGFGFIEQDGGGADVFAHYSNIAAQGFRELLEGQKVNFDIAQGQKGPTAENIVLA- 
SCO3731  ---MASGTVKWFNAEKGFGFIEQDGGGPDVFAHYSNINAQGFRELLEGQKVTFDIAQGQKGPTAENITPA- 

SCO3748  ---MASGTVKWFNAEKGFGFIAQDGGGADVFAHYSNIATQGFRELQEGQRVNFDVTQGQKGPQAENIVPA- 

SCO4505  ---MATGTVKWFNAEKGFGFIAQEGGGPDVFVHYSAINAQGFRSLEENQQVSFDVTQGPKGPQAENVTPV- 

SCO0527  ---MASGTVKWFNSEKGFGFIAQDGGGPDVFAHYSNINAQGYRELQEGQAVTFDITQGQKGPQAENITPA- 

SCO4295  ---MAQGTVKWFNAEKGYGFIAVDG-GADVFVHYSAIQMDGYRTLEEGQRVEFEISQGQKGPQADMVRLSA 

SCO4325  ---MPTGKVKWFNSEKGFGFLSRDDG-GDVFVHSSVL-PAGVESLKPGQRVEFGVVAGQRGDQALSLALLD… 
SCO6439 …GVRMVAGRVVRFDGTRGYGFIAPEDGGEDVFLHVNDLL-IPEESVRSGLVVEFEVESGERGLKASGIRLPE…  

                 * *  *:. :*:**:  :.   *** * . :     . :  .  * * :  * :*  *  :                                     
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Figure 3.2 Diagrams of putative cold-shock operons. Panel A shows three and four gene 

putative operons, Panel B a two gene putative operon. sco5921 – 18 and sco4505 – 04 lie 

on the reverse strand so run from right to left. TSS marks the known transcriptional start 

site(s), and in the first two operons (sco5921 – 18 and sco4684 – 6) the cold-shock protein 

gene is immediately followed by a stem-loop. Scale above each diagram shows position on 

the chromosome (in kb). Adapted from images of NCBI Reference Sequence NC_003888.3 

on www.ncbi.nlm.nih.gov. 
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3.3 Computational modelling of Cold-Shock Protein structures and structures of other 

proteins encoded within their operons  

 

3.3.1 Structural modelling approach 

 

The Critical Assessment of protein Structure Prediction (CASP) experiment has been held 

every two years since 1994. Proteins whose structures have been solved by X-ray 

crystallography or NMR spectroscopy, but which have not been published, are chosen and 

research teams attempt to model them using bioinformatic methods. The predictions are 

then compared with the solved structures, to test their accuracy, and the team achieving the 

highest accuracy is declared the winner (Kryshtafovych et al., 2019).  

 

The most successful entry at CASPXIII in 2018 was from the ‘AlphaFold’ program developed 

by the company DeepMind, and in 2020 at CASPXIV an improved version ‘AlphaFold 2’ 

was also the most successful (Jumper et al., 2021). Their approach is based on the principle 

that few proteins are truly novel, they have evolved from other proteins, and uses machine 

learning to apply two basic techniques.  

 

The first is Multiple Sequence Alignment based. If two amino acid residues are in contact 

with each other, and one mutates, there can be a strong selective pressure on the other to 

also mutate to preserve the relationship between them, and thus the structure of the protein. 

This will bias the progress of mutations, such that there will be a correlation in mutations 

between residues in contact. The protein being modelled is compared with many known 

protein sequences, and these correlations used to produce an initial model of which residues 

are in contact. 

 

The second technique compares the protein being modelled with many proteins for which 

the structure has been solved by X-ray crystallography or Nuclear Magnetic Resonance 

(NMR). Where the sequences match, it is assumed that the physical structures will also 

match, and these can be aggregated to form a second initial model, again indicating which 

residues are in contact. 
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A machine learning technique known as ‘attention’ is used to ascertain which parts of the 

model are providing the most useful information and learning from each model is applied to 

the other in an iterative fashion, until a final consensus residue-contact model is produced. It 

is then assumed that all the residues in the protein to be modelled start in a straight line, and 

are then iteratively twisted until they conform with the residue-contact model, and this is 

exported as the final structure (Oxford Protein Informatics Group (OPIG), 2021) 

 

DeepMind have made their model ‘open source’, accessible to all, and it has been 

implemented and used here to produce models of the nine putative cold-shock proteins 

encoded by the Streptomyces coelicolor genome, and these models imaged using PyMOL 

(PyMOL, 2021). More detail of this implementation is provided in Section 2.5.1. 

 

3.3.2 Protein structure modelling results 

 

3.3.2.1 Cold-shock proteins 

 

The predicted structures of the putative cold-shock proteins are presented in  Figure 3.3. The 

models show a high degree of similarity. They are also very similar to the structure of the 

canonical bacterial cold-shock protein CspA from E. coli which has been determined by X-

ray crystallography (Schindelin et al., 1994). Figure 3.4 shows a superposition of CspA and 

SCO5921, illustrating their similarity. Each of the cold-shock proteins has five -sheets 

arranged in an anti-parallel fashion to form a -barrel, two -helices and three loops, plus 

start and finish strands. SCO4325 and SCO6439 have two additional -helices. 

Bioinformatically, it would not be unreasonable to suggest that the nine putative S. coelicolor 

cold-shock proteins modelled here are indeed CSPs and would be expected to bind nucleic 

acids in a very similar way to CspA from E. coli, which has been shown to act as an mRNA 

chaperone facilitating translation, in particular at low temperatures (Zhang et al., 2018) 
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Figure 3.3 AlphaFold protein structure predictions of the nine putative cold-shock proteins of 

Streptomyces coelicolor. Secondary structure is shown. -sheets are shown in red, -helices 

in blue and loops in pink. 
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Figure 3.4 Superposition of proteins CspA from E. coli and SCO5921 from S. coelicolor. 

E. coli protein is shown in green, S. coelicolor in red. E. coli CspA model is from Schindelin 

et al., 1994 stored as 1MJC at the RCSB Protein Data Bank (RCSB, 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2.2 DEAD-box helicases 

 

When this analysis was conducted of genes encoding DEAD-box helicases, the local 

implementation of AlphaFold was unable to produce a model for the protein SCO5920, for 

unknown technical reasons. However, in 2022 a database was published in association with 

the European Bioinformatics Institute (EMBL-EBI) containing AlphaFold predictions for many 

proteins, including SCO5920 (EMBL-EBI & DeepMind, 2022). It is shown alongside local 

models of SCO4684 and SCO3732 in Figure 3.5. They are all very similar, consisting of two 

units of seven -sheets surrounded by -helices. 
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Figure 3.5 AlphaFold protein structure predictions of putative DEAD-box helicases  

SCO4685, SCO3732 and SCO5920. Secondary structure is shown. -sheets are shown in 

red, -helices in blue and loops in pink. 
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Depending on the stringency used, DEAD-box helicases can be shown to contain between 

seven and nine conserved motifs. Silverman et al. (2003) show a multiple sequence 

alignment of ten helicases, highlighting the seven motifs (the Q and 1b motifs used in other 

references are not included here). Six of the sequences used are from Saccharomyces 

cerevisiae, and one each from Homo sapiens, E. coli, Neurospora crassa and Hepatitis C 

Virus (HCV). These motifs have been aligned with the three putative DEAD-box helicases 

from S. coelicolor in Figure 3.6, and highlighted to show conserved residues outlined in black, 

and similar residues in grey, according to Silverman et al. who consider S and T residues, 

and the quadruplets DEAD and DEAH, to be functionally identical. 
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  I    Ia    II     III        IV       V    VI 

 

SCO3732 RGRTGSGKT...PTRELAQQ...DEADQM...RATIE...GRVIMFLDT...TNVAARGIH...HRGGRTARAG 

SCO5920 RGRTGSGKT...PTRELAQQ...DEADQM...AATTE...GRVIMFLDT...TNVAARGIH...HRGGRTARAG 

SCO4685 RGRTGSGKT...PTRELAQQ...DEADQM...AATTE...GRVLMFLDT...TNVAARGIH...HRGGRTARAG 

Prp5    ISKTGSGKT...PTRELALQ...DEADRL...SATFP...AKAIIFVSS...TEVLSRGLN...HTTGRTARGS 

Sub2    QAKSGLGKT...NARELAYQ...DECDKV...SATLS...NQVIIFVKS...TDVFGRGID...HRVGRAGRFG 

Prp28   VASTGSGKT...PTRELVQQ...DEADKM...TATMT...PPIIIFINY...TNVAARGLD...HRIGRTGRAA 

Cyt19   QAKTGTGKT...PTRELAEQ...DEADRM...SATIP...FKAIVFLPT...SDVTARGMD...HRLGRTGRAN 

Rh1B    QAQTGTGKT...PTRELAVQ...DEADRM...SATLS...DRAIIFANT...TDVAARGLH...HRIGRTGRAG 

Gemin3  QAKSGTGKT...PTREIAVQ...DEADKL...SATYP...NQALVFSNL...TDLTSRGID...HRIGRAGRFG 

eIF4A   QAQSGTGKT...PTRELALQ...DEADEM...SATMP...TQAVIFCNT...TDLLARGID...HRIGRGGRPG 

Dbp5    QSQSGTGKT...PTYELALQ...DEADVM...SATFE...AQAMIFCHT...TNVCARGID...HRIGRTGRFG 

Prp2    MGETGSGKT...TQPRRVAA...DEAHER...SATMN...GDILVFLTG...TNIAETSLT...QRAGRAGRFG 

NS3     HAPTGSGKS...VLNPSVAA...DECHST...TATPP...GRHLIFCHS...TDALMTGTG...QRRGRTGRVG 

 

Figure 3.6 ClustalO multiple sequence alignment of the three putative DEAD-box helicases 

with the motifs of ten known DEAD-box helicases. Conserved residues are outlined in black, 

and similar residue in grey. Motifs are labelled in Roman numerals. S and T are considered 

functionally identical, as are DEAD and DEAH. Prp2, Prp5, Sub2, Dbp5, Prp28 and eIF4A 

sequences are from S. cerevisiae, the Gemin3 sequence is from H. sapiens, Rh1B is from 

E. coli, Cyt19 is from N. crassa and NS3 is from HCV. Based on a table in Silverman et al. 

(2003) 

Based on the presence of these motifs, and the AlphaFold model of the protein structure, 

SCO3732, SCO5920 and SCO4685 are indeed DEAD-box helicases. DEAD-box helicases 

bind ATP and RNA in clefts between the two subunits, on opposite sides, and the ATP 

provides the energy to unwind RNA duplexes. These proteins act as an RNA chaperone 

and as such fulfil an important role in gene expression in both eukaryotic and prokaryotic 

organisms. They function by removing secondary structure in the bound RNA promoting 

either the remodelling of RNA-protein complexes or promoting the formation of ATP-

dependent RNA clamps that serve as nucleation centres for the formation of RNA-protein 

complexes (Jarmoskaite & Russell, 2011; Linder & Jankowsky, 2011). 

 

3.3.2.3 SCO5919 and SCO4686 -- Cystathionine β-synthase domain containing 

proteins 

 

SCO5919 and SCO4686 have a nucleotide sequence identity of 66.99% and their protein 

products have an amino acid identity of 61.17% and have been tentatively identified in the 

NCBI database as containing “cystathionine  synthase” domains (CBS domains). CBS 

domains typically bind molecules with adenosyl groups, and this binding causes structural 
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change in the protein. In eukaryotes they typically form part of larger proteins whose 

behaviour is affected by this ligand binding. Many bacteria have smaller proteins consisting 

of just CBS domains, frequently in pairs, but their function is unknown (Baykov et al., 2011). 

An MSA of SCO5919 and SCO4686 calculated by ClustalO (Sievers et al., 2011) is shown 

in Figure 3.7; there is a large region that shows good sequence identity, followed by a section 

which is present in SCO5919 but is missing in SCO4686. 

 

SCO5919_CAA16456.1      MTPGQLQDRSVGALPLRGTVADVMDAAGPQVWYDMTVEVALSVMAAARAEHLVVCDEDAR  60 

SCO4686_CAB82054.1      MTLLQTHPRPTDTDAGHRTVADAVDAAGPQVWDDMTVEVALSVMAAARTGHLVVCDQDGQ  60 

                        **  * : * ..:   : ****.:******** ***************: ******:*.: 

 

SCO5919_CAA16456.1      CVGLVTQARLTAVRDSSRYTDRLRLGDITDDSEPFVSPSATREEAEDAVPFGRLGLVPVV  120 

SCO4686_CAB82054.1      HTGLVTRARLTAVRNGSAYTDRVRLRDVTDELGNALGV----------------------  98 

                         .****:*******:.* ****:** *:**:    :.                        

 

SCO5919_CAA16456.1      DEHGSALGVLALSR 134 

SCO4686_CAB82054.1      ---------PVLSR 103 

                                  .*** 

Figure 3.7 Multiple Sequence Alignment of SCO5919 and SCO4686 protein products. The 

third row indicates similarity - * indicates identical residues, : indicates those forming a strong 

group in the Gonnet PAM (point accepted mutation) 250 matrix, indicating that they are 

chemically similar and less likely to alter the protein structure, and . indicates those forming 

a weak group. Figures at right hand end of each line indicate the position in the sequence of 

the last amino acid in each row – eg the R (arginine) at the end of the first row is the 60th 

amino acid in the SCO5919_CAA16456.1 sequence. 

 

The computed AlphaFold model agrees that SCO4686 appears to be a truncated version of 

SCO5919, illustrated in Figure 3.8. The UniProt database identifies the CBS domain in 

SCO5919 as spanning residues 24 to 80, the region containing the three -helices and three 

-sheets which is present in both proteins (Uniprot, 2022). 
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   SCO5919    SCO4686 

 

Figure 3.8 AlphaFold protein structure predictions of proteins SCO5919 and SCO4686. 

Secondary structure is shown. -helices are coloured in cyan, -sheets in red and loops in 

pink. 
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3.3.2.4 SCO5918 and SCO3733  

 

Genes sco5918 and sco3733 have a high nucleotide sequence identity of 77.9%, and their 

protein products have an amino acid identity of 69.8% (Figure 3.9). 

 

SCO5918_CAA16455.1      MRCVIARFPFDLTKSGVLESMKGVKPEPVTGESVIIGRRHYPAKQVGQVITRQDRRDFST 60 

SCO3733_CAB76980.1      MRCVIARYPFDLTKSGVLDSMKGVTPEPVTGESVTIGRRRYPVKQVGEVVTRQDRRDFSG 60 

                        *******:**********:*****.********* ****:**.****:*:*********  

 

SCO5918_CAA16455.1      GEILRAMAQLGFTCRTLPEAAPARS---DSPLQRASAMLGAPHLSV--- 103 

SCO3733_CAB76980.1      GEVTRAMARLGFTCHPAPGAEPASPAPAATPVEAASALLGGTVGTPQEL 109 

                        **: ****:*****:  * * **      :*:: ***:**.   :     

 

Figure 3.9 Multiple Sequence Alignment of SCO5918 and SCO3733 proteins. The third row 

indicates similarity - * indicates identical residues, : indicates those forming a strong group in 

the Gonnet PAM (point accepted mutation) 250 matrix, indicating that they are chemically 

similar and less likely to alter the protein structure, and . indicates those forming a weak 

group. 

 

The secondary structures of the AlphaFold models of these two protein products are shown 

in Figure 3.10, and the modelled structures are indeed very similar. They have three -

helices flanked by two -sheets on each side, and a distal loop--helix-loop.  
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   SCO5918     SCO3733 

Figure 3.10 AlphaFold protein structure predictions of proteins SCO5918 and SCO3733. 

Secondary structure is shown. -helices are coloured in cyan, -sheets in red and loops in 

pink.  
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3.3.2.5 SCO4504 

 

The protein product of sco4504 shows little identity with any of the other gene members of  

the S. coelicolor cold-shock operons. The NCBI identify it by sequence similarity as a putative 

methyltransferase, and its predicted model is shown in Figure 3.11. (O’Leary et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 AlphaFold protein structure predictions of protein SCO4504. Secondary 

structure is shown. -helices are coloured in cyan, -sheets in red and loops in pink.  

3.4 Chapter summary 

 

Bioinformatic exploration of the S. coelicolor chromosome suggested nine putative cold-

shock protein coding genes, and these were verified using the Alphafold 2 protein structure 

prediction program. Seven were extremely similar to the canonical E. coli CspA, and the 

other two were predicted to contain two additional -helices. The predicted similarity in 

structure and conservation of residues known to participate in nucleic acid binding suggests 

that the S. coelicolor proteins may act in a similar fashion to those from E. coli. 

 

The chromosomal organisation of some of the genes suggests that three CSPs form parts 

of three or four gene operons (Figure 3.2), and that all three of these operons have a putative 



 163 

DEAD-box helicase as their second member. Protein structure modelling confirmed that this 

is the case, and that the proteins coded for by S. coelicolor contain conserved features typical 

of this protein. The third and fourth members of the operon starting with gene sco5921 were 

of unknown function, the third (sco5919) coding for a protein containing a domain identified 

as a nucleic acid-binding ‘cystathionine-β-synthase’ domain. The third member of the 

sco4684 operon (sco4686) also codes for a protein that contains a copy of this domain, and 

appears to be an attenuated version of sco5919). The fourth member of the sco5921 operon 

(sco5918) is predicted to be very similar to the third member of the sco3731 operon 

(sco3733). It is likely that whilst the CSP proteins may act in a similar fashion to those 

expressed by E. coli, this operonic structure suggests that a different, more complex, 

response may be occurring in S. coelicolor, with the CSP either acting in concert with or 

forming a multiprotein complex with co-expressed members of these operons. 
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4 Results II: Transcriptional response to cold-shock stress 

explored using RNA-seq 

 

Chapter overview 

 

Five experiments took place, the first two to establish the conditions required to induce the 

cold-shock response, followed by three experiments using cultures grown in or on three 

different media to examine the Cold Shock Response (CSR) in more detail (Table 4.1). Total 

RNA was extracted from the samples taken, subjected to RNA-seq processing and analysed 

using the R software package (Section 2.5.2). 

Table 4.1 Overview of experiments discussed in Chapter 4. 

 

Cold-shocks were from 30°C to the temperature shown, achieved by either the addition of 

fresh liquid medium or by the mycelium (grown on cellophane) being transferred to fresh 

plates acclimated to the cold-shock temperature. Samples from the cold-shock and control 

cultures were taken at the time points shown. Reference samples were taken at ‘time=0’, 

before the fresh media addition or transfer to fresh plates. 

 

4.1 Establishing the conditions required to initiate the cold-shock response 

 

Summary 

 

Optimal conditions for eliciting a cold-shock stress response in S. coelicolor cultures growing 

in both solid and liquid media were first established in our laboratory. Media were chosen 

based on the previous experience of experts in the field (Professor C.P. Smith, Dr G. Bucca, 

personal communication).  Changes in the transcriptome were detected under normal 

physiological (control) and cold-shock conditions using RNA-seq and analysed. A cold-

shock stress response was detected in the liquid medium cultures when the temperature 

Experiment type

Cold-shock 

temperature Name

Solid or 

liquid

Rich or 

minimal Cold-shock Control Reference

Experiments to establish conditions 10°C YEME Liquid Rich 5, 15, 30, 60 5, 60 No

required to initiate the CSR 4°C SMMS Solid Minimal 5, 15, 30, 60 5, 60 No

Experiments to further investigate 10°C YEME Liquid Rich 15, 30, 60 15, 60 Yes

the CSR in cultures grown in or on 10°C SMMS Solid Minimal 15, 30, 60, 120 120 Yes

three different media 10°C SMM Liquid Minimal 15, 30, 60, 120 120 Yes

Medium Time points (min)
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was reduced from 30°C to 10°C. However, a strong cold-shock response was not elicited 

on solid medium when the selected cold-shock temperature of 4°C was employed. 

 

4.1.1 The experiments 

 

4.1.1.1 Cold-shock induction on supplemented minimal solid medium (SMMS) 

 

The experiment is represented schematically in Figure 4.1. Two biological replicate spore 

preparations of S. coelicolor A3(2) MT1110 were pre-germinated in two separate flasks with 

springs, containing 50 ml 2YT medium for 9 h inoculated with spores at a final concentration 

of approximately 3,000,000 cfu / ml (Section 2.2.6). After pre-germination, the germ tubes 

were plated onto 12 plates of SMMS medium overlayed with cellophane discs to obtain 

confluent growth and grown for 42 h at 30°C (corresponding to the development stage of 

‘rapid growth II’ (Bucca et al., 2018)). Some of the cultures were then subjected to cold-shock 

by transfer onto plates which had been pre-chilled to 4°C, whilst others were transferred onto 

plates at 30°C to act as control. The mycelium from one plate for each time point was then 

harvested by scraping with a spatula, treated with RNA Protect Bacterial Reagent and stored 

at -80°C. The total RNA was extracted by the phenol chloroform method (Section 2.3.1) and 

quality checked by analysis using an Agilent TapeStation 4200 electrophoresis system.  

 

Time points used were  

Controls : 5 and 60 min 

Cold-shocks : 5, 15, 30 and 60 min. 
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Figure 4.1 Cold-shock induction on supplemented minimal solid medium. S. coelicolor 

cultures were grown on cellophane discs to rapid growth stage II on SMMS medium, then 

the discs with the mycelium attached were transferred to plates pre-chilled to 4°C or pre-

warmed to 30°C for various time periods before samples of mycelium were taken. 

 

4.1.1.2 Cold-shock induction in rich liquid media 

 

The experiment is represented schematically in Figure 4.2. Two biological replicates of S. 

coelicolor at a starting concentration of approximately 1,000,000 cfu / ml were grown in two 

separate 500 ml conical flasks with springs containing 120 ml liquid YEME medium at 30°C 

and 250 rpm in a shaking incubator for 19 h and 19 min (corresponding to exponential growth 

phase ascertained by monitoring OD450 of the cultures) then a sample of 50 ml was taken 

from each. This sample was subjected to cold-shock by being diluted with 3 volumes of 

chilled medium at 4°C (that is, a 3:1 ratio) to reduce the temperature to 10°C, divided evenly 

between four separate 500 ml conical flasks with springs which had been pre-chilled to 10°C, 

and placed in a shaking incubator at 10°C and 250 rpm. At the same time a sample of 25 ml 

was taken from each culture and diluted with 3 volumes of fresh medium at 30°C, divided 

evenly between two separate 500 ml conical flasks with springs which had been pre-warmed 

to 30°C and returned to a shaking incubator at 30°C and 250 rpm. The remaining culture 

continued to be incubated at 30°C and 250 rpm and its OD450 monitored. Samples of 

mycelium were then taken at 5, 15, 30 and 60 min following cold-shock, and from the control 



 167 

samples maintained at 30°C at 5 and 60 min. The experiment is described in more detail in 

Section 2.2.7.1. 

 

Figure 4.2 Cold-shock induction in rich liquid medium. S. coelicolor spores were cultured in 

YEME rich liquid medium to exponential growth phase before being subdivided and exposed 

to cold-shock by 3:1 dilution with pre-chilled (10°C) fresh medium (control sample diluted 3:1 

with pre-warmed fresh media). Samples were taken at four time points following cold-shock 

(CS5, CS15, CS30, CS60) and from the control culture at 5 and 60 min (CT5, CT60). 

 

4.1.1.3 Processing and analysis of the samples 

 

RNA was extracted from the samples by the phenol-chloroform method (Section 2.3.1), 

quantified by NanoDrop ONE C spectrophotometer and quality checked using an Agilent 

TapeStation 4200 (Table A7.1). The RNA samples all passed quality control (RIN 5.4 – 9.2, 

most of the samples had a RIN > 7). After quantification, 500 ng of total RNA was subjected 

to rRNA depletion using the Qiagen QIAseq FastSelect 5S/16S/23S rRNA depletion kit and 

the depleted RNA was used for RNA-seq library construction and massively parallel 

sequencing (Sections 2.3.3 and 2.3.4). The resulting datasets were then analysed according 
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to the protocol outlined in Section 2.5.2. The reads were aligned against the whole 

Streptomyces coelicolor genome (NCBI reference sequence NC_003888.3 from assembly 

GCF_000203835.1), and pseudo-aligned against just the predicted transcriptome (all known 

genes annotated by the NCBI, plus sRNAs as identified by Prof. Byung-Kwan Cho’s lab at 

the Korean Advanced Institute of Science and Technology (Jeong et al., 2016)). The whole 

genome alignment allows quality control of the data, by identifying how many nucleotides 

align to known coding regions, and how many align to regions which will be transcribed but 

not translated, such as tRNA and rRNA. The number of nucleotides that align to “intergenic” 

regions can also be quantified. The term “intergenic” is used in this thesis to refer to the 

regions outside of ORFs, rRNAs, tRNAs and sRNAs. It includes both true ‘intergenic’ regions 

between genes, and the 5′ and 3′ UTRs preceding and following each ORF. The pseudo-

alignment is both more efficient and more accurate than the whole genome alignment (Bray 

et al., 2016) and produces datasets containing a count of the number of times either a protein 

coding or sRNA transcript was found in each sample.  

 

The data discussed in this section have been deposited in NCBI’s Gene Expression 

Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number 

GSE220990 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE220990, reviewer 

access token : ybcvgocgvpsdhuj). 

 

4.1.2 Results 

 

4.1.2.1 rRNA removal 

 

The majority of RNA (ca. 95%) in a bacterial cell is not the coding mRNA which is of interest, 

but RNA which forms functional complexes with proteins, mostly rRNA within ribosomes 

which are then involved in translation of mRNA to protein (Giannoukos et al., 2012). It is 

important to remove these sequences prior to preparing the sequencing libraries. The choice 

of which rRNA depletion method works better in the high %G+C Streptomyces genome is a 

difficult one and three different methods were tested in our laboratory to select the method 

that depletes most of the rRNAs. The Qiagen QIAseq FastSelect 5S/16S/23S rRNA 

depletion kit was used first used. This method makes use of specifically designed 

oligonucleotides which target rRNAs and by binding to them preventing their reverse 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE220990
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transcription. This method is based on conserved regions of bacterial 16S, 23S and 5S rRNA 

sequences and is not optimised for the G+C rich rRNA sequences of S. coelicolor genes. 

The QIAseq FastSelect kit gave disappointing results in terms of efficiency of rRNA depletion 

(Figure 4.3). While for the first batch of eight samples the disappointing results can be 

explained by a technical fault during the experiment, the rest of the samples also gave poor 

results. 

 

 

Figure 4.3 Genome mapping of sequenced reads from cold-shock experiment on 

supplemented minimal solid and in rich liquid media. Histogram of the proportion of each 

sample that represents the mRNA Open Reading Frames (ORFs) which are of interest 

(purple), transcribed sequences which will not be translated, predominantly rRNA (green), 

and sequences which have matched in 3′ or 5′ UTRs or outside of any annotated region 

(yellow). Labels are formed of index number, medium (SMMS = supplemented minimal 

solid, YEME = rich liquid), replicate (1 or 2), control (T) or cold-shock (S) and time point in 

min. X axis is in the order the samples were processed, in batches of eight.  
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4.1.2.2 Principal Component Analysis 

 

Regularised log transformation using the DESeq2 package in R software was used to 

equalise the variance between the samples and minimise the effect of the differences in total 

count in each sample so they could be compared using Principal Component Analysis 

(PCA). Following regularised log transformation, the distribution of log2 counts by sample 

was as shown in Figure 4.4. It can be seen that the medians and interquartile ranges are 

similar between the samples. This check has been carried out in all subsequent uses of the 

DESeq2 package documented below. 

 

Figure 4.4 Box plot of distribution of sample counts following regularised log transformation 

of cold-shock experiment data. The medians are shown as bold black horizontal lines 

surrounded by a grey box illustrating the first to the third quartile, whiskers illustrating the 

minimum and maximum and circles indicating outliers. 
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Principal Component Analysis − both media

Principal Component Analysis (PCA), an unsupervised clustering method, was used to 

check the relationship between all samples from the cold-shock experiments in both liquid 

and solid media and to visualise the largest variances in the data. A more detailed description 

of the transformation and PCA is contained in Section 2.5.2. The first two components of the 

PCA are shown in Figure 4.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 First two components of the PCA of differential transcript expression in cold-shock 

experiment on supplemented minimal solid and in rich liquid medium. Supplemented 

minimal solid medium is denoted as ‘SMM’ and rich liquid medium as ‘YEME’. Two biological 

replicates are shown. 

The two media are clearly separated on the first axis, the (small) solid SMMS medium data 

points to the left and the (large) liquid YEME medium to the right. This suggests that the 

transcriptional response of the cultures is different between the two media, likely due to the 

difference in the cold temperature, 10°C for the liquid YEME medium and 4°C for the solid 

SMMS medium.  

 

 

  



 172 

−60

−30

0

30

−50 −25 0 25 50 75

PC2 (18.4%)

P
C

3
 (

9
.9

%
)

Supplemented minimal solid

−60

−30

0

30

−50 −25 0 25 50 75

PC2 (18.4%)
P

C
3
 (

9
.9

%
)

Time (min)
5

15

30

60

Treatment
Ctrl

Cold

Rich liquid

The second and third principal components are shown in Figure 4.6, separately by medium 

type. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 2nd and 3rd components of PCA of differential transcript expression following cold-

shock and in control cultures grown on supplemented minimal solid and in rich liquid 

medium. Two biological replicates are shown. 

In the solid SMMS medium analysis, there is good agreement between the two replicates, 

but only a limited difference between the cold-shock groups at the four time points, with the 

exception of the two outliers. The agreement between the two replicates demonstrated that 

both biological replicates have shown a similar transcriptional response to the experimental 

conditions. The grouping of the cold-shock data points suggests that there has been little 

change in the transcriptional response over the course of the cold-shock. The control 

samples at 60 min have diverged a great deal from the control samples at 5 min in the 

second component due to their transcriptional response to being placed on fresh media. The 

cold-shock samples do not show the same divergence. 

 

Replicate agreement is poorer in the liquid YEME cultures, but there is more difference 

between the time points. There is more heterogeneity in the response of the two replicates, 

but the greater distance between the points both following cold-shock and following the 

addition of fresh medium to the control samples shows that a transcriptional response to both 

has been induced.  
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4.1.2.3 Differential gene expression analysis of putative cold-shock protein genes 

 

The DESeq2 software package (Love et al., 2014) was used to calculate differential gene 

expression between the various treatments and time points based on a negative binomial 

distribution as described in section 2.5.2, and the results for the CSP-encoding genes and 

members of their putative operons are shown in Table 4.2.  

Table 4.2 Arithmetic changes in transcript expression following cold-shock on solid SMMS 

and in liquid YEME media. 

 

Ratio between two samples is shown, so a value less than 1 indicates a reduction. Times 

are in min – for instance cold 5 vs ctrl 5 indicates change in abundance between samples 

taken 5 min after cold-shock versus samples taken after 5 min in the control flask. Results 

are the average of two replicates of each medium and treatment combination. A blank 

indicates that the change was not statistically significant.  

Gene

Cold 5 

vs ctrl 5

Cold 15 

vs cold 5

Cold 30 

vs cold 5

Cold 60 

vs cold 5

Cold 60 

vs ctrl 60

Cold 5 vs 

ctrl 5

Cold 15 

vs cold 5

Cold 30 

vs cold 5

Cold 60 

vs cold 5

Cold 60 

vs ctrl 60

sco4295 2.4            0.4            0.3            7.8            

sco6439 0.3            

sco0527

sco4325 0.2            2.3            0.4            

sco3748 0.2            

sco5921 0.4         4.8            2.4            12.6         252.3      

sco5920 2.6            196.6      277.6      2,745.8 

sco5919 4.1            83.1         190.2      

sco5918 50.0         176.7      

sco4684 4.6            4.9            20.1         197.0      

sco4685 4.6            218.6      356.7      5,357.8 

sco4686 3.5            38.9         26.2         

sco3731 0.5            2.6            

sco3732 5.0            22.9         37.3         8.4            

sco3733 4.2            3.7            

sco4505

sco4504 4.4            11.9         11.4         

Solid SMMS YEME
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4.1.3 Results and immediate discussion 

 

4.1.3.1 rRNA removal 

 

The FastSelect kit was used to remove the rRNA. Presumably, there was an operational 

error in the processing of the first batch of eight, which resulted in them not being depleted 

and rRNA dominated these samples, but the increase in the percentage of reads which were 

of coding RNA in the following two batches demonstrates that the technique was partially 

effective. However, the sequences used to target the rRNA for removal were generic 

bacterial sequences and not specific to the Streptomyces bacteria used and this has resulted 

in a significant amount of rRNA remaining. Different approaches were subsequently tested 

to improve the efficiency of rRNA depletion from Streptomyces total RNA as described in 

Section 4.2.1.2. 

 

4.1.3.2 Optimisation of conditions for eliciting a cold-shock response 

  

The experimental design of these first experiments was not considered optimal. Subsequent 

experiments included a ‘time=0’, where samples were taken immediately prior to cold-shock, 

to provide a reference point for comparison. However, it was immediately apparent that the 

chosen laboratory conditions for cultures grown on solid SMMS samples were not optimal 

for eliciting a cold-shock response. There are only four statistically significant changes in the 

differential expression of the putative cold-shock genes and their operons, three occurring at 

60 min following cold-shock and one at five min following cold-shock both vs the control 

samples at the same time point, and they all showed a relative reduction in CSP transcript 

abundance in the cold-shock sample vs the control (Table 4.2). While these indicate a clear 

failure to elicit a cold stress under the solid medium growth conditions it should also be noted 

that all samples were moved to fresh medium at the zero-time point, and there may be some 

changes in transcript abundance due to adjustment of growth rate in the presence of fresh 

medium which is abundant in nutrients, may have altered the pH, and which may have 

diluted any inhibitors of growth. It is hypothesised that the failure to elicit a cold-shock at 4°C 

might be due to the conditions being too cold for the bacteria to continue growing, and that 

the cold-shock samples here may have either entered a state of suspended animation or 

were reacting so slowly that no significant changes are detectable 1 h post-exposure.  
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The results were very different when the cold shock experiments were carried out in the rich 

liquid YEME cultures. The two operons sco5921-sco5918 and sco4684-sco4686 show the 

greatest cold-shock induction. After just five min, the CSP transcripts increased six-fold in 

abundance, then they plateaued for 20 – 25 min before increasing many-fold more at 30 and 

60 min. The DEAD-box helicase-encoding genes (sco5920 and sco4685) were also greatly 

induced, being over 30-fold more abundant after 30 min, and several hundred-fold after 60 

min. The other three genes in the operons follow the same pattern of induction under cold-

shock. Despite its sequence similarity, the sco3731-sco3733 operon was induced to a much 

lesser extent when compared to the sco5921 and sco4684 operons, although some 

induction, particularly of the DEAD-box helicase-encoding gene (sco3732) was observed.   

 

Gene sco4505 showed no change whilst its possible operonic partner sco4504, a putative 

methyltransferase, was increased in abundance. The five monocistronic CSP-encoding 

genes showed a varied cold-shock induction response, two of them (sco4295 and sco4325) 

showed an immediate increase after 5 min which reversed by 30 min, one showed just a 

reduction at 30 min (sco6439) and two show no significant change at all (sco0527 and 

sco3748).  

 

From the initial results it was deduced that the cold-shock response was very much 

dominated by the two operons sco5921 – sco5918 and sco4684 – sco4686 in the rich liquid 

medium experiment while a full cold-shock response in solid medium could not be clearly 

detected under the selected laboratory conditions.  

 

4.1.3.3 Further characterisation of the cold-shock response in different media 

 

The previous experiments revealed that a cold-shock response in S. coelicolor can be 

triggered by a rapid reduction in temperature from 30°C to 10°C in YEME liquid media. 

Therefore the YEME liquid medium experiment was repeated to independently verify the 

result and to increase the read depth of the sequencing data to enable analysis of genome-

wide changes in expression.  
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It was also decided to repeat the solid supplemented minimal medium experiment but 

increasing the cold-shock temperature to 10°C, instead of 4°C, to determine whether it was 

indeed the temperature and not the medium which prevented a cold-shock response being 

detected and to generate data showing the effect of cold-shock of cultures on solid media.  

 

For completeness, a third experiment was carried out with supplemented liquid minimal 

medium, SMM (liquid).  These three experiments allowed identification of transcripts which 

were significantly more or less abundant in a range of solid and liquid, rich and supplemented 

minimal, media. 
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4.2 The transcriptional cold-shock response in rich liquid, supplemented minimal 

solid and supplemented minimal liquid growth media 

 

Summary  

 

A cold-shock stress response was provoked in a S. coelicolor culture in YEME rich liquid 

medium, in SMM supplemented minimal liquid medium and on SMMS supplemented 

minimal solid medium. Control samples were treated in the same way while being 

maintained at 30°C throughout. Changes in the transcriptome were detected using RNA-

seq and analysed. Two effects were detected, one a response to the addition of fresh growth 

medium, the other a cold-shock response. 

 

Standard kits for removing unwanted non-coding RNAs were found to be of varying utility, 

and a new system was proved using bespoke DNA probes to target the rRNA and other 

unwanted RNA sequences produced by S. coelicolor. 

 

Many transcripts were differentially expressed in response to both cold-shock and to the 

addition of fresh media. In the rich liquid medium, there were more changes in transcript 

abundance in the control samples, possibly due to the increased range of nutrients becoming 

available due to the fresh media, changes in pH and the dilution of any growth inhibitors. The 

SMMS solid medium showed a very narrow (few transcripts significantly differentially 

expressed) response to cold-shock, either because the response was slower and hadn’t fully 

manifested despite the total experiment time being increased from one to two hours, or 

because the response is narrower in solid versus liquid media. The SMM liquid medium 

showed a reduced response in the control samples versus both of the other two media, whilst 

retaining a wide (many transcripts significantly differentially expressed) response to cold-

shock. This medium was selected to be used in future cold-shock experiments for this study. 

 

The response of the putative cold-shock proteins and their operons varied, with some 

showing a strong change whilst others showed very little. The two operons sco5921 to 

sco5918 and sco4684 to sco4686 showed the strongest response and were induced in all 

three media. The sco3731 to sco3733 operon was induced in the two liquid media cultures. 
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This co-expression is supporting evidence that these genes are transcribed operonically. 

There was a lack of co-expression between sco4505 and sco4504 and it is less likely that 

these genes are transcribed operonically.  

 

The cold-shock response (CSR) for S. coelicolor grown in the three media tested was 

characterised for the first time. Several hundred genes are involved in the CSR, many of 

them poorly characterised, and only 29 were found to be common to the CSR in all three 

media. More genes were common to the two liquid cultures, but still a majority were uniquely 

DE in one medium or the other. 

 

4.2.1 The experiments 

 

4.2.1.1 Cold-shock induction in rich liquid medium, supplemented minimal liquid medium 

(SMM) and on supplemented minimal solid medium (SMMS) 

 

4.2.1.1.1 Cold-shock induction in rich liquid medium 

 

The experiment is represented schematically in Figure 4.8. Two biological replicates of S. 

coelicolor at a concentration of approximately 1,000,000 cfu / ml were grown in two separate 

500 ml conical flasks with springs containing 140 ml liquid YEME medium at 30°C and 250 

rpm in a shaking incubator for 17 h and 35 min (corresponding to exponential growth phase, 

Figure 4.7). The mycelium from 10 ml of culture was removed from each and preserved to 

be used as a ‘time=0’ reference sample. A sample of 30 ml was then taken from each culture 

and subjected to cold-shock by being diluted with 3 volumes of chilled medium at 4°C (that 

is, a 3:1 ratio) to reduce the temperature to 10°C, divided evenly between three separate 

500 ml conical flasks with springs which had been pre-chilled to 10°C, and placed in a 

shaking incubator at 10°C and 250 rpm. At the same time a sample of 20 ml was taken from 

each culture and diluted with 3 volumes of fresh medium at 30°C and divided evenly between 

two 500 ml conical flask with springs which had been pre-warmed to 30°C and returned to a 

shaking incubator at 30°C and 250 rpm. The remaining culture was also incubated at 30°C 

and its OD450 monitored. Samples of mycelium were then taken at 15 min, 30 min and 60 

min following cold-shock (samples ‘CS15’, ’CS30’ and ‘CS60’), and from the control sample 

maintained at 30°C at 15 and 60 min (samples ‘CT15’ and ‘CT60’), immersed in RNA Protect 
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Bacterial Reagent for a minimum of 15 min, spun in a centrifuge at 1,442 RCF to pellet the 

cells, the supernatant was removed and the pellet stored at -80°C. The experiment is 

described in more detail in Section 2.2.7.1. 

 

 

Figure 4.7 Growth curve of S. coelicolor in rich liquid medium. Two replicates are shown 

labelled A and B. Y-axis shows optical density at 450nm (OD450). Arrow indicates when 

samples were removed from the main culture and exposed to cold-shock. 
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Figure 4.8 Cold-shock induction in rich liquid medium. S. coelicolor spores were cultured in 

YEME rich liquid medium to exponential growth phase before being subdivided and exposed 

to cold-shock by 3:1 dilution with pre-chilled fresh medium (10°C) (control sample diluted 3:1 

with pre-warmed fresh medium (30°C)). Samples were taken prior to cold shock (CT0), at 

three time points following cold-shock (CS15, CS30, CS60) and from the control culture at 

15 and 60 min (CT15, CT60). 

 

4.2.1.1.2 Cold-shock induction on SMMS supplemented minimal solid medium 

 

The experiment is represented schematically in Figure 4.9. An SMMS medium cold-shock 

experiment was performed as described in Section 2.2.6. Two biological replicates of S. 

coelicolor were grown at 30°C and 250 rpm in a shaking incubator in two separate flasks 

with springs containing 50 ml 2YT medium for 9 h inoculated from spores at a concentration 

of approximately 3,000,000 cfu / ml. After pre-germination, the germ tubes were plated onto 

12 plates of SMMS medium overlayed with cellophane discs to obtain confluent growth at a 

density of approximately 1,000,000 cfu per plate and grown for 40 h at 30° (corresponding 

to the development stage of ‘rapid growth II’ (Bucca et al., 2018). The mycelium from one 

plate for each replicate was taken to be used as a ‘time=0’ reference sample (‘sample CT0’). 
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Four plates per replicate were then subjected to cold-shock by transfer of the mycelium-

coated cellophane onto agar plates which had been pre-chilled to 10°C, whilst another was 

transferred onto a plate at 30°C to act as control. The mycelium from one plate each time 

was then harvested at various time points, treated with RNA Protect Bacterial Reagent and 

stored at -80°C. Time points used were 15, 30, 60 and 120 min (samples ‘CS15, CS30’, 

‘CS60’ and ‘CS120’) for the cold-shock plates and 120 min for the control plate (sample 

‘CT120’).  

 

 

Figure 4.9 Cold-shock induction on supplemented minimal solid medium. S. coelicolor 

cultures were grown on cellophane discs to rapid growth stage II on SMMS medium, then 

the discs were transferred to plates either pre-chilled to 10°C or pre-warmed to 30°C for 

various time periods before samples of mycelium were taken. 

 

4.2.1.1.3 Cold-shock induction in supplemented minimal liquid medium 

 

The experiment is represented schematically in Figure 4.11. A supplemented minimal liquid 

medium cold-shock experiment was performed as described in Section 2.2.7.2. A 500 ml 

conical flask containing a spring and 100 ml of 2YT was inoculated with S. coelicolor spores 

at a density of approximately 1,000,000 cfu / ml and incubated for 7 h at 30°C and 250 rpm 

in a shaking incubator to pre-germinate the spores. The pre-germinated spores were then 

used to inoculate two separate 500 ml conical flasks containing springs and 140 ml of SMM 

(liquid) medium to an initial concentration of approximately 4,000,000 cfu / ml which was then 
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incubated at 30°C and 250 rpm for 8 h 20 min (replicate A) and 8 h 40 min (replicate B), 

(corresponding to exponential growth phase, Figure 4.10). The mycelium from 10 ml of 

culture was removed from each and preserved to be used as a ‘time=0’ reference sample. 

A sample of 40 ml was then taken from each culture and subjected to cold-shock by being 

diluted with 3 volumes of chilled medium at 4°C, divided evenly between four separate 500 

ml conical flasks with springs which had been pre-chilled to 10°C, and placed in a shaking 

incubator at 10°C and 250rpm. At the same time a sample of 10 ml was taken and diluted 

with 3 volumes of fresh medium at 30°C in a 500 ml conical flask with springs which had 

been pre-warmed to 30°C and returned to a shaking incubator at 30°C and 250 rpm. The 

remaining culture was also incubated at 30°C and its OD450 monitored. Samples of mycelium 

were then taken at 15, 30, 60 and 120 min following cold-shock, and from the control sample 

maintained at 30°C at 120 min, immersed in RNA Protect Bacterial Reagent for a minimum 

of 15 min, spun in a centrifuge at 1,442 RCF for 10 min to pellet the cells, the supernatant 

was removed and the pellet stored at -80°C.  

 

 

 

Figure 4.10 Growth curve of S. coelicolor in supplemented minimal liquid medium. Two 

replicates are shown labelled A and B. Y-axis shows optical density at 450nm (OD450). Arrow 

indicates when samples were removed from the main culture and exposed to cold-shock.  
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Figure 4.11 Cold-shock induction in supplemented minimal liquid medium. S. coelicolor 

spores were pre-germinated, then cultured in SMM supplemented minimal liquid medium to 

exponential growth phase before being subdivided and exposed to cold-shock by 3:1 dilution 

with pre-chilled (10°C) fresh medium (control sample diluted 3:1 with pre-warmed fresh 

media(30°C)). Samples were taken prior to cold shock (CT0), at four time points following 

cold-shock (CS15, CS30, CS60, CS120) and from the control culture at 120 min (CT120). 

4.2.1.2 Processing and analysis of the samples 

 

RNA was extracted by the phenol-chloroform method (Section 2.3.1), quantified by 

NanoDrop ONE C spectrophotometer and quality checked using an Agilent TapeStation 

4200. The RNA samples all passed quality control (RINs 5.8 to 8.8, the majority > 7) except 

the SMMS S60A sample which had a RIN of 2.2 and was dropped from the analysis (Table 

A7.2, Table A7.3 and Table A7.4). The RNA was then used for sequencing library 

preparation according to the method described in 2.3.4. The amount of input RNA and 
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number of PCR cycles used in the library preparation are listed in Table 4.3. A different 

method of rRNA removal was evaluated in each of the three experiments (Section 2.3.3) as 

follows. 

 

Table 4.3 RNA input and number of PCR cycles used in library preparation. 

 

 

The rich liquid medium experiment samples were processed using the NEBNext rRNA 

Depletion Kit (Bacteria) (NEB E7850). This kit hybridises DNA probes designed to represent 

conserved bacterial rRNA sequences with the rRNA, and then uses RNase H which targets 

DNA/RNA hybrids to degrade them, following which a DNAse is used to remove any 

remaining probes.  

 

The supplemented minimal solid medium experiment samples were processed using the 

Illumina Ribo-zero rRNA Removal Kit (Bacteria) (Illumina MRZMB12424, now discontinued). 

This kit works by binding complementary probes to the rRNA transcripts, based on 

conserved bacterial rRNA sequences which are then bound to magnetic beads and 

removed from the solution. 

 

The liquid supplemented minimal medium experiment samples were processed using the 

NEBNext RNA Depletion Core Reagent Set (NEB E7865). This works in the same way as 

the NEBNext rRNA Depletion Kit (Bacteria), but instead of probes consisting of conserved 

bacterial sequences, 319 probes were designed as described in section 2.3.3 which targeted 

the 18 S. coelicolor rRNAs and three abundant non-coding RNAs. 

 

Data analysis was carried out as before (Section 2.5.2). The data discussed in this section 

have been deposited in NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are 

accessible through GEO Series accession number GSE225850 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225850 reviewer access token : 

upshoyikhrgzvob). 

Medium Replicate Input RNA (ng) PCR cycles

Rich liquid Both 500 14

Solid minimal Both 100 14

Liquid minimal A 500 11

B 800 11

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225850
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4.2.2 Results and immediate discussion 

 

4.2.2.1 rRNA removal 

 

Three different kits were used to deplete unwanted non-coding RNA in order to optimise this 

part of the process. The cultures grown in rich liquid medium were processed with the 

NEBNext bacterial rRNA Depletion Kit. The results demonstrate that this kit did not perform 

better than the Qiagen FastSelect Kit used in the first library preparation. Between 24.3% 

and 48.8% of bases in each sample mapped to the ‘Coding’ sequences which is not 

considered a satisfactory outcome of the rRNA depletion (Figure 4.12). 

 

Figure 4.12 Genome mapping of sequenced reads from cold-shock experiment in rich liquid 

media. Histogram of the proportion of each sample that represents the mRNA ORFs which 

are of interest (purple), transcribed sequences which will not be translated, predominantly 

rRNA (green), and sequences which have matched in 3′ or 5′ UTRs or outside of any 

annotated region (yellow). X-axis labels are formed of control (T) or cold-shock (S), time point 

in min and replicate (A or B). 
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The Illumina Ribo-zero Kit was tested with the solid supplemented minimal medium 

samples, and though this outperformed the previously used kits, large quantities of unwanted 

rRNA remained (Figure 4.13). 

 

 

 

Figure 4.13 Genome mapping of sequenced reads from cold-shock experiment on 

supplemented minimal solid media. Histogram of the proportion of each sample that 

represents the mRNA ORFs which are of interest (purple), transcribed sequences which will 

not be translated, predominantly rRNA (green), and sequences which have matched in 3′ or 

5′ UTRs or outside of any annotated region (yellow). X-axis labels are formed of control (T) 

or cold-shock (S), time point in min and replicate (A or B). 

 

Previous work had suggested that Ribo-zero, which was commercially unavailable when the 
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not translated’ RNA contained significant quantities of three non-coding RNAs which were 

not ribosomal RNA. They were identified using NCBI reference sequence NC_003888.3 as 

SCOs01 – 3, also known as rnpB, ssrA and srp (O’Leary et al., 2016). They can be 

summarised as follows, and their proportions of each sample are illustrated in Figure 4.14. 

 

rnpB – RNase P is a ribonucleo-protein complex formed of a protein RnpA and the RNA 

rnpB and is ubiquitous in every free-living cell. It cleaves RNA at the junction between single 

and double stranded regions (Altman, 2011). 

 

ssrA – ssrA is a ‘transfer-messenger RNA’ (tmRNA). In most bacteria, ribosomes can stall 

on defective mRNA which lacks a stop codon, leading to depletion of the ribosome pool. To 

overcome this, tmRNA first enters the A-site of the ribosome. The tmRNA has an alanine-

charged tRNA-like domain, and the peptide chain is transferred to this domain, resulting in 

the addition of an alanine residue. The ribosome then changes template and translates the 

coding region of the tmRNA, inserting a degradation tag into the nascent protein and then 

terminates at the tmRNA stop codon (Dulebohn et al., 2007).  In S. coelicolor it has a more 

specialised role, interacting with just ten stress and cell-cycle related mRNAs. It is speculated 

that these mRNAs accumulate ‘poised’ ribosomes, queued behind a stalled ribosome, and 

that stress then triggers the tmRNA-mediated release of the stalled ribosome, freeing the 

queued ribosomes to translate the mRNA. This allows a very rapid reaction to stress 

exposure. (Barends et al., 2010) 

 

srp – The ‘Signal Recognition Particle’ system is formed of a protein and this RNA. It detects 

proteins that contain a signal peptide, and targets them to the membrane for export from the 

cell (Palacín et al., 2003). 

 

Note that tRNA is explicitly evaluated in Figure 4.14 but is hardly visible in the graph as its 

proportion is so low. 
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Figure 4.14 Genome mapping of sequenced reads from cold-shock experiment on 

supplemented minimal solid medium with ‘Transcribed not translated’ reads further 

categorised. Histogram of the proportion of each sample that aligns to RNA in each category. 

X-axis labels are formed of control (T) or cold-shock (S), time point in min and replicate. 

 

Non-coding RNA removal for the liquid supplemented minimal medium samples was carried 

out with the NEBNext Depletion Core Reagent Kit with probes designed specifically to target 

the 18 rRNAs already known to exist in S. coelicolor, and three sRNAs described above. 

This technique was extremely effective (Figure 4.15). 
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Figure 4.15 Genome mapping of sequenced reads from cold-shock experiment in 

supplemented minimal liquid media. Histogram of the proportion of each sample that 

represents the mRNA ORFs which are of interest (purple), transcribed sequences which will 

not be translated, predominantly rRNA (green), and sequences which have matched in 3′ or 

5′ UTRs or outside of any annotated region (yellow). X-axis labels are formed of control (T) 

or cold-shock (S), time point in min and replicate (A or B). 
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4.2.2.2 Principal component analyses 

 

The data were normalised as before and subjected to PCA. A plot of principal component 1 

(PC1) vs PC2 and PC2 vs PC3 for the rich liquid medium experiment is shown (Figure 4.16). 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 PCA of differential transcript expression in the rich liquid medium cold-shock 

experiment. 

The two replicates are grouped very closely together in PC1 vs PC2, indicating that they 

each responded similarly. PC1 appears to account for much of the difference between the 

cold-shock and control samples; this could be interpreted as resulting from the growth 

adjustment changes following fresh medium addition, changes which occurred only in 

control and not in the cold-shock culture. PC2 shows a trend in the cold-shock samples over 

time. PC3 is less clear, perhaps accounting for much of the difference between the two 

replicates.  

 

  



 191 

−30

−20

−10

0

10

−10 0 10 20 30 40
PC1 (49.5%)

P
C

2
 (

1
8

.6
%

)

−30

−20

−10

0

10

−30 −20 −10 0 10
PC2 (18.6%)

P
C

3
 (

1
0

.2
%

)

Treatment
Ctrl

Cold

Time (min)
0

15

30

60

120

The PCA plots for the cultures grown on solid supplemented minimal medium following cold-

shock and in the control cultures are shown in Figure 4.17. The extracted RNA for the S60A 

sample (replicate A 60 min after cold-shock) had an RNA integrity number (RIN) of 2.2 

versus a range from 7.5 to 8.8 for the other samples. It showed a low proportion of coding 

reads in the genome mapping (Hisat2) analysis above and when subjected to PCA it 

diverged significantly from all other samples. It has been excluded from this and further 

analysis. 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 PCA of differential transcript expression in the supplemented minimal solid 

medium cold-shock experiment. 

The results are more difficult to interpret than those for the rich liquid medium. The PC1 axis 

accounts mostly for differences between the control samples after 120 min and all others, 

possibly due to growth adjustment changes following fresh medium addition. The two 

replicates for the cold-shock samples are arranged in a similar pattern on the PC2 axis, but 

displaced from each other, that is the ‘time=0’ reference and cold-shock after 15 and 30 

minutes are grouped fairly closely together, then the 120 minutes following cold-shock is 

some way below them. 

 

The PCA plots from cultures grown in liquid supplemented minimal medium following cold-

shock and in the control cultures are shown in Figure 4.18. PC1 appears to differentiate 

between the two replicates which denotes poor replication across the biological replicates, 

certainly for the reference and cold-shock samples, though both CT120 control samples are 

close together. For operational reasons the two cold-shocks were administered 20 min apart 
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which may at least in part explain the difference between the replicates. PC2 accounts for 

differences over time. 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 PCA of differential transcript expression in the supplemented minimal liquid 

medium cold-shock experiment. 

4.2.2.3 Global changes in differential transcript expression 

 

The number of transcripts (mRNA and sRNA) which significantly altered in differential 

expression in either the cold-shock or control samples relative to the reference sample are 

summarised in the Venn diagrams in Figure 4.19.  
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Figure 4.19 Venn diagrams of number of transcripts showing significantly increased or 

decreased differential expression at any time point in the cold-shock and control samples in 

three different media. Results are shown from two biological replicates of each media / 

experimental condition combination. Adjusted p-value of <0.05 is considered significant.  

 

Note the number of transcripts significantly differentially expressed in the rich liquid media 

cultures in the cold-shock alone and the overlap of both the cold-shock and control cultures 

is the same, 1,041. This is a coincidence. 

 

In rich liquid media, a large number of transcripts were differentially expressed (DE) in both 

the cold-shock and control samples. Overall there were more DE genes in the control 

samples, perhaps reflecting responses to the addition of fresh medium and consequent 

increased availability of nutrients, change in pH or dilution of inhibiting factors. The cold-shock 

was not strongly induced in the solid SMMS cultures for reasons that are not easily 

interpretable. In the liquid SMM cultures, more genes were DE in the cold-shock than in the 

control cultures, possibly as the addition of fresh medium provided a more limited palette of 

fresh nutrients compared to the rich liquid medium experiment. It is likely that more metabolic 

genes were being transcribed in the rich medium in response to the more diverse range of 

nutrients available than in the supplemented minimal media cultures. Figure 4.20, Figure 
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4.21 and Figure 4.22 show in more detail the profiles of transcripts up or downregulated at 

each time point for each of the three media. 

 

 

Rich liquid medium 

 

Figure 4.20 Heatmap of log2-fold changes in differential transcript expression in rich liquid 

medium following cold-shock and in control cultures relative to ‘time=0’ reference samples. 

Each line represents a transcript, and its log2-fold change in differential transcript expression 

at each time point versus the ‘time=0’ reference samples is indicated by its colour. Up-

regulated samples are coloured red and down-regulated samples are blue. Grey indicates 

the transcript was not significantly differentially expressed at that time point, and transcripts 

not significantly altered at any time point have been removed. In total, 3,744 transcripts are 

shown. Transcripts have been ordered by their fold change following cold-shock at 15, 30 

and 60 min, then by their fold change under control conditions at 15 and 60 min. Results are 

from two biological replicates and an adjusted p-value < 0.05 was considered significant. 

There is a clear difference between the transcriptional response in the cold-shock cultures 

to that in the controls in the rich medium liquid cultures, both in the transcripts involved and 

in the speed at which they become differentially expressed. Changes following cold-shock 

are quite slow in manifesting and relatively few transcripts are differentially expressed at the 

15 min point. Though a small number of transcripts are transiently differentially expressed at 

the 30 min point and then return to basal levels, the majority of changes are observable 
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throughout the experiment, that is, once a transcript has become significantly more or less 

abundant, it remains more or less abundant. The small number of transcripts exhibiting the 

largest relative increases in differential transcript expression are visible in the cold-shock data 

at 60 min, indicated in dark red at the top of the figure. 

 

In contrast, many transcripts are differentially expressed by the 15 min time point in the 

control samples. A number are transiently expressed and returned to basal levels by the 60 

min point, though as with the cold-shock samples the majority of changes were observable 

throughout the experiment. The transcripts exhibiting the greatest relative decrease in 

differential transcript expression were in the control samples after 60 min, indicated in dark 

blue. 

 

The transcripts which are significantly altered in both the cold-shock and control samples 

show change in the same direction in almost all cases; that is, if they are up-regulated in the 

cold-shock sample, they are also up-regulated in the controls and vice-versa. This is likely to 

be due to these transcripts responding to the addition of fresh medium in the same way 

under both experimental conditions. In the small number of cases where there is movement 

in opposite directions, it is possible that this represents the fact that those genes are 

performing one function in response to cold-shock and another in response to perturbation 

caused by the fresh medium addition. 
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Supplemented minimal solid medium (SMMS) 

 

Figure 4.21 Heatmap of log2-fold changes in differential transcript expression on SMMS 

following cold-shock and in control cultures relative to ‘time=0’ reference samples. Heatmap 

represents 2,207 transcripts in total, sorted from high to low expression ratio by experimental 

condition and time point. Results are from two biological replicates and an adjusted p-value 

< 0.05 was considered significant. 

As with the rich liquid medium cultures, there are clearly two very different transcriptional 

responses illustrated here. The cold-shock response is very much slower and narrower in 

scope, far fewer transcripts are significantly DE. Only three transcripts showed any significant 

change in expression before 120 min – sco4684 (log2-fold change 3.68 at 30 min, 2.62 at 60 

min, 7.13 at 120 min) and sco5921 (log2-fold change 4.13 at 30 min, 1.43 at 60 min, 7.23 at 

120 min), the two CSP-encoding genes that show the greatest transcriptional response to 

cold-shock, and trpS (sco3334) (log2-fold change at 30 min 1.83, returned to basal level at 

60 min, 2.06 at 120 min), an alternative tryptophanyl tRNA synthase responsible for 

conferring resistance to indolmycin and chuangxinmycin antibiotics, discussed in Section 

4.2.2.5.2. 
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Supplemented minimal liquid medium (SMM) 

 

Figure 4.22 Heatmap of log2-fold changes in differential transcript expression in SMM 

following cold-shock and in control cultures relative to ‘time=0’ reference samples.  Heatmap 

represents 1,622 transcripts in total, sorted from high to low expression ratio by experimental 

condition and time point. Results are from two biological replicates and an adjusted p-value 

< 0.05 was considered significant. 

Similar to the cold-shock experiments in other media, there were clearly two separate 

transcriptional responses in the SMM cultures, one in respect of cold-shock and one relating 

to the fresh medium addition, though in the SMM the difference is even more clearly defined, 

few transcripts show a significant response in both experimental conditions. The cold-shock 

response is slow to develop, and many transcripts do not become significantly differentially 

expressed until the 120 min sampling point.   

 

4.2.2.4 Heterogeneity of the response to cold-shock in the various growth media 

 

An interesting feature of the cold-shock experiments using three different growth media is 

the heterogeneity of response. There are many parameters which will be influencing the 

transcriptional response, including the nutrients available in each medium type, the exact 

stage of development and growth rate at the time the samples were taken, the differences 

between natural colony growth on top of solid medium and growth in the more artificial 

environment of submersion in liquid media and unmeasured parameters such as pH. Only 
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two replicates have been analysed so far of each of the three media, and more will need to 

be produced in order to increase confidence in the results.  

 

The same definition is used here as in the following characterisation discussion, that a gene 

is involved in the cold-shock response if its differential expression is significantly altered in 

the cold-shock samples at any time and either not significantly altered in the control samples 

at their last sampling point (60 min for the rich liquid medium cultures or 120 min for the 

supplemented minimal media cultures) or altered in the opposite direction e.g. induced in the 

cold-shock cultures and repressed in the control cultures or vice-versa. Just 29 gene 

transcripts score as differentially expressed in all three media following cold-shock (Table 

A9.1). There is more commonality between the two liquid media, with 469 common DE 

genes (Figure 4.23, Table A10.1). 

 

 

Figure 4.23 Venn diagram of number of gene transcripts significantly differentially expressed 

following cold-shock in each of the three media. 

Gene transcripts are classed as DE following cold-shock according to three criteria - 

a) they are included if they are significantly differentially expressed (DE) compared with 

the ‘time=0’ reference samples at any time point following cold-shock; and 
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b) to exclude genes which are differentially expressed as a result of the fresh medium 

addition rather than the cold-shock, only those not DE at the last time point of the 

control samples are included, unless they are as described in c) below. Genes which 

were transiently DE at 15 minutes in the rich liquid control cultures are included 

provided they have returned to basal levels by 60 min, so as to include cold-shock 

protein-encoding genes, which are known to exhibit transient induction as a result of 

fresh medium addition in E. coli (Brandi et al., 1999); and 

c) genes are also included if they were DE in both the cold-shock and control cultures, 

but showed the opposite change in expression, i.e. if they are induced following cold-

shock and repressed in the control cultures or vice-versa. 

 

4.2.2.5 Characterisation of the cold shock response  

 

A detailed description of all characterised genes involved in the CSR in each of the three 

growth media is contained in Appendix 3. There was an induction of genes forming some of 

the putative cold-shock operons following cold-shock of up to ca. 2,300-fold (p=0.05); many 

genes related to translation were DE to cope with the inhibition caused by the cold-shock 

and possibly to preferentially translate mRNAs required to deal with this stress; there is 

evidence of extensive modification to the cell membrane and wall; genes involved in the 

response to both oxidative and osmotic stress were DE; some genes encoding antibiotic 

efflux pumps were induced; and genes encoding a gyrase and several putative nucleoid 

associated proteins (NAPs) were DE. 

 

4.2.2.5.1 Cold-shock protein encoding genes and their putative operons 

 

The heatmap below shows the transcriptional response to cold-shock of the putative CSP 

genes and cold-shock operons described in Chapter 3 (Figure 4.24, Table A12.1). 
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Figure 4.24 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for 17 genes encoding CSPs and genes forming putative cold-shock 

operons. Results are the average of two biological replicates. Results that were not 

significant (adjusted p-val >= 0.05) are coloured grey. 

The two putative operons sco5921 – sco5918 and sco4684 – sco4686 show very high 

upregulation of expression (up to ca. 2,300-fold), and the co-expression of all members of 

each putative operon is evidence in favour that they are, as assumed in Section 3.2, 

operonically transcribed. There is some transient induction at the 15 min point of three 

members of these operons in the rich liquid medium control cultures, but their levels return 

to basal levels by 60 min. E. coli cspA mRNA also shows transient  induction following the 

addition of fresh medium in rich liquid medium cultures at non cold-shock temperatures 

(Brandi et al., 1999) 

 

The sco3731 – sco3733 operon also shows co-induction across all three members in both 

liquid media, though a lower relative increase than that shown by the sco5921 and sco4684 

operons. Two of the three members (sco3732 and sco3733) are also induced in the rich 

liquid medium control cultures, so are considered to be responding to the cold-shock only in 

SMM. 
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Though sco4504, a putative methyltransferase-encoding gene, is also induced in both 

media, sco4505 is only co-induced at the 60 min point in the rich liquid medium, weakening 

the case that these two genes form an operon. sco4504 is also induced in the control cultures 

in the rich liquid medium. 

 

Only one of the five non-operonic CSPs (sco4295, sco6439, sco0527, sco3748 and 

sco4325) was DE following cold-shock, sco3748, and it was also DE in the control cultures 

indicating that this change in expression was due to the addition of fresh medium rather than 

due to the cold-shock. Though they contain the nucleic acid-binding ‘CSP’ domain, there is 

no evidence that the non-operonic CSPs are involved in the cold-shock response under the 

tested conditions. 

 

4.2.2.5.2 DE genes involved in translation 

 

The S. coelicolor genome contains a number of pairs of paralogous genes, one of which is 

induced during normal metabolism and the other which is induced under different 

physiological conditions. A number of these code for proteins involved in translation, and 

have been shown to confer resistance to the translation-targeting antibiotic tetracycline, 

under control of the WblC WhiB-like transcriptional regulator (Lee et al., 2020a), and many 

of these genes were DE following cold-shock (Figure 4.25, Table A12.2). It is likely that the 

reduction in translation caused by the increase in mRNA secondary structure following cold-

shock triggered a similar response as the reduction in translation following application of 

tetracycline.  
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Figure 4.25 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for 12 paralogous genes involved in translation. These genes were 

identified as forming part of the group of paralogous genes providing resistance to 

translation-targeting antibiotics in Lee et al. (2020a). Results are the average of two biological 

replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured grey. 

wblC was DE in only the rich liquid medium, so this was not the only regulator controlling the 

expression of these genes. Under normal physiological conditions, trpS2 (sco4839) is 

translated to produce tryptophanyl-tRNA synthase. When translation is inhibited by 

tetracycline, trpS2 is repressed and the alternative tryptophanyl-tRNA synthase encoding 

gene trpS (sco3334) is induced in its stead (Lee et al., 2020a). A similar effect was observed 

following cold-shock, trpS2 was repressed in both liquid media, and trpS was induced in the 

rich liquid and SMMS solid media. Similarly, alaS2 (sco7600) encodes an alternative alanyl-

tRNA synthase and was induced in all three media following cold-shock. rsgA (sco6149) 

encodes a ribosome biogenesis GTPase and tuf3 (sco1321) encodes an alternative 

elongation factor Tu, and both were induced in both liquid media. Five further genes were 

induced in the rich liquid medium alone – fusA (sco1528) and fusB (sco6589) which encode 

elongation factor G (EF-G), hflX (sco5796) which encodes a 50S ribosomal sub-unit 

associated GTPase, helY (sco1631) which encodes an ATP-dependent RNA-helicase and 

prfB (sco2972) which encodes a release factor, though unexpectedly this was the paralogue 

which does not form part of the WblC regulon which was induced rather than its partner arfB 

(sco4278). These alternative translation-associated paralogues are used to overcome 

problems with translation induced by the antibiotic chloramphenicol, and those encountered 

following cold-shock. 
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There is evidence that changes in the ribosome itself can regulate translation, by alterations 

in the stoichiometry of ribosomal proteins, use of alternative ribosomal proteins, modifications 

to ribosomal proteins and heterogeneity in the rRNA (Sauert et al., 2015). Ten ribosomal-

associated protein encoding genes were DE following cold-shock in the liquid media (Figure 

4.26,Table A12.3). 

 

 

Figure 4.26 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for 10 genes encoding ribosomal-associated proteins. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

Following cold-shock, genes encoding two components of the ribosome itself, rpmG3 

(sco0570) which encodes 50S ribosomal protein L33 and the adjacent rpmJ2 (sco0569) 

which encodes 50S ribosomal protein L36 were induced in the rich liquid medium. Three 

genes encode versions of L33 (sco0570, sco3428 and sco4635), two encode versions of 

L36 (sco0569 and sco4726) and the protein products of these genes are non-identical 

(Figure 4.27). This would be consistent with sco0569 and sco0570 encoding alternative 

proteins which alter ribosomal function, either to increase efficiency at low temperature, or to 

alter translational selectivity to favour proteins which are essential to the CSR. 
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SCO0570      MARSTARPVVKLKSTAGTGVTYVTRKNRLNDPDRLVLRKYDPVAGEHVPFREER*  

SCO3428      MARNELRPVIKLRSTAGTGYTYVTRKNRRNDPDRLVLRKYDPAAGRHVDFREER*  

SCO4635      VAATDVRPKITLACVECKERNYITKKNRRNNPDRLEMKKHCPRCNAHTAHRETR*  

             :* .  ** :.* ..  .  .*:*:*** *:**** ::*: * .. *. .** ** 

 

 

SCO0569      VKVRNSLRALKARPGAQVVRRRGVTYVINKKDPRFKARQG*  

SCO4726      MKVKPSVKKI--CDKCRVIRRHGRVMV-ICDNPRHKQRQG*  

             :**: *:: :     .:*:**:* . *   .:**.* **** 

 

Figure 4.27 Multiple Sequence Alignment of RpmG (Panel A) and RpmJ (Panel B) protein 

variants. The third row indicates similarity - * indicates identical residues, : indicates those 

forming a strong group in the Gonnet PAM (point accepted mutation) 250 matrix, indicating 

that they are chemically similar and less likely to alter the protein structure, and . indicates 

those forming a weak group. 

rpsB (sco5624) which encodes 30S ribosomal protein S2 was repressed in the SMM liquid 

medium. Though it was not significantly repressed in the rich liquid medium, it was induced 

in the corresponding control culture, and it is possible that there were two effects which 

cancelled each other out in the cold-shock sample, a repression due to cold-shock and an 

induction due to the addition of fresh medium. In both liquid media a change in the 

stoichiometry of the 30S ribosomal sub-unit was likely to have occurred following cold-shock 

compared with the control culture. This could result in the ribosome translating more 

efficiently or selectively at low temperature.  

 

sco7652 and sco4751 encode acetyltransferases which are ribosomal protein modification 

factors involved in ribosomal biogenesis (Kanehisa & Goto, 2000). sco7652 was repressed 

in both liquid media, and whilst sco4751 was only significantly repressed in the SMM liquid 

media, sco4751 showed an induction in the rich liquid control cultures which was not present 

in the cold-shock cultures. In both cases this could lead to reduced acetylation of ribosomal 

proteins following cold-shock compared with the control cultures. 

 

Five further genes associated with ribosomal biogenesis were induced in just the rich liquid 

medium – rbfA (sco5708) which encodes ribosome binding factor A (RbfA), sco2577 which 

A 

B 
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encodes a ribosome biogenesis protein of unknown function, sco2533 which encodes a 

metalloprotease identified as a probable rRNA maturation factor, and sco1783 and sco5645 

which both encode rRNA modifying methyltransferases (Kanehisa & Goto, 2000).  

 

In addition to the changes to the ribosomal machinery itself, four genes identified as encoding 

helicases by the NCBI (O’Leary et al., 2016) were DE in liquid media, three in the rich 

medium and three in the SMM medium. Their products may have been involved in removing 

secondary structure to facilitate translation (Figure 4.28, Table A12.4).  

 

 

Figure 4.28 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for four genes encoding helicases. Results are the average of two 

biological replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured 

grey. 

The expected slowdown in translation following cold-shock would create a lower demand for 

the products of the aminoacyl-tRNA synthetase genes, and this was observed, other than 

for trpS (Figure 4.29, Table A12.5). Possibly the TrpS tryptophanyl-tRNA synthetase was 

required for a non-canonical function. 
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Figure 4.29 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for 11 genes encoding aminoacyl-tRNA synthetases. sco3792 encodes 

a methionyl-tRNA synthetase and sco3397 encodes a lysyl-tRNA synthetase. Results are 

the average of two biological replicates. Results that were not significant (adjusted p-val >= 

0.05) are coloured grey. 

Misfolded proteins can form under normal physiological conditions and can accumulate 

when the cell is under stress, in particular under heat stress. These misfolded proteins can 

form cytotoxic aggregates if they are not removed, and one class of proteins that deal with 

this problem are the molecular chaperones (Bucca et al., 2003). Molecular chaperones do 

not only interact with misfolded proteins they also assist newly translated proteins to fold 

initially, protecting the hydrophobic residues until they have been internally sequestered. A 

reduction in translation following cold-shock would create a lower demand for molecular 

chaperones, and this was observed (Figure 4.30, Table A12.6). 
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Figure 4.30 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for seven genes encoding molecular chaperones. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

htpG (sco7510) encodes heat shock protein 90 (Hsp90) (Wickner et al., 2021), and was 

repressed in both liquid media, as was sco1510 a peptidyl-prolyl cis-trans isomerase that 

facilitates the cis-trans isomerisation of prolyl peptide bonds and the formation of disulphide 

bridges, both being slow processes during protein folding (Schönbrunner & Schmid, 1992).  

The ‘DnaK machine’ is a well conserved example of a molecular chaperone in bacteria. 

DnaK is assisted by DnaJ and GrpE in the ATP-powered binding and release of exposed 

hydrophobic peptides, and in so doing prevents them from forming aggregates and assists 

them in folding normally. In S. coelicolor, DnaK also regulates the DnaK operon as a 

corepressor with HspR (sco3668) (Bucca et al., 2003). Genes encoding all three 

components of the DnaK machine - dnaJ (sco3669), dnaJ2 (sco2554), grpE (sco3670) and 

dnaK (sco3671) were repressed in the SMM liquid medium, as was fkbP (sco1638), 

encoding another peptidyl-prolyl cis-trans-isomerase that assists protein folding (O’Leary et 

al., 2016). 

4.2.2.5.3 DE genes involved in cell wall and membrane biosynthesis 

 

Following cold-shock, the cell membrane becomes less fluid, affecting permeability and the 

functions of membrane-associated proteins (Zhang & Gross, 2021). A number of genes 

were DE following cold-shock, including both genes with a role in membrane biosynthesis 

and modification, and in the composition of the cell wall (Figure 4.31, Table A12.7).  
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Figure 4.31 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for nine genes involved in cell wall and membrane biosynthesis. Results 

are the average of two biological replicates. Results that were not significant (adjusted p-val 

>= 0.05) are coloured grey. 

The gene des (sco3682) encodes a delta fatty acid desaturase which acts to increase 

membrane fluidity by adding double bonds to fatty acids attached to the membrane, as 

described for B. subtilis in Section 1.3.1.7. Gene sco3681 is adjacent to des, on the same 

strand and a transcriptional start site has been identified upstream of sco3681, and none in 

the gap between it and des (Jeong et al., 2016). Both were strongly induced in all three 

growth media. Given their apparent co-expression it is likely that they form an operon, and it 

would appear that this operon is a crucial component of the core CSR in all experimental 

conditions tested. 

 

The ‘phage-shock protein A’ is encoded by pspA (sco2168) and was induced in both liquid 

media. PspA is the major effector of the phage-shock protein system responsible for 

maintenance of membrane integrity when challenged by external stress (Tran et al., 2019).  

 

Carotenoids have also been implicated as temperature dependent regulators of membrane 

fluidity  (Zhang & Gross, 2021). In the cultures grown on SMMS solid medium, there was an 

induction of two members of the regulatory region of a light-induced carotenoid biosynthesis 

cluster, litR (sco0193) and litA (sco0195), though not of the regulated operons crtEIBV 

(sco0185 – sco0188) and crtYTU (sco0189 – sco0191).  The SMMS cultures were grown in 

darkness which may have inhibited induction of these operons. 
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The S. coelicolor cell wall is formed of layers of peptidoglycans and extracellular glycans, 

held together by techoic acids (Ultee et al., 2020, Figure 4.32). The cwg operon encodes 

enzymes responsible for the synthesis of cell wall glycan, and its first two members, cwgA 

(sco6179) and cwgB (sco6180), were induced in both liquid media, though cwgB was also 

induced in the control cultures in SMM medium. Three genes associated with peptidoglycan 

biosynthesis were DE in both liquid media, eight in just the rich liquid medium and two in just 

SMM (Table A8.34, Table A8.35, Table A8.36), the majority repressed (Kanehisa & Goto, 

2000).  Twenty genes associated with cell wall hydrolases which participate in cell wall 

remodelling (Haiser et al., 2009) were DE, four in both liquid media, ten in just the rich liquid 

medium and six just in SMM (Table A8.37, Table A8.38, Table A8.39). It is likely that the cell 

wall was extensively altered in composition following cold-shock. 

 

 

Figure 4.32 Schematic model of S. coelicolor cell wall architecture. Model shows the 

membrane, covered by a layer of peptidoglycan (blue hexagons) and extracellular glycans 

(yellow and green rectangles), which are interconnected by the wall techoic acids (red 

circles). Figure reproduced from Ultee et al. (2020). 

Gene olsA encodes an acyltransferase involved in the production of ornithine lipids which 

are synthesised to replace phospholipids in the cell membrane in cases of phosphate 

scarcity (Lejeune et al., 2021) and sco4877 is also part of a cluster responsible for the 

biosynthesis of phosphate-free cell wall polymers (Allenby et al., 2012). Both were induced 

in the SMM medium, possibly some elements of the remodelling of the cell wall are in 

response to phosphate either becoming scarce or being redirected to another process. 
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Three genes which form part of the van cluster, named for its ability to confer resistance to 

the antibiotic vancomycin, were induced following cold-shock, vanJ (sco3592) in both liquid 

media, and vanK (sco3593) and vanX (sco3593) in just rich liquid medium (Figure 4.33, 

Table A12.8). 

 

 

Figure 4.33 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for four genes noted for their role in conferring resistance to vancomycin. 

Results are the average of two biological replicates. Results that were not significant 

(adjusted p-val >= 0.05) are coloured grey. 

Expression of the vanHAX cluster reprogrammes the peptidoglycan biosynthesis system 

such that cell wall precursors terminate in D-Ala-D-Lac, rather than D-Ala-D-Ala, thus 

conferring resistance to vancomycin which binds D-Ala-D-Ala terminating precursors. VanX, 

the product of the only gene in the vanHAX cluster significantly DE following cold-shock, 

cleaves residual D-Ala-D-Ala terminating peptidoglycans. Fem-family enzymes add cross-

bridge amino acids to peptidoglycan precursors, and in S. coelicolor, the constitutively 

expressed FemX (SCO3904) enzyme is unable to do this efficiently with D-Ala-D-Lac 

terminating peptidoglycan precursors, whilst the alternative VanK enzyme (induced following 

cold-shock in the rich liquid medium) can do so efficiently. VanJ (induced in both cultures) is 

not well characterised, a 330aa long protein with three predicted membrane-spanning 

domains at the N-terminus (Hong et al., 2004, 2005). 

 

The van cluster is regulated by the VanRS (SCO3590 / SCO3589) two-component system, 

and it has been shown that the receptor histidine kinase VanS binds vancomycin directly 

(Koteva et al., 2010) so is unlikely to be responsible for inducing vanJ, vanK and vanX 

following cold-shock. The AbrB1 / B2 TCS has been shown to be a positive regulator of 
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vancomycin resistance (Sánchez de la Nieta et al., 2020) and the AbrB2 (SCO2166) 

histidine kinase was induced following cold-shock in the SMM medium and may form part of 

an alternative regulation pathway. 

 

Many genes involved in amino acid and fatty acid metabolism were DE following cold-shock 

in the liquid media. Twenty-one genes whose products are involved in amino acid 

metabolism were DE following cold-shock in both rich and SMM liquid media, 46 genes were 

DE in just the rich liquid medium and 18 in SMM (Table A8.63, Table A8.64, Table A8.65) 

(Kanehisa & Goto, 2000). Genes from the paa operons (paaA, paaB, paaC, paaD, paaE, 

paaI and paaK / sco7471, sco7472, sco7473, sco7474, sco7475, sco7470 and sco7469), 

considered to be involved in phenylalanine degradation were all strongly induced. The 

phenylacetate catabolic pathway which forms part of the phenylalanine degradation pathway 

has been found to regulate antibiotic and oxidative stress responses in Acinetobacter 

(Hooppaw et al., 2022), so may be playing a similar role in Streptomyces. Seven genes 

whose products are involved in fatty acid biosynthesis, beta oxidation or fatty acid 

degradation were DE following cold-shock in both the rich liquid and SMM media, twenty 

were DE in rich liquid and not SMM medium and nine were DE in SMM and not in rich liquid 

medium (Table A8.66, Table A8.67, Table A8.68) (Kanehisa & Goto, 2000). Catabolic 

pathways of primary metabolism are important for providing precursors for the biosynthesis 

of secondary metabolites (Chen et al., 2018) and can feed the supply of alternative lipids to 

enhance membrane fluidity (D. A. Hodgson, personal communication to C.P. Smith). 

 

4.2.2.5.4 DE genes involved in stress responses 

 

Many genes whose products are involved in stress responses were DE following cold-shock. 

It may be that the cold-shock stress triggered a general stress response, that problems with 

translation led to physiological problems due to the lack of general housekeeping enzymes 

and this caused stresses which have then provoked the induction of some genes, or that 

diversion of resources has required some stress responses to be repressed. In particular, 

genes whose products are involved in oxidative stress (Figure 4.34, Figure 4.35, Table 

A12.9, Table A12.10) and osmotic stress (Figure 4.36, Table A12.11) were DE. 
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Figure 4.34 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for 12 oxidative stress response genes. Results are the average of two 

biological replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured 

grey. 

The ‘paraquat resistance regulator’ pqrA (sco1568) whose product responds to reactive 

oxygen species was strongly induced in all three media, as was its regulated partner pqrB 

(sco1567). It forms part of the core CSR, required in all tested conditions. 

 

pqrA encodes the TetR transcriptional family regulator PqrA. It is a negative transcriptional 

regulator, repressing its own transcription and that of the second gene in its operon, pqrB, 

which encodes a putative efflux pump of the major facilitator superfamily (MFS). The operon 

has been previously characterised during the screening for S. coelicolor mutants resistant to 

paraquat, a potent redox cycling agent which generates O2
- toxic radicals inside the cell. It 

has been discovered that the resistance to paraquat is conferred by the constitutive 

expression of the efflux pump which presumably efficiently pumps out the paraquat (Cho et 

al., 2003). Eight other genes encoding either efflux pumps or associated proteins were DE, 

discussed in Section 4.2.2.5 below. 

 

The dominant thiol in most Actinobacteria is mycothiol (MSH) which plays an important role 

in regulating the redox environment (Newton et al., 2008). Two genes forming part of an 

operon whose products produce inositol, a precursor for MSH (Zhang et al., 2012), were 

repressed following cold-shock, inoY (sco3897) in both liquid media and inoA (sco3899) in 

just SMM medium. mshA (sco4204) and two copies of the mshD gene whose products 
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forms parts of the mshABCD MSH biosynthesis pathway were also repressed, sco4151 

(mshD (2) in the figure above) in both liquid media, and sco1545 (mshD (1) above) and 

mshA in just the rich liquid medium. The MSH pathway forms part of the regulon of the 

osmotic and peroxide stress alternative sigma factor σB (encoded by sigB / sco5271) and 

the disulphide stress response alternative sigma factor σR (encoded by sigR / sco5216 / 

sco3450) but neither of these, nor the anti-sigma factor σR -encoding rsrA (sco5217) were 

significantly DE following cold-shock. Interestingly, there is evidence from the ribosome 

profiling experiment discussed in Section 5.2 that both σR and RsrA are post-transcriptionally 

repressed (Table A16.3). Possibly, resources required for mycothiol biosynthesis were 

required elsewhere and this pathway was repressed as a result.  

 

Two genes involved in nitric oxide sensing and response were induced in the rich liquid 

medium. Gene nsrR (sco7427) encodes a transcription factor that responds to nitric oxide 

and the adjacent hmpA1 (sco7428) encodes a flavohemoprotein which forms part of its 

regulon (Crack et al., 2015). Another indication of a reaction to oxidative stress was the 

induction of tamR (sco3133), a regulator which ensures the maintenance of the citric acid 

cycle and glyoxylate bypass under oxidative stress (Huang & Grove, 2013), induced in both 

liquid media. 

 

Reactions between cellular iron and reactive oxygen species can generate molecules which 

are harmful to the cell through the ‘Fenton reaction’ (Imlay, 2013). S. coelicolor uses two 

siderophores for iron acquisition, and two genes that form part of the cch cluster that 

produces one of them, coelichelin, were repressed following cold-shock, cchN (sco0485) 

transiently in the rich liquid medium and more permanently in SMM medium, and cchL 

(sco0483) in the rich medium alone. Potentially a reduction in cellular iron may have been 

needed to control oxidative stress, or possibly the slowdown in cellular metabolism produced 

a reduction in the requirement for iron. 

 

A ‘redox stress response cluster’ has been identified in the S. coelicolor chromosome, 

consisting of two loci, sco0161 to sco0181 and sco0197 to sco0220 (Daigle et al., 2015). 

One gene from this locus, sco0166, was induced in both liquid media, and many genes were 

induced in the rich liquid medium following cold-shock (Figure 4.35, Table A12.10). Many of 

these genes were also transiently induced in the control cultures at 15 min before either 

returning to basal levels or in many cases being repressed by 60 min. Deletion of gene tdd8 
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(sco3268) causes an upregulation of this cluster, though tdd8 transcription was not 

significantly altered following cold-shock. There is evidence from the ribosome profiling 

experiment discussed in Section 5.2 that Tdd8 was post-transcriptionally repressed. 

 

 

Figure 4.35 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for the 43 genes that make up the ‘redox stress cluster’. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

Ten genes involved in the osmotic stress response were DE following cold-shock (Figure 

4.36, Table A12.11). The osmotic stress response is governed by the σB-like alternative 

sigma factors σB (encoded by sigB / sco0600), σH (encoded by sigH / sco5243) and σI 

(encoded by sigI / sco3068) (Kormanec et al., 2016). sigB was not significantly DE following 

cold-shock, but sigH and sigI were both repressed, sigH in just the rich liquid medium and 

sigI in both liquid media. Somewhat counterintuitively, prsH (sco5244) encoding an anti-
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sigma factor was also repressed in the rich liquid medium, and arsI (sco3067) encoding an 

anti anti-sigma factor was induced. These proteins appear to be working counter to the 

changes in transcription of sigH and sigI, perhaps as a post-transcriptional fine-tuning 

mechanism. aor1 (sco2281) encodes an orphan response regulator which has a role in the 

regulation of genes involved in the osmotic stress response (Antoraz et al., 2017), and it too 

was repressed following cold-shock in just the rich liquid medium.   

 

Figure 4.36 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for ten genes involved in the osmotic stress response. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

The S. coelicolor chromosome contains a biosynthetic gene cluster (ectABCD) for the 

production of ectoine and 5-hydroxyectoine, which are compatible solutes used to counteract 

osmotic stress. ectA (sco1864) was transiently induced in the rich liquid medium, whilst ectC 

was repressed in the minimal liquid medium. In contrast, three of the four genes that make 

up the putative osmotic stress response operon sco1089 – sco1086 were strongly induced. 

This operon has been identified as being expressed under osmotic stress (Sevcikova et al., 

2021) but is otherwise not well characterised. 

 

4.2.2.5.5 DE genes encoding antibiotic efflux pumps 

 

Efflux pumps are a key mechanism by which bacteria protect themselves against antibiotics 

(Nag & Mehra, 2022), and eight genes encoding them were DE following cold-shock (Figure 

4.37, Table A12.12). 
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Figure 4.37 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for eight genes encoding antibiotic efflux pumps. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

The MFS transporter SCO3336 provides resistance to several drugs including ciproflaxin, 

chloramphenicol, rifampicin and also ethidium bromide, which is not a drug, as well as 

increasing tolerance to oxidative stress, and was induced in both liquid media. It is regulated 

by the product of gene sco3367 which was induced in all three media, and thus forms part 

of the core CSR required in all conditions tested. The product of sco3367 is predicted to be 

a negative regulator so it is a little surprising that its induction is accompanied by an induction 

rather than repression of sco3366. Nag & Mehra (2022) note that TetR regulators can 

change conformation in the presence of a stressor which then inhibits their binding ability, so 

possibly this is occurring here. Gene sco4121 also encodes an MFS protein that confers 

resistance to ciproflaxin and chloramphenicol and increases oxidative stress tolerance, and 

it was significantly induced in the SMM liquid medium (Nag & Mehra, 2021). cmlR2 

(sco7662) encodes another MFS protein that confers resistance to chloramphenicol 

(Vecchione et al., 2009). 

 

Three of the four genes that make up the areABCD cluster were induced in the SMM liquid 

medium. The cluster consists of two ABC transporter encoding genes and their 

accompanying integral membrane protein encoding genes and have been identified as a 

putative drug exporter system, possibly for actinorhodin and prodigiosin (Getsin et al., 2013). 

There is also evidence from the polysome profiling experiment discussed in Section 5.1 that 

all four members of the AreABCD cluster are induced post-transcriptionally (Table 5.4). 
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4.2.2.5.6 DE genes encoding a gyrase and putative nucleoid associated proteins (NAPs) 

 

Transcriptional regulation by NAPs was discussed in Section 1.2.1.4. NAPs bind to the 

chromosome, and by altering its structure can regulate gene expression by increasing or 

decreasingly the difficulty with which RNAP can access various genes. Six genes encoding 

putative NAPs were DE following cold-shock (Figure 4.38, Table A12.13). 

 

 

Figure 4.38 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for six genes encoding nucleoid associated proteins (NAPs). Results 

are the average of two biological replicates. Results that were not significant (adjusted p-val 

>= 0.05) are coloured grey. 

The gyrB (sco3874) gene encodes a subunit of a DNA gyrase that generates negative DNA 

supercoiling likely to have a resulting regulatory function (Szafran et al., 2016), and was 

induced in both the SMM liquid and SMMS solid media. yjqA (sco3793) has tentatively been 

identified as a nucleoid associated protein of unknown function (Bradshaw et al., 2013), and 

was also induced in these two media. Three genes were repressed in both liquid media, crp 

(sco3571), sco2140 and lsr2 (sco3375). crp encodes the Cyclic AMP Receptor Protein, a 

pleiotropic regulator whose DNA-binding ability is modulated by levels of cAMP. Its deletion 

has been shown to affect morphological development (Derouaux et al., 2004). cAMP levels 

correlate with actinorhodin production though if and how regulation is occurring is as yet 

unclear (Nitta et al., 2020). sco2140 encodes a novel Lrp/AsnC family protein which has a 

regulatory role in differentiation and antibiotic production (Yu et al., 2016). lsr2 encodes Lsr2, 

a NAP thought to function similarly to the E.coli H-NS protein, binding as a dimer which either 

polymerises along the filament or bridges DNA to increase chromosome compaction to 
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repress expression of horizontally acquired genomic islands and AT-rich regions (Gehrke et 

al., 2019). The terB (sco3767) gene encodes a TerB-like protein, named for conferring 

tellurite resistance although S. coelicolor is not resistant to tellurite (Thomas et al., 2012), 

which was repressed in the SMM liquid medium. In all, nine genes encoding proteins 

containing ‘tellurite resistance’ domains were DE following cold-shock in the various growth 

media tested, discussed further in Section 4.2.3.  

 

The differential expression of these genes provides good evidence that the CSR is regulated 

in part by change in the structure of the chromosome under the control of NAPs. 

 

4.2.2.6 Gene Set Enrichment Analysis (GSEA) 

 

Gene Set Enrichment Analysis (GSEA) represents an approach to summarise in functional 

terms the extremely large and complex datasets produced by RNA-seq and other next 

generation sequencing techniques. It focuses on ‘gene sets’, genes which share a common 

biological function, and determines whether their members tend to occur towards the top or 

bottom of a list of all genes ranked by differential expression (Mootha et al., 2003; 

Subramanian et al., 2005). The GSEA methodology requires that the genes be ranked by 

“the correlation between their expression and the class distinction by using any suitable 

metric” (Subramanian et al., 2005). The Wald statistic, the estimate of the log2-fold change 

divided by its standard error (Moreno-Moral et al., 2018) was used to perform the ranking. 

The greater the variance of each individual estimate from the null hypothesis, the nearer the 

top or bottom of the list will it appear.  

 

GSEA has been applied following the method used in Durrant et al., (2022). The Kallisto 

pseudo-alignment abundances generated from the cold-shock experiments on the three 

media described in this section were subjected to GSEA. The Wald statistic was calculated 

for every gene and used to rank the genes which were then analysed using annotations from 

the KEGG orthology database (Kanehisa & Goto, 2000) and Gene Ontology annotations for 

molecular function and biological process from the European Bioinformatics Institute 

(Section 2.5.3).  
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4.2.2.6.1  GSEA using the KEGG orthology annotation 

 

The heatmap below (Figure 4.39) shows the Normalised Enrichment Score (NES) for all 

significantly enriched (pval < 0.05) KEGG orthology annotations for the cold-shock and 

control cultures versus the ‘time=0’ reference samples. There is little commonality between 

the cultures grown in the different media. Only two orthologies are enriched in all three media, 

‘phenylalanine metabolism’ and ‘microbial metabolism in diverse environments’. Many of the 

phenylalanine metabolism genes identified in the characterisation section as significantly DE 

were involved in degradation. It has been hypothesised that amino acid degradation may be 

used to provide precursors for cell membrane components that help with cold-induced loss 

of fluidity (D. A. Hodgson, personal communication to C.P. Smith), and this would certainly 

be consistent with this observation. Many degradation pathways were enriched in the SMM 

liquid medium cultures which would also be consistent with this suggestion. The SMMS solid 

medium cultures showed enrichment mainly of central metabolic pathways.  

 

 

Figure 4.39 Heatmap of Normalised Enrichment Scores generated by GSEA using KEGG 

annotations, comparing cultures subjected to cold-shock after 60 min (rich liquid medium) or 

120 min (supplemented minimal liquid and solid media) with ‘time=0’ reference samples. 

Results are the average of two biological replicates. Results that were not significant 

(adjusted p-val >= 0.05) are coloured grey. 
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4.2.2.6.2  GSEA using Gene Ontology – molecular function annotation 

 

The heatmap below (Figure 4.40) shows the NES for all significantly enriched GO molecular 

function annotations for the cold-shock and control cultures versus the ‘time=0’ reference 

samples. The genes contributing to each GSEA GO categorisation are listed in Table A13.1. 

 

 

Figure 4.40 Heatmap of Normalised Enrichment Scores generated by GSEA using GO 

molecular function annotations, comparing cultures subjected to cold-shock after 60 min (rich 

liquid) or 120 min (supplemented minimal media) with ‘time=0’ reference samples. Results 

are the average of two biological replicates. Results that were not significant (adjusted p-val 

>= 0.05) are coloured grey. 

As with the KEGG annotation GSEA, there is little commonality between the cultures grown 

in the three media. The nucleic acid binding, helicase activity and RNA helicase activity 

ontologies include some of the CSP operon genes sco5921, sco5920, sco4684 and 

sco4685 which are strongly induced in all three media. The reduction in tRNA binding and 

unfolded protein binding in the SMM liquid medium is likely a result of the slow-down in 

translation and corresponding reduced need for these components, and the changes to 

structural constituents of the ribosome may be some remodelling of it to cope with translation 

in cold temperatures, as discussed in Section 4.2.2.5.2.  
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4.2.2.6.3 GSEA using Gene Ontology – biological process annotation 

 

The heatmap below (Figure 4.41) shows the NES for all significantly enriched GO biological 

process annotations for the cold-shock and control cultures versus the ‘time=0’ reference 

samples. The genes contributing to each GSEA GO categorisation are listed in Table A13.2. 

 

Figure 4.41 Heatmap of Normalised Enrichment Scores generated by GSEA using GO 

biological process annotations, comparing cultures subjected to cold-shock after 60 min (rich 

liquid medium) or 120 min (supplemented minimal liquid and solid media) with ‘time=0’ 

reference samples. Results are the average of two biological replicates. Results that were 

not significant (adjusted p-val >= 0.05) are coloured grey. 

Once again, little commonality was apparent between the cultures grown in the different 

media. An increase in regulation of gene expression is likely to reflect changes in 

transcription factors as the bacterium responded to the cold-shock stress. Protein localization 

to plasma membrane and protein insertion into membrane, both enriched in the SMM liquid 

medium cultures, is likely related to changes to export from the cell. The reduction in tRNA 

aminoacylation for protein translation in the SMM liquid medium may be due to the overall 

reduction in translation, similar to the tRNA binding molecular function reduction. 

 

An interesting feature of this analysis is the number of categories which are repressed 

following cold-shock in liquid SMM growth medium and induced in the control cultures grown 
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on SMMS plates. It is not immediately clear what significance this has, if any. This is 

interesting because it is unexpected. In one medium, SMM liquid, these categories were 

repressed in response to cold-shock, whilst in a different medium, SMMS solid, they were 

induced in response to the addition of fresh medium. It would be reasonable to expect no 

correlation between a response to cold-shock in one medium and a response to the addition 

of fresh medium in another medium, yet it has occurred in ten of the twenty-one significantly 

enriched biological process gene sets. 

 

4.2.2.7 sRNAs 

 

Small RNAs (sRNAs) are short RNA sequences which are transcribed and often not 

translated, and often play regulatory roles, and they have been included with the mRNAs 

that code for proteins in the Venn diagrams in Figure 4.19 and the heatmaps in Figure 4.20, 

Figure 4.21 and Figure 4.22. 230 potential sRNAs have been identified in the S. coelicolor 

genome (Jeong et al., 2016).  

 

Eighty-three sRNAs showed significant differential expression relative to ‘time=0’ reference 

samples following cold-shock and not in the control cultures and no sRNAs were differentially 

expressed in all three media following cold-shock (Figure 4.35, Table A11.1).  
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Figure 4.42 Venn diagram of number of sRNA transcripts significantly differentially 

expressed following cold-shock in each of the three media. 

Only sRNA transcripts significantly (adjusted p<0.05) differentially expressed (DE) at any 

time following cold-shock and either not DE at the last time point in the control samples or 

DE in the opposite direction to the cold-shock cultures are counted.  

 

4.2.3 Discussion 

 

A cold-shock response (CSR) was clearly elicited in S. coelicolor cultures grown in 

both rich and supplemented minimal liquid media two hours after it was cooled 

rapidly from 30°C to 10°C. The CSR in cultures grown on supplemented minimal solid 

medium was less clear. It was shown that cultures grown on SMMS solid medium do not 

exhibit a CSR at 2 hours following rapid cooling from 30°C to 4°C. The CSR at 2 hours of 

cultures grown on SMMS solid medium following a cold shock from 30°C to 10°C was 

observable but was far less widespread in terms of the number of transcripts differentially 

expressed when compared with the liquid medium experiments. It is not known if this is 

because the CSR involves fewer genes or if they are slower to become DE and a broader 

response may become apparent once more time has passed. There is some evidence that 
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the rate of progress is slower in the lack of transcriptional changes prior to two hours. In the 

SMM liquid medium, the first transcriptional changes occur at 30 min and many transcripts 

are DE by two hours, and in the rich liquid medium the first changes are even earlier at 15 

min and many transcripts are DE by one hour, whilst on the solid medium no significant 

difference was observed until fully two hours post cold-shock. 

 

The method used to induce cold-shock in the liquid cultures, the addition of chilled fresh 

media, brings about an immediate temperature shift and provides a well-defined point from 

which to measure time. However, it also brings additional complication in analysing the 

results. As well as the reduction in temperature, the fresh media may provide fresh nutrients 

which had previously been exhausted, alter pH levels and dilute inhibitory chemicals. It has 

been shown that fresh media addition on its own, with no perturbation of temperature, 

produces a transient upregulation of cspA mRNA in E. coli (Brandi et al., 1999).  The transient 

increase in CSPs observed at 15 min in the rich liquid medium was potentially due to this 

effect, and the return to basal levels by 60 mins suggests that this effect is indeed transient 

and thus will not have an effect on the analysis carried out on samples taken later. Control 

cultures have been used to compensate for any effects caused by the fresh media addition 

alone. It can be clearly seen in Figure 4.20, Figure 4.21 and Figure 4.22 that there are two 

separate transcriptional events occurring experimentally, one as a reaction to the cold-shock 

and a second in the control samples reacting solely to the addition of fresh media and the 

passage of time – with or without any intervention the transcription of some genes may well 

significantly alter over a two hour period just as a result of normal cell development and 

physiology. It would be useful to replicate these experiments using rapid cooling of the 

existing medium in place of dilution, perhaps by placing the flasks in a pre-chilled water bath, 

though it would be difficult to achieve the shaking of the flasks necessary to keep the liquid 

aerated at the same time.  

 

In addition, only one phase of growth has here been examined, the late exponential phase. 

In E. coli, Csps are abundant in the early stages of growth and then become less abundant 

in later phases, and the greatest relative increase in cspA transcripts following cold-shock is 

shown by late exponential phase cultures (Brandi et al., 1999). A similar phenomenon for S. 

coelicolor can be found in the supplementary data of Jeong et al. (2016). Normalised mRNA 

expression was reported for four stages of growth, mid-exponential (M), transition (T), late-

exponential (L) and stationary (S). mRNA expression was highest in the mid-exponential 
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phase for four of the putative CSPs, sco5921, sco4684, sco3731 and sco3748 (the first three 

of which were found to be DE following cold-shock) and much lower in the following three 

growth phases (Figure 4.43 A). Three other putative CSPs, sco4295, sco4325 and sco6439, 

that have been found not to be DE following cold-shock in the experimental conditions tested, 

do not show this pattern, with later growth phase expression being similar to or higher than 

mid-exponential phase (Figure 4.43 B). The other two putative CSPs are not included in the 

Jeong et al. dataset. Further cold-shock experiments are required to evaluate the CSR in 

other phases of growth. 

 

 

  



 226 

sco3731

sco3748

sco4684

sco5921
0K

5K

10K

15K

20K

25K

M T L S

N
o

rm
al

is
ed

 m
R

N
A

 e
xp

re
ss

io
n

Growth phase

sco4295

sco4325
sco6439

0K

1K

2K

3K

4K

5K

6K

7K

8K

M T L S

N
o

rm
al

is
ed

 m
R

N
A

 e
xp

re
ss

io
n

Growth phase

 

 

 

 

 

 

 

 

 

Figure 4.43 Normalised mRNA expression in S. coelicolor A3(2) M145 at four phases of 

growth – mid-exponential (M), transition (T), late-exponential (L) and stationary (S). Panel A 

- CSPs showing highest expression in mid-exponential phase. Panel B – CSPs not showing 

highest expression in mid-exponential phase. Data excerpted from supplementary data 6, 

Jeong et al., (2016). 

The time series used in the present study was limited by practical considerations. It is clear 

that there is a significant transcriptional reaction by two hours following cold-shock stress in 

the two liquid media tested. In E. coli, cell growth arrests within minutes of cold-shock, and 

then gradually recovers from 30 mins to six hours before reaching a final steady state (Zhang 

et al., 2018). Future experiments should look at samples taken later than two hours post 

cold-shock to ascertain if Streptomyces follows a similar path, and in particular to ascertain 

whether the CSR in cultures grown on SMMS solid medium is merely delayed or qualitatively 

different to that exhibited by the liquid media cultures. 

 

rRNA depletion kits designed for use with a broad range of common bacteria are of 

limited effectiveness when used with the high-G+C S. coelicolor. A system using 

custom-designed DNA probes was demonstrated to be very effective. Following 

processing with the three commercial kits tested, the Qiagen Fastselect kit, the NEBNext 

bacterial rRNA depletion kit and the Illumina Ribo-Zero kit, significant amounts of RNA other 

than the coding mRNA of interest remained in the samples. The use of the NEBNext 

Depletion Core Reagent kit with customised probes designed specifically for the rRNAs 

present in S. coelicolor was shown to be extremely effective (Figure 4.15) and will be of 

considerable use for future experiments. In addition to eliminating the 18 rRNAs this 

technique removed three abundant non-coding RNAs, rnpB, ssrA and srp, which between 

A B 
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them accounted for up to 24% of reads. By removing these unwanted ribosomal and non-

coding RNAs from the samples, the number of useful coding reads was significantly 

increased. 

 

The CSR of S. coelicolor was characterised for the first time, and a number of features 

explored: 

 

The ‘core’ transcriptional CSR response involved just 29 genes. Genes significantly 

differentially expressed in all three media are considered to form the core transcriptional 

response to cold-shock (Table A9.1). Members of this group include six cold-shock protein 

encoding genes, or members of their putative operons (sco5921, sco5920, sco5919, 

sco5918, sco4684, sco4685); des which encodes a fatty acid desaturase thought to increase 

cell membrane fluidity and the adjacent sco3681, which encodes a protein of unknown 

function likely to form an operon with des (Section 4.2.2.5.3); the efflux pump-encoding pqrB 

and its adjacent regulator-encoding pqrA; alaS2, which encodes an alanyl-tRNA synthetase 

that is induced following inhibition of translation; the transcription terminating factor-encoding 

rho; paaA, the first gene in an operon whose products are responsible for phenylalanine 

degradation; and pcaV, a regulator of an alternative carbon source pathway. The other 15 

genes that form the core CSR are not well characterised, and their role is not yet clear. 

 

The cold-shock operons sco5921 – sco5918 and sco4684 – sco4686 were 

dramatically induced following cold-shock under all tested conditions. Not only were 

the two CSP-encoding genes sco5921 and sco4684 hugely up-regulated, so were their 

deduced operons, in all three media tested (except sco4686 that was not significantly DE on 

SMMS solid medium) (Figure 4.24). The CSP-encoding sco3731 was also induced to a 

lesser extent, along with both of its predicted operon members in both liquid media. This co-

transcription is evidence supporting the suggested operonic structure.  

 

The lack of co-transcription between the CSP-encoding sco4505 and the adjacent sco4504 

suggests that they do not form an operon, and sco4505 itself was only induced at 60 min in 

the rich liquid medium. Other putative CSPs were shown not to be DE in the experimental 

conditions tested, so either are not involved in the CSR or are conditionally involved under 

conditions not yet tested. 
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The CSR in S. coelicolor had few elements in common with that documented in E. 

coli. The cold-shock response in E. coli has been well characterised, and has seven main 

elements as discussed in Section 1.3.1– dealing with problems with translation initiation; 

RNA degradation; RNAse III activity modulated by YmdB; trehalose production; 

transcriptional control via regulation of supercoiling; RNA chaperone activity; and changes in 

membrane fluidity (Lim & Gross, 2014; Zhang & Gross, 2021). The S. coelicolor CSR deals 

with some of the same elements but has evolved different mechanisms to do so. 

 

Following cold-shock there is an almost immediate cessation of translation initiation in E. coli, 

followed by a gradual resumption at a lower rate. This response is mediated by seven 

proteins, six of which have purported homologues in S. coelicolor, listed in Table 4.4 

(Kanehisa & Goto, 2000; Pan et al., 2013).  

 

Table 4.4 Homologues of E. coli translation initiation proteins in S. coelicolor. 

 

The heatmap below (Figure 4.44) shows the differential expression of these six homologues 

following cold-shock and in the control cultures in the three media. Five of the six are induced 

in the rich liquid and on the SMMS solid media in the control cultures, but only two show any 

induction following cold-shock, rbfA and rimP, and only in the rich liquid medium. As rimP 

was also induced in the control cultures it is not considered to form part of the CSR. RimP 

and RbfA are proteins required for the assembly of the 30S ribosomal subunit (Datta et al., 

2007; Pan et al., 2013). This result suggests that S. coelicolor does not mimic E. coli in this 

aspect of the cold shock response. 

E. coli S. coelicolor

protein homologue

InfA SCO4725

InfB SCO5706

InfC SCO1600

Py

RbfA SCO5708

RimP SCO5703

Trigger factor SCO2620
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Figure 4.44 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for six genes encoding homologues of E. coli translation initiation 

proteins. Results are the average of two biological replicates. Results that were not significant 

(adjusted p-val >= 0.05) are coloured grey. 

 

There were however some changes in translational machinery in response to cold-shock in 

S. coelicolor which may be indicative that an analogous process might be used to cope with 

translational inhibition cause by cold-shock in the liquid medium. Several genes encoding 

components of the ribosome itself, ribosomal protein modification factors and ribosomal 

rRNA modification factors were DE following cold-shock, though all except one (sco7652) 

were conditional to the medium used (Figure 4.45). These results might indicate that 

ribosome heterogeneity might be a contributing mechanism to the selective translation of 

cold-shock induced genes following cold-shock. 

 

 

Figure 4.45 Genes encoding ribosomal associated proteins DE following cold-shock in liquid 

growth medium. Red / brown indicates induction, blue indicates repression, white values are 

log2-fold change relative to “time=0” reference samples. Results are based on two biological 

replicates and only significant results are shown (adjusted pval < 0.05). 

The second and third elements of the E. coli cold shock response are RNA degradation by 

the degradosome and action of RNase III. Changes in the degradosome include induction 

of PNPase and changes in the ratio of two DEAD-box helicases, CsdA / DeaD and Rh1B, 

rpmG3 rpmJ2 rpsB sco7652 rbfA sco2577 sco2533 sco4751 sco1782 sco5645

Rich liquid medium 1.38 1.37 -0.91 0.69 0.68 0.59 0.72 0.49

Minimal liquid medium -0.73 -0.92 -0.76

Ribosomal components

Ribosomal rRNA 

modification factorsRibosomal protein modification factors
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and the association of DnaK with the degradosome. RraB, an RNaseE binding protein, 

potentially has a role in altering substrate specificity of the degradosome. No homologue of 

RraB has been identified in S. coelicolor, though two genes coding for a homologue of the 

RNaseE binding protein RraA are known, rraAS1 (sco5940) and rraAS2 (sco7163) (Heo et 

al., 2016; Seo et al., 2017). RNase III is repressed following cold-shock in E. coli by induction 

of YmdB, and this repression leads to an increase in the pnp transcript. No homologue of 

YmdB is known in S. coelicolor, and absB has been identified as coding for an RNAse III 

homologue.  

 

Known homologues are shown in Table 4.5, and a heatmap of differential expression 

changes is shown in Figure 4.46 . There is significant induction of the S. coelicolor DEAD-

box helicases following cold-shock, but no sign of other changes in transcripts coding for 

degradosome homologues except for the repression of dnaK (and genes coding for other 

components of the DnaK machine dnaJ, dnaJ2 and grpE) in the SMM liquid medium. There 

is increased association of DnaK with the degradosome in E. coli following cold-shock, so 

this repression in S. coelicolor is the opposite of what would be expected if degradosome 

changes in S. coelicolor were mirroring those in E. coli.  

Table 4.5 Homologues of E. coli degradosome proteins in S. coelicolor. 

 

 

E. coli 

protein S. coelicolor  homologue

PNPase SCO5737

Rh1B SCO3732 / SCO4685 / SCO5920

RNaseE SCO2599

RraB

DnaK SCO3671

DeaD SCO3732 / SCO4685 / SCO5920

Rnase III SCO5572
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Figure 4.46 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for nine genes encoding homologues of E. coli degradosome proteins. 

Results are the average of two biological replicates. Results that were not significant 

(adjusted p-val >= 0.05) are coloured grey. 

Three helicase-encoding genes were DE, sco2952 repressed in the rich liquid medium and 

sco5183 and sco6262 induced in the SMM liquid medium. It is not yet known if they have a 

role as a component of a degradosome or in unfolding mRNA to aid translation, or in some 

other process. 

 

The fourth identified element of the E. coli CSR is trehalose production. Trehalose has 

protective effects against osmotic and temperature stress. None of the genes identified in 

Section 1.3.1.4 as involved in trehalose production (sco0238, sco4288, sco4290, sco5442, 

sco7334) were found to be DE following cold-shock in S. coelicolor.  

 

The fifth element, modulation of DNA supercoiling in E. coli, is achieved by DNA gyrase , H-

NS and HU encoded by the gyrA, gyrB, hns and hupB genes. As discussed in Section 

1.3.1.5, supercoiling in S. coelicolor is regulated by a DNA gyrase encoded by gyrA and gyrB 

(sco3873 / sco3874) and a topisomerase encoded by topA (sco3543). TopA was induced 

in the rich liquid medium following cold-shock, but also in the control cultures so this is likely 

due to the fresh media addition. In the both SMM liquid and on SMMS solid media, gyrB was 

induced, so transcriptional regulation by changes in DNA supercoiling potentially occurred in 

response to cold-shock, discussed further below.  
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Figure 4.47 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three growth media at various time 

points shown in min for three genes encoding homologues of E. coli DNA supercoiling 

regulation proteins. Results are the average of two biological replicates. Results that were 

not significant (adjusted p-val >= 0.05) are coloured grey. 

The sixth element of the E. coli CSR is RNA chaperone activity. CSPs in E. coli act as RNA 

chaperones, non-specifically binding to mRNA to decrease secondary structure which may 

inhibit translation, and acting as an anti-termination factor (Lim & Gross, 2014; Zhang et al., 

2018). The induction of the major CSP, CspA, is due in part to an increase in cspA mRNA 

stability at low temperature rather than by an increase in transcription. It has not yet been 

demonstrated whether a similar change to mRNA stability occurs in S. coelicolor, but it is 

clear that there was a huge level of increase in the level of mRNA for the CSP-encoding 

genes sco5921 and sco4684 following cold-shock in all three media tested (up to ca. 467 

times), and also an increase in mRNA for the CSP-encoding sco3731 in just the liquid media, 

and sco4505 in just the rich liquid medium. 

 

The seventh element of the E. coli CSR is how it deals with changes in membrane fluidity. 

In E. coli, the reduction  in inner membrane fluidity is dealt with by an increase in production 

of β-ketoacyl-ACP synthase II, encoded by the FabF gene (Garwin et al., 1980), and the 

reduction in outer membrane fluidity by production of palmitoleoyl acyltransferase encoded 

by the lpxP gene (Zhang & Gross, 2021). The RedR (sco5886) gene has been identified as 

a homologue of FabF (Mo et al., 2008), and was repressed following cold-shock and in the 

control cultures in the rich liquid medium, with no significant change in the other two growth 

media. Therefore, there is no evidence that it is being induced to increase membrane fluidity 

following cold-shock. No homologue of lpxP has been identified in S. coelicolor. Given the 

differences in make-up of the cell envelope between the gram-negative E. coli and the gram-

positive S. coelicolor, it is unsurprising that there is no correspondence at a transcriptional 

level in how these two bacteria cope with decreased cell membrane fluidity. There is 
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evidence of extensive remodelling of both the membrane and cell wall in S. coelicolor 

following cold-shock, discussed below. 

 

Overall, there is limited correlation between the cold-shock response in E. coli and S. 

coelicolor at the level of differential gene expression. 

 

Many elements of the translational mechanism were altered following cold-shock. 

This may have been to increase translation efficiency to overcome the problems of increased 

mRNA secondary structure and/or to alter translational specificity, to preferentially translate 

genes required to survive the cold-shock stress. Two alternative 50s ribosomal protein genes 

(rpmG3 and rpmJ2) were induced in the rich liquid medium, and a 30S ribosomal protein 

gene (rpsB) was repressed in the SMM liquid medium. Genes encoding acetyltransferases 

that modify ribosomal proteins (sco7652 and sco4751), methyltransferases that modify 

ribosomal RNAs (sco1783 and sco5645) and four other genes involved in ribosome 

biogenesis (rsgA, rbfA, sco2577 and sco2533) were all DE in one or more media following 

cold-shock (Figure 4.26 and Figure 4.45). Alterations to the stoichiometry of the ribosome 

and modifications to its component proteins and RNA have been shown in other bacteria in 

response to changes in environmental conditions or growth phase (Sauert et al., 2015).  

 

Changes to the ribosome itself were accompanied by changes to other proteins which  are 

essential for translation, many of which have been shown to be induced in response to 

translation targeting antibiotics (Lee et al., 2020a). Two alternative aminoacyl-tRNA 

synthases, trpS and alaS2, were induced and trpS2 repressed; the gene encoding 

alternative elongation factor Tu (tuf3) and two genes encoding elongation factor G (fusA and 

fusB)  were induced in the rich liquid medium, as were the 50S associated hflX, RNA-

helicase helY and release factor prfB (Figure 4.25). Four helicase-encoding genes (not 

forming part of the translation targeting antibiotic sensitive regulon) were also DE, three in 

the rich medium and three in the SMM medium (Figure 4.28). Helicases can remove 

secondary structure from nucleic acids and may have had a role in removing secondary 

structure from mRNA to increase translational efficiency, or in unwinding RNA prior to 

degradation. 
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As well as changes to the translational machinery, there was evidence that a slowdown in 

translation created a lower demand for some proteins involved in translation, notably 

aminoacyl-tRNA synthetases (Figure 4.29) and molecular chaperones (Figure 4.30). 

 

There were extensive changes to both the cell wall and membrane following cold-

shock. Cold-shock causes a reduction in membrane fluidity, and the fatty acid desaturase 

Des has been shown to add a double bond to fatty acids to counteract this in B. subtilis 

(Aguilar et al., 1998). The S. coelicolor  chromosome contains a homologue of des and this 

was induced in all three media (Figure 4.31), indicating that it is an essential component of 

the CSR in all conditions tested.  

 

Changes to the cell wall following cold-shock are harder to explain. Eleven of the thirteen 

genes involved in peptidoglycan biosynthesis that were DE following cold-shock were 

repressed (Table A8.34, Table A8.35, Table A8.36), so this may indicate just a slowing of 

new cell wall growth. Twenty cell wall hydrolase genes were DE in at least one of the media, 

ten induced and ten repressed (Table A8.37, Table A8.38, Table A8.39), so it is possible that 

there was some remodelling of the cell wall to cope with the cold-shock stress. 

 

Genes involved in reaction to general stresses were DE, in particular those involved 

in responses to oxidative or osmotic stress. It may be that cold-shock stress triggers a 

general stress response, that the initial problems with translation caused by the cold-shock 

then cause further stresses and cellular damage to accumulate, or that redirection of 

resources required a reduction in some stress response pathways. Common to all media 

was a change in redox stress response (Figure 4.34), in particular induction of pqrA, pqrB in 

all media. Regulator-encoding nsrR and its regulon member hmpA1 were induced in the rich 

liquid medium and oxidative stress regulator tamR was induced in both liquid media. These 

three systems all indicate an increase in oxidative stress. 

 

Many genes from the redox stress clusters (sco0161 – sco0181 and sco0197 – sco0220) 

were induced in the rich liquid medium (and one in both liquid media) (Figure 4.35), another 

indicator that an oxidative stress response is occurring. As discussed in Section 5.2 below, 

there is evidence that a potential regulator of this cluster, Tdd8, is post-transcriptionally 

repressed following cold-shock. Production of mycothiol, which is used to regulate the redox 

environment, and its precursor inositol were repressed. Potentially resources required for 
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mycothiol biosynthesis were required elsewhere. Though they were not DE at a 

transcriptional level in this experiment, there is evidence that the regulators of the MSH 

pathway, alternative sigma factor σR and anti-sigma factor RsrA are post-transcriptionally 

repressed (Section 5.2).  

 

Osmotic stress response genes were also DE (Figure 4.36). The gene coding for the 

alternative sigma factor associated with osmotic stress sigI was repressed in both liquid 

media along with sco1087 a member of an osmotic stress response operon, and the similar 

sigH was repressed in just the rich liquid medium, as was aor1 which encodes an orphan 

response regulator involved in osmotic stress. The two genes adjacent to sco1087 (sco1088 

and sco1089) were also induced in SMM liquid medium. Some ectoine biosynthesis genes 

also likely involved in osmotic regulation were DE, with ectA induced in rich liquid and ectC 

repressed in SMM liquid medium. More notably, the sco1087 – sco1089 operon which is 

activated by osmotic stress was induced in the SMM liquid cultures, and showed a strong 

repression in the SMMS control cultures which was not mirrored in the SMMS cold-shock 

cultures.  

 

The CSR includes the induction of antibiotic efflux pump encoding genes. It may be 

that the induction of antibiotic efflux pumps has evolved to respond to problems with 

translation caused by translation-targeting antibiotics, and that the cold-shock induced 

slowdown in translation is triggering the same response. Three of the characterised induced 

antibiotic efflux pump genes (sco3366, sco4121 and cmlR2) encode members of the MFS 

superfamily (Figure 4.37), and six other genes annotated as efflux genes by the NCBI and 

containing MFS domains according to the Uniprot database (The UniProt Consortium et al., 

2023) were also conditionally induced following cold-shock – sco4641 in both the SMMS 

solid and SMM liquid media, sco6822 and sco6805 in the rich liquid medium, sco3199 and 

sco5516 in the SMM liquid medium and sco4337 on the SMMS solid medium alone. Their 

substrates have not been identified and further work is needed to clarify if they encode 

antibiotic efflux pumps. 

 

The CSR is regulated in part by nucleoid associated proteins (NAPs). DNA gyrase 

generates negative DNA supercoiling and it has been shown that this regulates genes 

grouped in ‘supercoiling hypersensitive clusters’ (SHCs) (Szafran et al., 2019). One of the 

two genes which encode DNA gyrase, gyrB, was induced in both SMM and SMMS media 
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(Figure 4.38), indicating that the CSR may in part be regulated by changes in DNA 

supercoiling. Interestingly, all three genes in the sco4684 operon and two genes from the 

sco5921 operon (sco5921 and sco5920) lie in SHCs. Five other NAP-encoding genes (yjqA, 

crp, sco2140, lsr2 and terB) which are also likely to have a regulatory function were also DE 

following cold-shock. 

 

A number of genes encoding proteins containing ‘tellurite resistance’ domains were 

DE following cold-shock. Although S. coelicolor is not resistant to tellurite, it contains at 

least 19 genes identified as coding for proteins containing the TerD tellurite resistance 

domain (Millan-Oropeza et al., 2020; Sanssouci et al., 2011), nine of which are DE following 

cold-shock in at least one medium, though none are DE in more than one medium. 

 

 

Figure 4.48 Genes encoding tellurite resistance proteins DE following cold-shock in each 

medium. Red indicates induction, blue indicates repression, white values are log2-fold 

change relative to “time=0” reference samples. Results are based on two biological 

replicates and only significant results are shown (adjusted pval < 0.05) 

Three TerD-containing proteins have been characterised in S. coelicolor. Tdd8 plays a role 

in calcium homeostasis and redox stress adaptation (Daigle et al., 2015). The deletion of the 

tdd7 gene reduces growth in liquid medium and causes a ‘wrinkled’ phenotype on solid 

medium, and poor production of spores and actinorhodin, whilst tdd13 deletion causes a 

‘small colony’ phenotype on solid medium with increased sporulation and actinorhodin 

production (Sanssouci et al., 2012). Only one of the three characterised TerD domain-

encoding genes, tdd13, is DE following cold-shock, but it does appear that genes encoding 

TerD-containing proteins are also involved in the CSR. Tellurite toxicity involves oxidative 

stress (Pérez et al., 2007) so the DE of TerD-containing protein encoding genes may be an 

oxidative stress response. 

 

A large number of genes associated with transport across the cell membrane were 

DE (Figure A3.8, Figure A3.9, Figure A3.10). S. coelicolor interacts with a complex 

environment and 614 (7.8%) of its proteins have a predicted transport function (Bentley et 

tdd2 tdd10 tdd12 tdd9 tdd13 tdd15 sco3767 sco7481 tdd5

Rich liquid -0.71 -0.72 -0.89

Minimal liquid 0.74 -1.01 -0.77 -1.07 -0.75

Minimal solid 0.51
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al., 2002). It is also known that rapid import and export of small molecules plays an important 

role in adaptation to environmental stresses (C.P. Smith, personal communication). Of the 

characterised transporter-encoding genes which were DE following cold-shock, sugar and 

phosphate transporter-encoding genes were induced (msmE and msmF in both liquid 

media, rhaS  in rich liquid medium and pstC and pstS in the SMM liquid medium), as were 

two methionine transporter-encoding genes (metN and metI) in the rich liquid medium, whilst 

two glutamate transporter-encoding genes (gluB and gluC) and the biotin transporter-

encoding gene, bioY, were repressed in the rich liquid medium.  

 

S. coelicolor contains two systems for protein export, the general secretory pathway, which 

predominates, that exports unfolded proteins, and the twin arginine translocation (Tat) 

pathway, that exports folded proteins (Widdick et al., 2006). Two genes associated with the 

general secretory pathway were DE in just the rich liquid medium, ftsY, which encodes the 

SRP receptor was repressed, and the signal peptidase sip3 was induced. The signal 

peptidase removes the signal peptide and releases exported proteins from the membrane 

(Hamed et al., 2018), so whilst the repression of ftsY is likely to reduce protein export through 

this method, the induction of sip3 would likely correlate with an increase in export.  

 

Two Tat component-encoding genes were DE, tatC was repressed in the rich liquid medium 

and tatB was repressed in the SMM liquid medium. In both cases this implies a reduction in 

protein export using this mechanism. 

 

Genes associated with central physiological functions were DE (Section A3.1.9

 DE genes involved in energy and carbon metabolism). Many genes which are 

essential to the survival of S. coelicolor are present in more than one copy, often referred to 

as ‘redundancy’, though ‘contingency’ might be more accurate. These multiple copies often 

occur because of horizontal gene transfer events rather than gene duplication, and are 

subject to further evolution, and their encoded proteins are expressed contingent on 

physiological conditions. Thus the organism is able to adapt to changing conditions, and 

survive in the complex environment in which it lives (Fernández-Martínez & Hoskisson, 

2019; Schniete et al., 2018). It is likely that this is why the DE of many genes involved in 

central physiological functions (oxidative phosphorylation, the TCA cycle, pyruvate 

metabolism, the pentose phosphate pathway etc.) was observed following cold-shock, as 

alternative enzymes might be required to maintain these essential pathways under stress. 



 238 

Many amino and fatty acid metabolism genes were also DE (Section A3.1.11 DE 

genes involved in amino acid and fatty acid metabolism), possibly to maintain the supply of 

pre-cursors for either essential biological mechanisms or those specifically necessary to 

survive the effects of cold-shock stress. 

 

Some genes involved in metabolism of alternative carbon sources were DE. pcaV, 

part of the system for consuming lignin-derived aromatic compounds for use in carbon 

metabolism, and the adjacent pcaI and pcaJ, were induced in all three media, hypR which 

codes for a regulator of degradation and utilisation of L-hydroxyproline was induced in rich 

liquid medium, and the chitin metabolism genes chb and chiJ were induced in SMM liquid 

medium. Three xylanase-encoding genes, xysA, xlnA and xlnB were induced in both liquid 

media, whilst xylB was repressed in the rich liquid medium alone. The cellulase-encoding 

cel1 gene was repressed on the SMMS solid medium. The relationship between cold-

shock and alternative carbon sources is not immediately apparent.  
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5 Results III: Translational response to cold-shock stress explored 

using polysome profiling and ribosome profiling (Ribo-seq) 

 

Chapter Overview 

The response to heat-shock stress in S. coelicolor has been shown to be regulated at both 

the transcriptional and translational level (Bucca et al., 2018). Polysome profiling and 

ribosome profiling were used here to ascertain whether the same was true of the cold-shock 

stress response. Both polysome and ribosome profiling showed evidence of post-

transcriptional regulation, but there as little agreement between the identity of post-

transcriptionally regulated genes and the extent of their regulation, with just 46 genes shown 

to be PTR in the polysome profiling experiment whilst 368 were PTR in the ribosome profiling 

experiment. Only five genes were found to be post-transcriptionally regulated by both 

techniques, importantly including two of the four members of the sco5921 cold-shock 

operon. All four members of the sco5921 operon were PTR in the polysome profiling 

experiment. 

 

5.1 Polysome profiling 

 

5.1.1 The experiments 

 

The protocols used to carry out the polysome profiling experiments were based on those 

used by Bucca et al. (2018). Two supplemented minimal liquid medium cold-shock 

experiments with two biological replicates each (four biological replicates in total) were 

performed, represented schematically in Figure 5.2. In the first, a 500 ml conical flask 

containing a spring and 100 ml of 2YT medium was inoculated with S. coelicolor spores at a 

density of approximately 29,400,000 cfu / ml and incubated for 7 h at 30°C and 250 rpm in 

a shaking incubator to pre-germinate the spores. The pre-germinated spores were then used 

to inoculate two separate 500 ml conical flasks containing springs and 165 ml of SMM (liquid) 

medium to an initial concentration of approximately 500,000 cfu / ml which was then 

incubated at 30°C and 250 rpm. In the first experiment this incubation was for 17 h 13 min, 

and in the second for 15 h 45 (corresponding to late exponential growth phase / early 

stationary phase, Figure 5.1). The mycelium from 10 ml of culture was removed from each 
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replicate and preserved to serve as a ‘time=0’ total-RNA reference sample. At the same time, 

the mycelium from 20 ml of culture was removed and treated with chloramphenicol at a 

concentration of 80 µg / ml to halt translation, placed in ice, then disrupted by being mixed 

by vortex mixer in lysis buffer containing glass beads and frozen at -80°C. This second 

mycelium extract sample served as ‘time=0’ reference for the ‘polysome profiling’ samples 

which were later fractionated by sucrose gradient ultracentrifugation into ‘monosome’ and 

‘polysome’ fractions. A ‘monosome’ is mixture of mRNA transcripts with just one ribosome 

attached, or those in the process of being assembled with either a 30S or 50S ribosomal 

subassembly attached. A ‘polysome’ is mRNA which has more than one ribosome attached. 

One mRNA transcript which has formed a polysome can be translated simultaneously by 

multiple ribosomes (Mašek et al., 2011). A sample of 30 ml was then taken from each culture 

and subjected to cold-shock by being diluted with three volumes of medium pre-chilled to 

4°C to rapidly reduce the temperature to 10°C in a fresh 500 ml conical flask with springs 

which had been pre-chilled to 10°C and placed in a shaking incubator at 10°C and 250 rpm. 

At the same time another sample of 30 ml was taken from each culture as a control and 

diluted with three volumes of fresh medium pre-equilibrated at 30°C in a 500 ml conical flask 

with springs which had been pre-warmed to 30°C and returned to a shaking incubator at 

30°C and 250 rpm. The remaining culture was also incubated at 30°C and its OD450 

monitored. After two hours, the mycelium from 40 ml of each culture was removed and 

preserved for total-RNA extraction, and the mycelium from 50 ml of each culture was 

removed, treated with chloramphenicol, disrupted by mixing in a vortex mixer with glass 

beads and preserved for fractionation into ‘monosome’ and ‘polysome’ fractions. This 

process is described in more detail in Sections 2.2.7.2 and 2.2.8. 
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Figure 5.1 Growth curve of S. coelicolor in supplemented minimal liquid medium. Four 

biological replicates (A, B, C and D) from two experiments are shown. Replicates A and B 

were processed in the first experiment, C and D in the second. Y-axis shows optical density 

at 450 nm (OD450). Arrows indicate when samples were removed from the main culture and 

exposed to cold-shock or treated as controls. 

 

The monosomes and polysomes in each sample were separated by density by 

ultracentrifugation in a sucrose gradient, then divided into fractions using a Density Gradient 

Fractionator with a 254 nm filter. The fractionator slowly pumps the sucrose gradient past a 

light beam and collector, and plots transmission strength at a wavelength that is absorbed 

by RNA. The peaks and troughs on this plot can be used to identify where the various 

fractions begin and end, so the samples can be divided into free RNA, 30S, 50S and 70S 

ribosome complexes (these three forming the ‘monosome’ fraction) and RNA bound by two 

or more ribosomes (the ‘polysome’ fraction) (Section 2.3.5). RNA was extracted from the 

polysome profiling samples by the Trizol-LS/chloroform method followed by co-precipitation 

with glycogen in isopropanol (Section 2.3.2), and from the total-RNA samples using the 

modified Qiagen miRNeasy protocol (Section 2.3.1). 
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Figure 5.2 Cold-shock induction for the polysome profiling experiment. S. coelicolor spores 

were pre-germinated, then cultured in SMM liquid medium to exponential growth phase 

before being subdivided and exposed to cold-shock by 3:1 dilution with pre-chilled fresh 

medium (10°C) (control sample diluted 3:1 with pre-warmed fresh medium (30°C)). Samples 

were taken prior to cold shock (CT0), at 120 min following cold-shock (CS120) and from the 

control culture at 120 min (CT120). Total RNA was preserved, and RNA-ribosome 

complexes was separated by sucrose-gradient ultracentrifugation and fractionation into 

monosome and polysome associated fractions. In total, four biological replicates were 

processed. 
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The extracted RNA was quality-checked for integrity using an Agilent TapeStation 4200 and 

all passed QC (RINs 5.7 to 8.8, the majority above 7 (Table A7.5)), and concentration was 

assessed using the Qubit fluorometer. Sequencing libraries of the RNA samples were 

prepared and sequenced (Section 2.3.3 and Section 2.3.4) using the NEBNext Core 

Depletion Kit with custom probes (Table A14.1) to remove the rRNA plus rnpB, ssrA and 

srp. Input RNA and number of PCR cycles used in the library preparation are listed in Table 

5.1. 

Table 5.1 RNA input and number of PCR cycles used in polysome profiling library 

preparation. 

 

There were some equipment issues that caused three samples of extracted mycelium to be 

destroyed during the ultracentrifugation or fractionation process. As a result, four biological 

replicates were processed and the surviving nine samples (representing three replicates of 

each of the three test conditions) were sequenced and analysed, labelled as in Table 5.2.  

Table 5.2 Replicate and sample labelling of the polysome profiling samples. 

 

Four replicates of three conditions were processed, and the surviving nine samples were 

labelled as indicated here. CT refers to Control or Reference samples, CS to cold-shock, 0 

or 120 to elapsed time in min, and A, B, C, D the biological replicate. 

Data processing was undertaken as for the RNA-seq samples (Section 2.5.2). The Kallisto 

mapping was performed using an index of annotated genes excluding sRNAs. 

 

RNA in the monosome and polysome fractions is bound to one or more ribosomes, and this 

was used as a proxy for translation. The DESeq2 package was used to assess the 

differential transcript expression between the samples in each fraction, and to calculate 

relative Translational Efficiency (TE) using the deltaTE protocol (Chothani et al., 2019) 

(Section 2.5.5). Translational Efficiency (TE) is the ratio between the number of transcripts 

Replicates Input RNA (ng) PCR cycles

1 and 2 229 12

3 and 4 500 11

Replicate Reference Cold shock Control

1 CT0A CS120A

2 CT0B CS120B CT120B

3 CT0C CT120C

4 CS120D CT120D
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for a particular gene being translated in a cell versus the number of transcripts present, and 

any significant changes in TE are considered to reflect the existence of post-transcriptional 

regulation. 

 

The data discussed in this section have been deposited in NCBI’s Gene Expression 

Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number 

GSE229820 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229820, reviewer 

access token : ixkdmswsdzmfhmd). 

 

5.1.2 Results and immediate discussion 

 

5.1.2.1 Monosome, polysome fractionation of mycelial extracts 

 

The fractionation trace for sample CS120A (sample taken 120 min after cold-shock from 

30°C to 10°C, first biological replicate) (Figure 5.3) shows the variation in absorbance at 254 

nm over time, and each peak corresponds to a different fraction of RNA.  

 

 

Figure 5.3 Fractionation trace of CS120A supplemented minimal liquid medium cold-shock 

sample. The CS120A sample was taken 120 min after cold-shock from 30°C to 10°C in the 

first biological replicate. The trace shows variation in absorbance at 254 nm over time. The 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229820
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first peak is formed of free RNA, that is RNA which is not bound to any ribosomal 

components. The following peak is formed of RNA bound to the free 30S component of a 

ribosome, the next represents the 50S ribosomal subunit, and the next the RNA bound to a 

70S fully assembled ribosome. Collectively these three fractions are labelled as 

monosomes. There follow a series of much smaller peaks which are formed of RNA bound 

to two or more ribosomes, and these are collectively labelled as polysomes. The vertical 

lines indicate where the fractionator has moved to a new collection tube.  

 

Figure 5.4 shows the allocation to the monosome and polysome fractions of all the samples. 

Not all the traces were as clear as the CS120A trace, but it was still possible to separate the 

fractions. There was an operational issue with the CT120C fractionation that caused the 

gradient to run very slowly, hence the elongated time axis, and an initial issue with calibration 

following a repair of the fractionator that has caused the first peak to exceed the height of the 

paper. 
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Figure 5.4 Sucrose gradient fractionation profiles and allocation of samples into the 

monosome and polysome fractions based on the shape of the 254 nm absorbance curve. 

RNA in the light grey section has been allocated to the monosome fraction, and that in the 

dark grey section to the polysome fraction.  
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5.1.2.2 rRNA depletion 

 

The rRNA removal from the fractions was largely effective (Figure 5.5).  

 

 

 

Figure 5.5 Genome mapping of sequenced reads from the polysome profiling experiments. 

Chart shows the proportion of each sample that represents the mRNA ORFs which are of 

interest (purple), non-coding RNA including rRNA (green), and sequences which have 

matched in 3′ or 5′ UTRs or outside of any annotated region (yellow). Labels are formed of 

control (CT) or cold-shock (CS), time point in min, replicate (A, B, C or D) and fraction (total, 

monosome or polysome).  
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Figure 5.6 Principal Component Analysis of the differential transcript abundances in the 

polysome profiling samples. Treatments are CT0 = reference sample, CS120 = cold-shocked 

from 30°C to 10°C at 120 minutes and CT120 = control maintained at 30°C after 120 minutes. 

Results are combined from three usable biological replicates from quadruplicate experiments 

(as described in the text). 
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5.1.2.3 Principal Component Analysis 

 

The R package DESeq2 was used to analyse differential expression in the three fractions 

under the two treatments, cold-shock and control, compared to the ‘time=0’ reference 

samples. Following normalisation, the results were subjected to a Principal Component 

Analysis (PCA) and the results graphed in Figure 5.6. The replicates are well grouped, and 

there are clear differences between the three treatments. The close grouping of the 

replicates provides confidence that the biological replicates are comparable despite the three 

missing samples which were destroyed during processing. There is some overlap between 

the monosome and polysome fractions for the cold-shock and control samples indicating, as 

would be expected, some correspondence between the response in the two samples - active 

translation of any transcripts will increase their representation in both the monosome and 

polysome fractions, so it is likely that there would be some similarity between these two 

groups. 
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5.1.2.4 Relative Translational Efficiency 

 

The rate limiting step in protein synthesis is translation initiation, and ribosome attachment to 

the transcript can therefore be used as a proxy for translation (Bucca et al., 2018). 

Translational Efficiency (TE) is the ratio between the number of transcripts for a particular 

gene being translated in a cell versus the number of transcripts present, and any significant 

changes in TE is considered to demonstrate the existence of post-transcriptional regulation. 

The following analysis is based on the deltaTE protocol developed by Chothani et al. (2019), 

(Section 2.5.5).  

 

Figure 5.7 shows the log2-fold change relative to ‘time=0’ reference samples in differential 

transcript expression in the total RNA samples (x-axis) versus the log2-fold change in the 

monosome-associated and polysome-associated fractions (y-axis). 
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Figure 5.7 Fold change in differential transcript expression in the polysome profiling samples 

relative to ‘time=0’ reference samples. The scatter graphs show the log2-fold change in 

differential transcript expression in the total RNA samples (x-axis) versus the log2-fold 

change in the monosome-associated and polysome-associated fractions (y-axis). Genes 

from the two cold-shock operons of interest are highlighted in red. *results are combined 

from three usable biological replicates from quadruplicate experiments (as described in the 

text). 

Genes from the two cold-shock operons are highlighted in red. It is clear that following cold-

shock, not only are their transcripts greatly more abundant in the total RNA fractions, but they 

are also more abundant in the ribosome-associated fractions, indicating that not only is there 

an increase in their transcription but also in their translation. Overall, there is a bias towards 

transcriptional induction following cold-shock, and transcriptional repression in the control 
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samples, evidenced by the greater density of points to the right of the cold-shock graphs and 

to the left of the control graphs. This is consistent with the findings discussed in Chapter 4, 

that some genes were being upregulated to cope with cold-shock, and the addition of fresh 

medium to the control samples was causing some genes which were dealing with nutrient 

starvation to be downregulated. Overall, there is a good correlation between changes in the 

total RNA and changes in the ribosome-associated fractions, a little higher following cold-

shock than in the control cultures (Table 5.3). There are some outliers which may be 

indicative of post-transcriptional regulation if they can be shown to be statistically significant. 

 

Table 5.3 Pearson’s correlation statistics for differential transcript expression change in 

transcriptome versus change in monosome or polysome following cold-shock and in the 

control cultures. 

 

In order to explore which changes are statistically significant, the change in translational 

efficiency versus the time=0 reference (TE) and its associated adjusted p-value have been 

calculated using the deltaTE protocol and used to classify the affected genes into four 

categories (Figure 5.8) defined as follows:   

 

Forwarded – these are genes which are transcriptionally regulated. Their TE doesn’t change 

significantly compared with the reference, they are being translated in proportion to their 

transcriptional expression. 

 

Exclusive – these are genes which are exclusively regulated during translation. They show 

no significant change in transcriptional expression but show up or downregulation in the 

ribosome associated fractions, and hence increased or decreased translation rates.  

 

Potentiated – these genes are being regulated both transcriptionally and translationally, and 

the translational regulation is in the same direction to transcriptional. That is, if their transcripts 

are significantly more abundant, their translation is even more abundant. These genes are 

classified as ‘Potentiated’ by Bucca et al. (2018) and ‘Intensified’ by Chothani et al. (2019). 

‘Potentiated’ has been used in this study. 

Monosome Polysome

Cold-shock 0.96 0.95

Control 0.93 0.93
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Buffered - these genes are being regulated both transcriptionally and translationally, and the 

translational regulation is in the opposite direction to transcriptional. That is, if their transcripts 

are significantly more abundant, this effect is buffered by them being translated at a 

significantly lower rate. 

 

Note that the effect of variable mRNA persistence is here included in the category 

‘transcriptional regulation’. Transcript expression depends not only on the rate of 

transcription, but also on the half-life of the transcripts before they are degraded.  
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Figure 5.8 Log2-fold changes relative to ‘time=0’ reference samples in total differential 

transcript expression vs monosome and polysome associated fractions. Scatter graphs 

show the log2-fold change in differential transcript expression in the total RNA samples (x-

axis) versus the log2-fold change in the monosome-associated and polysome-associated 

fractions (y-axis). Transcripts are coloured grey if they do not show significant transcriptional 

or translational change, or according to classification as discussed above. *results are 

combined from three usable biological replicates from quadruplicate experiments (as 

described in the text). 

Under the experimental conditions used in this study many genes were found to be regulated 

post-transcriptionally in the control samples, many exclusively so. Conversely, almost all 

post-transcriptional regulation had ceased in the cold-shock samples – with only a handful 
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of genes having a significantly altered TE in the monosome associated fraction. There were 

more in the polysome fraction – 41 in total – but fewer than a tenth as many as in the 

corresponding polysome-associated control samples. The four genes from the sco5921 

cold-shock operon which have a significant change in TE have been labelled in the 

scatterplots, but their results are not consistent between the fractions (sco5921 is only 

significantly PTR in the monosome samples, sco5920 – sco5918 are only significantly PTR 

in the polysome samples). Table 5.4 lists the 46 genes in the ‘Exclusive’, ‘Potentiated’, and 

‘Buffered’ groups in either fraction following cold-shock. 

Table 5.4 Forty-six genes which showed post-transcriptional regulation (PTR) following cold-

shock. 

Gene ID Name Monosome Polysome Description 
Transcriptional 

change 

sco3197 fruK Potentiated Potentiated 1-phosphofructokinase Induced 

sco1559 metN Buffered Buffered 
ABC transporter ATP-binding 
protein 

Induced 

sco2112  Buffered Buffered hypothetical protein Induced 

sco5472 gcvT Buffered Buffered 
glycine cleavage system 
aminomethyltransferase T 

Induced 

sco7213  Buffered Buffered hypothetical protein Induced 

sco3196 fruA Exclusive+ Exclusive+ fructose-specific permease - 

sco5421  Potentiated  hypothetical protein Induced 

sco0631  Buffered  hypothetical protein Induced 

sco4188  Buffered  
GntR family transcriptional 
regulator 

Induced 

sco5921  Buffered  
cold-shock domain-
containing protein 

Induced 

sco4748  Exclusive-  hypothetical protein - 

sco0465   Potentiated non-heme chloroperoxidase Repressed 

sco2927 hppD  Potentiated 
4-hydroxyphenylpyruvate 
dioxygenase 

Induced 

sco3090   Potentiated ABC transporter Induced 

sco3956 areA  Potentiated 
ABC transporter ATP-binding 
protein 

Induced 

sco3957 areB  Potentiated hypothetical protein Induced 

sco3959 areD  Potentiated hypothetical protein Induced 
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Gene ID Name Monosome Polysome Description 
Transcriptional 

change 

sco5447   Potentiated neutral zinc metalloprotease Induced 

sco5918   Potentiated hypothetical protein Induced 

sco5919   Potentiated hypothetical protein Induced 

sco5920   Potentiated DEAD/DEAH box helicase Induced 

sco7749   Potentiated hypothetical protein Induced 

sco1525   Buffered sugar transferase Repressed 

sco2293   Buffered hypothetical protein Repressed 

sco2687 ribA  Buffered GTP cyclohydrolase II Induced 

sco4075 ragA  Buffered 
ABC transporter ATP-binding 
protein 

Induced 

sco6150   Buffered ADA-like regulatory protein Induced 

sco7600 alaS2  Buffered alanyl tRNA synthetase Induced 

sco7662 cmlR2  Buffered 
chloramphenicol resistance 
protein 

Induced 

sco0818   Exclusive+ 
ABC transporter ATP-binding 
protein 

- 

sco0819   Exclusive+ 
transmembrane transport 
protein 

- 

sco2017   Exclusive+ amino acid decarboxylase - 

sco2723   Exclusive+ 
ABC transporter ATP-binding 
protein 

- 

sco3847 pbp  Exclusive+ penicillin-binding protein - 

sco3958 areC  Exclusive+ 
ABC transporter ATP-binding 
protein 

- 

sco4124   Exclusive+ two-component sensor kinase - 

sco5700   Exclusive+ kinase - 

sco5763   Exclusive+ hypothetical protein - 

sco1020 tdd2  Exclusive- hypothetical protein - 

sco2198 glnA  Exclusive- glutamine synthetase - 

sco2329   Exclusive- transcriptional regulator - 

sco2508 zur  Exclusive- metal uptake regulation protein - 
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Gene ID Name Monosome Polysome Description 
Transcriptional 

change 

sco4055   Exclusive- alcohol dehydrogenase - 

sco5303   Exclusive- hypothetical protein - 

sco5471 gcvH  Exclusive- 
glycine cleavage system 
protein H 

- 

sco7261   Exclusive- hypothetical protein - 

 

Gene ID and common name, whether post-transcriptional regulation is ‘Exclusive+’ 

(exclusive and induced), ‘Exclusive-’ (exclusive and repressed), ‘Potentiated’ or ‘Buffered’ 

following cold-shock, NCBI annotation, and whether the gene is transcriptionally induced , 

repressed or not significantly DE following cold-shock. Genes from the sco5921 – sco5918 

operon are shown in bold. Genes are ordered by PTR category, for those PTR in both 

fractions, then in the monosome fraction alone, then in the polysome fraction alone. 

 

All four genes from the sco5921 – sco5918 operon were post-transcriptionally regulated. The 

CSP itself, encoded by sco5921, was buffered (though only in the monosome fraction), whilst 

the other three were ‘Potentiated’ (though only in the polysome fraction). Operons in the 

model organisms E. coli and B. subtilis tend to show equal expression of all transcripts within 

an operon. Conversely, genes in operons in S. coelicolor tend to show a downward trend in 

transcription from the first to the last gene (Laing et al., 2006), and this was broadly the case 

with the sco5921 operon. As in the previous transcriptome experiments, differential transcript 

levels for the total RNA samples were upregulated many-fold following cold-shock for all 

genes in the sco5921 operon (Figure 5.9). In the total RNA fraction the first gene in the 

operon, sco5921, was the most abundant, followed by sco5920. Interestingly, sco5918 was 

more abundant than sco5919, but both were many-fold less abundant than the first two 

genes in the operon. The effect of post-transcriptional regulation can then be seen in the 

graphs for the monosome and polysome-associated transcripts in the same Figure 5.9, 

particularly the polysome fraction, which do not show the same ratios between the four genes 

as in the total RNA extracts. The number of transcripts in the polysome fraction, that is those 

that are actually being translated into proteins, was fairly equal between the first two genes, 

in fact it was slightly higher for sco5920. The levels of sco5919 and sco5918 were still 

several-fold lower than the first two genes in the operon, but by a much smaller ratio. In the 
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total RNA samples the ratio of sco5921 to sco5919 is 50:1 for instance, whilst in the 

polysome-associated fraction it is ≈4:1 – and overall the stoichiometric ratios of protein 

translated from the operon were approximately 4:4:1:1.  

 

Figure 5.9 Normalised transcript abundance for the genes in the sco5921 – sco5918 operon 

following cold-shock and in control cultures. Experimental treatments are labelled CT0 – 

‘time=0’ reference samples; CT120 – control cultures after 120 min; CS120 – cold-shock 

cultures after 120 min. Fractions shown are Total RNA (tot), monosome associated 

transcripts (mono) and polysome associated transcripts (poly). sco5921 encodes a CSP, 

sco5920 encodes a DEAD-box helicase, and the other two genes in the operon encode 

proteins of unknown function.  

 

Four other genes were buffered in both the monosome and polysome fractions. metA 

(sco1559), whose product forms part of a methionine import ABC transporter complex 

(Szklarczyk et al., 2019); genes for uncharacterised hypothetical proteins sco2112 which the 

psi-BLAST programme suggests encodes a sulfite oxidase-like oxidoreductase (Altschul et 

al., 1997) and two-component system sensor kinase-encoding sco7231 (Sánchez de la 

Nieta et al., 2022); and gcvT (sco5472), which codes for a glycine cleavage (GCV) system 

aminomethyltransferase T. A second member of the GCV system, gcvH (sco5471), was in 

the exclusive classification for the monosome-associated fraction. Whilst it forms part of 
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many proteins, glycine can also be cytotoxic as it can replace alanine in glycoproteins that 

form the cell wall, and its concentration in the cell must therefore be closely controlled. The 

GCV system forms part of this glycine regulation system, and in Streptomyces griseus has 

been shown to be regulated by a riboswitch located in the 5  UTRs of gcvT and gcvP 

(Tezuka & Ohnishi, 2014). A ClustalO alignment (Sievers et al., 2011) of the 5  UTRs of 

gcvT from S. griseus and S. coelicolor is shown below (Figure 5.10) illustrating the similarity 

between the two. Given the similarity of the two sequences, it is likely that the riboswitch has 

been conserved in S. coelicolor.  

                      Riboswitch-------  

S. griseus                    5′ -GGCCGTTCGAATCCGCGCGGGAGA  

S. coelicolor           5′ CGGCCGTTTGAATCCGCGCGGGAGA  

                                                      ******* **************** 

        -------------------------------------------------------------  

S. griseus        GTTCCGGCCACACTGTGAGCCGGGCGCCGAAGGAGCAAGATCCTCCCTTGAATCTCTCAG  

S. coelicolor     GTCCCC-----GGCCGCGCCGGGGCGCCGAAGGAGCAAGTCCCTCCCTTGAATCTCTCAG  

                  ** **              * ******************  ******************* 

        ---------------------- 

S. griseus        GCCCCGTACC-GCGCGGATGAGGCAGATCTGAAAAGCGAGCCGTTCCACGG-----CTCC  

S. coelicolor     GCACCGTTACCGCGCGGGCGAGGCACATCTGAAAAGCGGACCGCCCCCGACGGCGGTCCC  

                  ** ****  * ******  ****** ************  ***  **           ** 

 

S. griseus        ACCCAAGGTGCAAGCCGAGCCCCCTGATCCGGGGCGCCCTCCAGGGGCATACCCCGTCGG  

S. coelicolor     ACCCAAGGTGCAAGCCCTGA---------------------------TCGCCGTACTCCG  

                  ****************  *                                *    ** * 

 

S. griseus        GGGCTATCGGCGAACCTCTCAGGTTCCGATGACAGATGGGGAGGATTCGTCCTGACGTCG  

S. coelicolor     GTGGCCGTGGCGAACCTCTCAGGTTCCGATGACAGATGGGGAGGACCGACCTCGCCCCGT  

                  * *     *************************************     *  * *     

 

S. griseus        TCATGCCCTGGAGCCGTATCCATG--- 3′  

S. coelicolor     CCTGTCCTGGGAGACGACCGACCGATG 3′  

                   *   **  **** **       *    

 

Figure 5.10 ClustalO alignment of bases upstream of gcvT from S. griseus and S. coelicolor. 

*  indicates where bases are identical in both sequences. Riboswitch is in bold font, start 

codon is highlighted in green. S. griseus sequence shown is bases 2,416,125 to 2,416,406 

from NCBI reference sequence NC_010572.1 and S. coelicolor sequence is bases 

5,959,103 to 5,958,844 from reference sequence NC_003888.3 (O’Leary et al., 2016).  

   

Two genes were buffered in only the monosome fraction following cold-shock, whose 

products are a GntR family regulator (sco4188) and a hypothetical protein (sco0631). The 

SCO4188 product shows a 57.6% identity to transcriptional repressor of development DevA 

(SCO4190) (Hoskisson et al., 2006).  Seven genes were buffered in only the polysome 

fraction following cold-shock – ragA (sco4075) whose product forms part of an ABC 

transporter and is activated by RamR, a regulator which is involved in the morphological 

differentiation from vegetative development phase to the formation of the aerial mycelium 
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(Paolo et al., 2006); alaS2 (sco7600), the tetracycline-resistant alanyl-tRNA synthetase 

which was transcriptionally upregulated in all three media tested in Section 4.2; ribA 

(sco2687) which codes for a zinc-containing metalloprotein GTP cyclohydrolase II tentatively 

identified as being involved in toxoflavin synthesis (Spoonamore et al., 2006); an ADA-like 

regulatory protein gene (sco6150); cmlR2 (sco7662), a chloramphenicol resistance pump 

gene (Vecchione et al., 2009); a putative integral membrane protein gene (sco2293); and a 

homologue of pimA from M. tuberculosis, which codes for a sugar transferase (sco1525) 

(Howlett et al., 2018). 

 

The gene cluster areABCD (sco3956 – sco3959) contains two ABC transporter genes and 

their accompanying integral membrane protein genes and has been identified as a putative 

drug exporter (Getsin et al., 2013). areA, areB and areD (sco3956, sco3957, sco3959) are 

all ‘Potentiated’ in the polysome fraction following cold-shock, and areC (sco3958) is 

exclusively post-transcriptionally induced, indicating that this whole cluster is being positively 

regulated post-transcriptionally. Deletion of areA (sco3956) reduces production of 

actinorhodin and prodigiosin and suppresses the production of antibiotics in response to the 

addition of S-adenosylmethionine. These effects are not observed when areC (sco3958) is 

deleted and its activity is not further characterised (Lee et al., 2012b). 

 

Five further genes were ‘Potentiated’ in the polysome fraction – sco3090 which codes for an 

ABC transporter which provides resistance to the cell-wall targeting antibiotic bacitracin 

(Hesketh et al., 2011); sco0465 which codes for a non-heme chloroperoxidase which 

becomes greatly more abundant if production of the 20S proteasome is disrupted (De Mot 

et al., 2007); hppD (sco2927) which codes for a tyrosine degradation enzyme (Yang et al., 

2007); sco7749 which codes for a hypothetical protein thought to bind cobalamin (Takano 

et al., 2015); and sco5447, a neutral zinc metalloprotease which has tentatively been 

identified as being involved with progression of morphological development as follows : 

extracellular post-translational regulation is involved in the transition from the vegetative 

growth stage to the development of aerial mycelium through the action of a protease STI, 

the Streptomyces trypsin inhibitor, which is itself regulated by a protease, SCO5913. 

Increased production of SCO5913 reduces the concentration of STI to allow differentiation 

to proceed and SCO5447 has been identified as a possible target of STI (Kim et al., 2008a). 

sco5447 was in the ‘Potentiated’ category, it was induced both transcriptionally and post-

transcriptionally following cold-shock, possibly ensuring that differentiation does not take 
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place while the organism is coping with the cold-shock stress. One gene was ‘Potentiated’ 

in only the monosome fraction following cold-shock, the uncharacterised hypothetical 

protein-encoding gene sco5421. 

 

Eight genes were classified as ‘Exclusive+’ in the polysome fraction, that is they were not 

regulated transcriptionally following cold-shock, but were upregulated post-transcriptionally 

– an ABC transporter protein gene and an adjacent transmembrane transport protein gene 

(sco0818, sco0819); an ABC transporter ATP-binding protein gene sco2723; two 

uncharacterised kinase genes (sco4124, sco5700); a lysine decarboxylase gene sco2017; 

the hypothetical protein gene sco5763; and a gene which codes for a penicillin binding 

protein of a family involved in the cell wall synthesizing complex, sco3847 (Ogawara, 2016). 

 

Seven genes were classified as ‘Exclusive-‘, not transcriptionally regulated but 

downregulated post-transcriptionally – tdd2 codes for a protein that contains a TerD tellurite 

resistance domain, and whilst their role in the CSR remains unknown, nine TerD domain 

containing genes were DE following cold-shock in the three experiments described in 

Section 4.2., including tdd2 repressed in rich liquid medium; glnA (sco2198), a glutamine 

synthetase gene; zur (sco2508) which codes for a regulator of zinc homeostasis (Choi et al., 

2017); a gene which codes for a transcriptional regulator (sco2329); an alcohol 

dehydrogenase gene (sco4055); and two genes coding for hypothetical proteins of unknown 

function (sco5503, sco7261). One gene was classified as ‘Exclusive-’ in the monosome 

fraction, and it also codes for a hypothetical protein (sco4748). 

 

The genes fruA and fruK are required for fructose import. fruA (sco3196) encodes a fructose-

specific permease and fruK (sco3197) encodes a fructose 1-phosphate kinase (Nothaft et 

al., 2003). They were both translationally upregulated in the cold-shock cultures and in the 

control cultures and as such were very likely to be responding to the fresh growth medium 

rather than the cold-shock, though fructose is not a component of the growth medium used. 
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5.2 Ribosome profiling (Ribo-seq) 

 

5.2.1 The experiments 

 

The protocols used to carry out the ribosome profiling were adapted from those developed 

in Professor Byung Kwan Cho’s lab at the Systems & Synthetic Biology Laboratory of the 

Korea Advanced Institute of Science and Technology (written by Yoseb Song and Donghui 

Choe and communicated to G. Bucca and C.P. Smith). The experiment is represented 

schematically in Figure 5.12. S. coelicolor cultures were exposed to cold-shock in SMM liquid 

medium as described in Section 2.2.7.2. A 500 ml conical flask containing a spring and 100 

ml of 2YT medium was inoculated with S. coelicolor spores at a density of approximately 

19,600,000 cfu/ml and incubated for 7 h at 30°C and 250 rpm in a shaking incubator to pre-

germinate the spores. The pre-germinated spores were then used to inoculate two separate 

500 ml conical flasks containing springs and 200 ml of SMM (liquid) medium to an initial 

concentration of approximately 500,000 cfu / ml which was then incubated at 30°C and 250 

rpm for 18 h 20 min (corresponding to late exponential phase / early stationary phase, Figure 

5.11) . The mycelium from 15 ml of culture was removed from each replicate, stabilised in 

15 ml of RNAProtect, then frozen at -80°C to serve as a ‘time=0’ total RNA reference sample. 

Two further samples were taken to be used for the profiling of Ribosome-protected 

Fragments (RPFs) (Section 2.2.9), the mycelium from 45 ml of culture and the mycelium 

from 60 ml of culture, vacuum filtered to remove the culture medium, and immediately frozen 

in liquid nitrogen. These samples were lysed in a pestle and mortar whilst being cooled with 

liquid nitrogen, then dissolved in a buffer containing chloramphenicol at a concentration of 

34 µg / ml to prevent a resumption of translation, and frozen at -80°C.  

 

A sample of 30 ml was then taken from each culture and subjected to cold-shock by being 

diluted with three volumes of chilled medium at 4°C to rapidly reduce the temperature to 

10°C in a fresh 500 ml conical flask with springs which had been pre-chilled to 10°C and 

placed in a shaking incubator at 10°C and 250 rpm. At the same time another sample of 30 

ml was taken from each culture and diluted with three volumes of fresh medium at 30°C in a 

500 ml conical flask with springs which had been pre-warmed to 30°C and returned to a 

shaking incubator at 30°C and 250 rpm to serve as a control. The remaining culture was also 
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incubated at 30°C and 250 rpm and its OD450 monitored. After two hours, 15 ml of culture for 

total RNA analysis and 45 ml and 60 ml of culture for RPF analysis were taken as above. 

 

Figure 5.11 Growth curve of S. coelicolor in supplemented minimal liquid medium. Two 

replicates (A and B) are shown. Y-axis shows the optical density at 450nm (OD450). The 

arrow indicates when samples were removed from the main culture and exposed to cold-

shock, whilst this graph continues to show the growth curve of the remaining culture. 
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Figure 5.12 Cold-shock induction for the ribosome profiling experiment. S. coelicolor spores 

were pre-germinated, then cultured in SMM liquid medium before being subdivided and 

exposed to cold-shock by 3:1 dilution with chilled fresh medium (control sample diluted 3:1 

with warmed fresh media). Samples were taken prior to cold shock (CT0), at 120 min 

following cold-shock (CS120) and from the control culture at 120 min (CT120). Total RNA 

was preserved, and RNA was extracted for processing to isolate the ribosome-protected 

fragments (RPFs). In total, two biological replicates were processed. 
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Figure 5.13 Processing of RNA to isolate and sequence ribosome-protected fragments 

(RPFs). RNA was digested by MNase except those sections protected by ribosomes, 

purified, and RNA sized between 15 and 45 nt isolated, rRNA and tRNA depleted, cDNA 

library prepared and sequenced. Two biological replicates were processed four times each 

in total. 
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RNA from the total-RNA samples was extracted using the modified Qiagen miRNeasy 

protocol (Section 2.3.1). The extracted RNA was quality checked using an Agilent 

TapeStation 4200, and concentration assessed using a Qubit fluorometer (Table A7.7). 

 

The processing of the RPF samples is represented schematically in Figure 5.13. The RPF 

samples were processed in four batches. The concentration of RNA in the ribosome profiling 

samples was initially assessed using a NanoDrop One C spectrophotometer, and the result 

divided by 2.5 based on an empirical protocol optimised in Professor Cho’s lab (G. Bucca, 

personal communication) (Table A7.7). Input RNA to the first step of the protocol is defined 

as 50 µg in 176 µl of sample. The samples were all too dilute to achieve 50 µg, and the 

amount of RNA that was used is listed in Table 5.5. The amount of micrococcal nuclease 

(MNase) used was adjusted down in proportion. For the subsequent batches, the lysed cell 

extracts were concentrated by dehydration in a vacuum dehydrator, their concentration 

assessed using a Qubit fluorometer and 50 µg of RNA used as input. 

Table 5.5 Input RNA used in the first processing batch of Ribosome-protected Fragments 

(RPFs). 

 

Samples are labelled control (CT) or cold-shock (CS), time point in minutes, replicate (A or 

B) and first or second sample taken (1 or 2). 

A bacterial nuclease, MNase, was used to destroy all RNA except those portions of mRNA 

which had a ribosome attached which protected them from the MNase, the ‘ribosome-

protected fragments’ (RPFs). Size exclusion columns were then used to purify the ribosomes 

after MNase treatment, the RNA was then extracted, and was size separated by gel 

electrophoresis and the region from 15 to 45 nt excised. The size-selected RNA was 

extracted from the gel slice, depleted to remove unwanted non-coding RNAs, 

phosphorylated to allow the addition of adapters and a DNA sequencing library was 

prepared. The library was amplified by QPCR, checked using the Agilent 4200 TapeStation, 

separated by electrophoresis on an agarose gel and the band around the 150 bp size range 

Sample RNA (µg)

CT0A2 45.8

CT0B1 43.0

CT120A1 20.1

CT120B2 15.9

CS120A1 37.6

CS120B1 17.5
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was excised, purified, and the resulting DNA was sequenced. The RPF processing was 

carried out four times, referred to subsequently as batches 1 to 4, and the unwanted RNA 

was depleted in three different ways, discussed below. The entire RPF preparation process 

is detailed in Section 2.3.6. Libraries were prepared and sequenced (Section 2.3.4) and the 

datasets produced analysed  (Section 2.5.4). 

 

The data discussed in this section have been deposited in NCBI’s Gene Expression 

Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number 

GSE230542 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE230542, reviewer 

access token : ujsnsasmvfwlnwt). 

 

5.2.2 Results and immediate discussion 

 

5.2.2.1 RNA size selection 

 

The B.K. Cho laboratory protocol specifies that RNA between 26 and 34 nt be retained once 

the samples have been digested with MNase, purified and separated by size by 

electrophoresis on a polyacrylamide gel. However, there is a lack of consensus in bacterial 

studies as to the length of RPFs. At various stages of translation RPFs of different lengths 

are protected, possibly by additional initiation factors at the start of translation or by rRNA 

mRNA interactions (Mohammad et al., 2019). In this study, all RNA between 15 and 45 nt 

was excised from the gel for further processing and analysis. (This adjustment was 

introduced following the advice of A. Buskirk, an expert in the field of bacterial ribosome 

profiling, G. Bucca, personal communication). Gel photos before and after this excision for 

batch 4 are shown in Figure 5.14, and for all four batches in Appendix 15. 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE230542
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Figure 5.14 RNA size selection gels. Figures A and B show RNA from batch four following 

MNase digestion separated by size on a 15% TBE-urea polyacrylamide gel. Figures C and 

D are the same gels following excision of gel slices containing the RNA of sizes between 15 

and 45 nt. Markers on the left-hand side indicate RNA size in nucleotides. 

 

There was an enriched band of RNA at sizes between 26 and 34 nt, as well as assorted 

other bands between 15 and 45 nt. A significant quantity of longer RNA which has not been 

degraded by the nuclease has remained in the samples and was removed by this gel-based 

size selection process. This larger RNA will largely represent rRNA that was protected from 

MNase digestion within the large 3D ribonucleoprotein structure of the ribosomal subunits; 

only rRNA exposed on the surface of the ribosome structure would have been degraded 

(C.P. Smith, personal communication). 

 

5.2.2.2 Depletion of unwanted RNA species 

 

Stable non-coding RNA depletion was attempted with three variations of the NEB core 

depletion kit protocol, with a different oligonucleotide probe pool each time, as detailed in 

Section 2.3.6. The first depletion was carried out on batches one and two using the same 
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probes as in the previous experiments, designed to remove all 18 rRNAs plus three other 

non-coding RNAs (rnpB, srp and ssrA). The resulting depleted RNA was dominated by tRNA 

(Figure 5.15).  

 

 

Figure 5.15 Genome mapping of sequenced reads of RPFs from batches one and two of 

the ribosome profiling experiment. Chart shows the proportion of each sample that 

represents the mRNA ORFs of interest (purple), rRNA plus the three special RNAs rnpB, 

srp and ssrA (blue), tRNA (green) and sequences which have matched in 3′ or 5′ UTRs or 

outside of any annotated region (yellow). Labels are formed of control (CT) or cold-shock 

(CS), time point in min, replicate (A or B) and batch (1 or 2).  

 

Twenty tRNAs accounted for over 90% of the total tRNA, so probes against these were 

designed using the NEB depletion design website (Table A14.2). Batch three was processed 

using the new tRNA probes in addition to the original set to deplete unwanted RNA. The 

results are illustrated in Figure 5.16. There was a small improvement in the amount of coding 
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RNA retained, but there was still a large amount of tRNA present, and the rRNA depletion 

did not work quite as efficiently as before.  

 

 

Figure 5.16 Genome mapping of sequenced reads of RPFs from batch three of the ribosome 

profiling experiment. Chart shows the proportion of each sample that represents the mRNA 

ORFs of interest (purple), rRNA plus the three special RNAs rnpB, srp and ssrA (blue), tRNA 

(green) and sequences which have matched in 3′ or 5′ UTRs or outside of any annotated 

region (yellow). Labels are formed of control (CT) or cold-shock (CS), time point in min, 

replicate (A or B) and batch (three).  

Examination of the retained tRNA sequences revealed that it was largely made up of the first 

approximately 30 nucleotides of each tRNA. The NEB depletion design algorithm produces 

probes which can target anywhere in the tRNA, so many of the tRNA specific probes will not 

have been effective against just the first 30 bases. A new set was designed, consisting of 

probes against the first 30 bases of all 65 known tRNAs, and this new set of probes was 

used in conjunction with the original probes to carry out depletion of batch four (Figure 5.17). 
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Figure 5.17 Genome mapping of sequenced reads of RPFs from batch four of the ribosome 

profiling experiment. Chart shows the proportion of each sample that represents the mRNA 

ORFs of interest (purple), rRNA plus the three special RNAs rnpB, srp and ssrA (blue), tRNA 

(green) and sequences which have matched in 3′ or 5′ UTRs or outside of any annotated 

region (yellow). Labels are formed of control (CT) or cold-shock (CS), time point in min, 

replicate (A or B) and batch (4).  

The new probe set was more effective at eliminating tRNA, and up to half the aligned reads 

relate to the coding RNA of interest. However, as illustrated in Figure 5.18, the actual number 

of usable reads is disappointingly small, presumably very little RNA has survived the 

processing stage. Sample CT120_B_4 in particular had very few reads and was dropped 

from subsequent analysis. 

 

 

0.00

0.25

0.50

0.75

1.00

C
T00

0A
_4

C
T00

0B
_4

C
T12

0A
_4

C
T12

0B
_4

C
S
12

0A
_4

C
S
12

0B
_4

Sample

B
a

s
e

 c
o

v
e

ra
g

e

Coding rRNA tRNA Intergenic

Genome mapping



 272 

 

Figure 5.18 Number of bases aligned to the reference chromosome in each of the four 

processing batches by RNA type. Chart shows the number of bases in each sample that 

aligned to mRNA ORFs of interest (purple), rRNA plus the three special RNAs rnpB, srp and 

ssrA (blue), tRNA (green) and sequences which have matched in 3′ or 5′ UTRs or outside of 

any annotated region (yellow). Labels are formed of control (CT) or cold-shock (CS), time 

point in min, replicate (A or B) and batch (1, 2, 3 or 4). 

 

Interestingly, a significant proportion of the RNA that remained in batch 4 following depletion 

is intergenic (Figure 5.17). Note that the term ‘intergenic’ is used here to refer to the regions 

outside of annotated ORFs, rRNAs, tRNAs and sRNAs. It includes both true ‘intergenic’ 

regions between genes, and the 5′ and 3′ UTRs preceding and following each ORF.  The 

intergenic RPF RNA has been analysed further, and the majority (≈70%) of it is accounted 

for by just 45 short sequences, as illustrated in Figure 5.19, in which the abundant intergenic 

sequences have been classified into six groups, discussed below. These 45 short 

sequences have been somewhat arbitrarily defined as sequences which have been aligned 
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over 1,000 times in any one sample. Identification numbers have been arbitrarily assigned 

to the 45 abundant intergenic RPF sequences to aid discussion. 

 

Many of these abundant intergenic RPF sequences lie in regions far from open reading 

frames. Some lie adjacent to genes but upstream of the identified likely ribosome binding 

site or downstream of the ORF, and others are adjacent to rRNA or tRNA sequences which 

will not be translated. These distant elements may have been sequestered by looping or 

bound to a ribosome or ribosome associated protein and were therefore protected from the 

MNase. 

 

Figure 5.19 Genome mapping of sequenced reads of RPFs from batch four of the ribosome 

profiling experiment with the intergenic reads further categorised into six groups. Grouping is 

the proportion of each sample that represents the mRNA ORFs of interest (deep purple), 

rRNA plus the three special RNAs rnpB, srp and ssrA (purple), tRNA (deep blue), then the 

six groups of abundant intergenic sequences (six shades of green) and other sequences 

which have matched in 3′ or 5′ UTRs or outside of any annotated region (yellow). Labels are 

formed of control (CT) or cold-shock (CS), time point in min, replicate (A or B) and batch (4).  
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The RPFs are discussed according to their categorisation into six groups in the following 

sections, and their differential expression analysis is discussed in Section 5.2.2.6. 

 

5.2.2.2.1 Group 1 – abundant RPF sequences in the 3  UTR of genes 

 

The largest group is those sequences which are a short distance after the end of an ORF 

and are thus possibly ribosomes which have translated a gene and have yet to disengage 

from the 3  UTR. An example is shown in Figure 5.20. Abundant intergenic sequence #12 

lies immediately downstream of sco0999 (sodF2, encodes a superoxide dismutase), 

immediately prior to the 3′ boundary as identified by Lee et al. (2020b). The maximum 

number of aligned bases in each track is shown on the left-hand side of the image, for 

instance the most abundant reads in the CS120A sample have been aligned 2,755 times. 

Whilst they provide context for the following figures, these numbers are not normalised and 

cannot be directly compared between tracks.  

 

 

Figure 5.20 IGV view of the BAM file alignment covering abundant intergenic RPF #12 in the 

3  UTR of sco0999. Image shows the alignment of reads from five ribosome profiling 

samples, labelled as before. The grey histogram shows the number of times each base has 

been counted, with the abundant RPF sequence highlighted in blue. Numbers along the top 

indicate position on the chromosome, and the red bar the position of gene sco0999. The 

numbers on the left-hand side indicate the maximum number of bases aligned in each track. 

The 17 RPFs in this group are listed in Table 5.6. Lee et al. (2020b) have attempted to 

determine the 3  boundaries of RNA transcripts in S. coelicolor, and these are consistent 



 275 

with nine of the RPFs listed, that is the RPF sequence lies between the end of the ORF and 

the identified 3  UTR boundary. Cells where no 3  UTR boundary has been identified have 

been left blank.  

Table 5.6 Group one abundant intergenic RPFs – sequences which are in the 3  UTRs of 

genes. 

 

Table shows the arbitrarily assigned RPF number and respective sequence start and end 

point for each abundant RPF, then the name, ORF start, ORF end and strand of the adjacent 

gene. The distance from the ORF end to the start of the RPF is shown, and any nearby 3 

UTR boundary identified by Lee et al. (2020).  

5.2.2.2.2 Group 2 – abundant RPF sequences in the 5  UTR of genes 

 

Twelve abundant intergenic RPF sequences are located closely upstream of genes, 

apparently in their 5  UTRs. They are listed in Table 5.7, and their distance from the 

boundary of the 5  UTR as determined by the Cho laboratory is also shown where known 

(Jeong et al., 2016). Three of the sequences are located exactly at the boundary of the 5  

UTRs - the two cold-shock protein-encoding genes sco4684 and sco5921, and sco1600, 

also known as if3 / infC, which codes for translation initiation factor IF3 (Figure 5.21). As 

discussed in Section 1.3.1.1, IF3 is integral to cold-shock translational bias in E. coli 

(Giuliodori et al., 2007). 

 

The RPF sequences at the 5′ UTR boundaries of sco4684 and sco5921 are identical so it is 

not possible to determine which in which gene’s UTR the RPFs are located, or whether they 

are located in both. There may be a model whereby ribosomes are queued in the 5’ UTR so 

Distance Lee et al.

# From To From To Strand gene to RPF 3' boundary Gene description

09 533,494    533,512    sco0499 cchA 532,501    533,445    + 49 533,516         formyltransferase

10 806,083    806,066    sco0762 sti 806,606    806,175    - 92 806,042         protease inhibitor protein

11 806,167    806,120    sco0762 sti 806,606    806,175    - 8 806,042         protease inhibitor protein

12 1,054,736 1,054,710 sco0999 sodF2 1,055,401 1,054,757 - 21 1,054,706      superoxide dismutase

13 1,950,897 1,950,914 sco1820 1,950,275 1,950,751 + 146 hypothetical protein

14 2,040,780 2,040,746 sco1906 2,042,451 2,040,982 - 202 hypothetical protein

15 2,625,429 2,625,453 sco2445 2,624,026 2,625,402 + 27 acetyl CoA carboxylase subunits alpha/beta

16 2,537,322 2,537,304 sco2368 tdd8 2,537,915 2,537,343 - 21 2,537,227      hypothetical protein

17 2,860,814 2,860,832 sco2633 sodF1 2,860,089 2,860,727 + 87 2,860,832      superoxide dismutase

18 2,996,439 2,996,420 sco2750 2,997,352 2,996,492 - 53 2,996,339      hypothetical protein

19 3,392,038 3,392,020 sco3097 rpfA 3,392,817 3,392,086 - 48 hypothetical protein

20 3,616,909 3,616,943 sco3270 3,616,286 3,616,795 + 114 hypothetical protein

21 4,258,008 4,258,027 sco3869 wdpA 4,252,857 4,257,884 + 124 WD-40 repeat-containing protein

22 4,470,100 4,470,078 sco4076 4,470,578 4,470,264 - 164 4,470,036      LSR2-like protein

23 4,925,715 4,925,696 sco4505 4,925,953 4,925,753 - 38 4,925,695      cold shock protein

24 5,421,158 5,421,141 sco4983 5,421,628 5,421,209 - 51 hypothetical protein

25 6,765,610 6,765,592 sco6162 6,766,405 6,765,626 - 16 two-component system response regulator

Abundant RPF Adjacent gene
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as to be instantly available once an initiating stress occurs, but it is not clear why they would 

be located so far from the translational start point. Possilby the 3D structure of the mRNA is 

such that it brings the end where the ribosome is apparently attached into close proximity of 

the translational start point. 

 

Two other cold-shock protein coding genes (cspA homologues) also have abundant 

intergenic RPFs in their 5  UTR, either 37 bases from the TSS (sco3731) or 43 bases from 

the TSS (sco4505). Note sco4505 is in both groups 1 and 2, as it has abundant RPFs in its 

3  UTR as well (Figure 5.22).  

 

Table 5.7 Group two abundant intergenic RPFs – sequences which are in the 5  UTRs of 

genes. 

 

Table shows the arbitrarily assigned RPF number and respective sequence start and end 

point for each abundant RPF, then the name, ORF start, ORF end and strand of the adjacent 

gene. The distance from the end of the RPF to the start of the ORF is shown, and the 

distance from any 5  UTR boundary identified by Jeong et al. (2016) and the start of the 

RPF. 

*#28 is located upstream of sco2951 and is outside of the 5  UTR boundary, and #33 is 

located upstream of sco5028 but is also outside of the 5  UTR. Possibly the 5 UTR is of 

variable length under different experimental conditions. 

  

Distance Distance 5ʹ UTR Jeong et al.

# From To From To Strand RPF to ORF start to RPF 5ʹ boundary Gene description

26 373,044    372,984    sco0367 372,478    371,924    - 506 hypothetical protein

27 1,712,073 1,712,039 sco1600 if3 1,711,774 1,711,124 - 265 0 1,712,073  translation initiation factor IF-3

28 3,208,805 3,208,785 sco2951 3,208,452 3,207,040 - 333 3,208,574* malate oxidoreductase

29 4,105,235 4,105,262 sco3731 4,105,340 4,105,540 + 78 37 4,105,198  cold-shock protein

30 4,926,064 4,926,032 sco4505 4,925,953 4,925,753 - 79 43 4,926,107  cold shock protein

31 5,113,589 5,113,609 sco4684 5,113,748 5,113,948 + 139 0 5,113,589  cold shock protein

32 5,340,490 5,340,507 sco4908 sigQ 5,340,552 5,341,139 + 45 114 5,340,376  RNA polymerase sigma factor

33 5,462,580 5,462,605 sco5028 5,463,012 5,464,334 + 407 5,462,612* ATP-binding protein

34 5,844,705 5,844,729 sco5375 5,844,778 5,845,230 + 49 hypothetical protein

35 6,489,982 6,489,961 sco5921 6,489,820 6,489,620 - 141 0 6,489,982  cold-shock domain-containing protein

36 5,055,671 5,055,692 sco4632 5,055,828 5,058,725 + 136 ATP/GTP binding protein

37 5,055,074 5,055,057 sco4631 5,054,666 5,052,987 - 391 hypothetical protein

Abundant RPF Adjacent gene
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Figure 5.21 IGV view of the BAM file alignment covering abundant intergenic RPFs #35 in 

the 5 UTR of sco5921 (Panel A), #31 in the 5  UTR of sco4684 (Panel B) and #27 in the 5 

UTR of sco1600 (Panel C). The abundant RPF is shown in blue. X-axis shows position on 

chromosome, and the y-axis shows the sample identifier. The number at the beginning of 

each track shows the maximum number of aligned reads in that track. 

 

A 
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Figure 5.22 IGV view of the BAM file alignment covering abundant intergenic RPFs #30 in 

the 5  UTR of sco4505, #23 in the 3  UTR of sco4505 (Panel A) and #31 in the 5 UTR of 

sco3731 (Panel B). The abundant RPF is shown in blue. X-axis shows position on 

chromosome, and the y-axis shows the sample identifier. The number at the beginning of 

each track shows the maximum number of aligned reads in that track. 

 

5.2.2.2.3 Group 3 – abundant RPF sequences adjacent to rRNAs 

 

The 18 annotated rRNAs in the S. coelicolor chromosome occur in six putative operons each 

containing sequences for 16S, 23S and 5S rRNA. In E. coli they are transcribed 

polycistronically and then cleaved into their constituent rRNAs and it is reasonable to assume 

the same is true for S. coelicolor (Zimmerman & Dahlberg, 1996). The 5S rRNAs are 

identical in all but their first two and final bases, the 23S rRNAs are very similar but do have 

A 

B 
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some variation within their core and the 16S rRNAs are identical save for three single bases 

which are different in one of the six members. The regions between the rRNAs are also 

extremely similar between the six regions. 

 

Six of the abundant intergenic RPF sequences lie in the spaces between the 16S and 23S 

rRNAs (Table 5.8). In E. coli this region contains one or two tRNAs and is essential to the 

nucleolytic process whereby the rRNAs are cut from the transcribed RNA (Jemiolo, 1996). 

Figure 5.23 illustrates the intergenic sequences aligned with all six rRNA regions. The RPFs 

shown in panels A, B and C are identical, as are the sequences in panels D, E and F. The 

Hisat2 alignment software is unable to detect which of the three possible sequences the RPF 

has matched to and has therefore the same pattern has been repeated each time. It is not 

possible to assess from the data gathered which of the three possible locations each RPF 

aligns to. As in Figure 5.19, some bases remain which are aligned within the rRNA 

sequences themselves despite the rRNA depletion process which attempted to remove 

these sequences. 

 

 

Figure 5.23 IGV views of the BAM file alignment of reads from five ribosome profiling 

samples for the six intergenic spaces between the 16S and 23S rRNAs. Abundant intergenic 

RPF sequences are shown in blue, other aligned bases in grey. Red bars indicate location 

of mature rRNAs and red arrows indicate their direction of transcription. 
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Table 5.8 Group three abundant intergenic RPFs – sequences which lie between the 16S 

and 23S rRNA sequence.  

 

Table shows the arbitrarily assigned RPF number and respective sequence start and end 

points, and the annotation of the preceding 16S rRNA. 

5.2.2.2.4 Group 4 – abundant RPF sequences adjacent to tRNAs 

 

Six of the abundant intergenic RPF sequences lie adjacent to five tRNAs (two lie either side 

of tRNA SCOt35) (Figure 5.24, Table 5.9). The 3  boundaries for the tRNAs are not known. 

The RPF which lies in the 5 UTR of tRNA35 coincides precisely with the 5  nucleotide 

boundary as identified by the Cho Laboratory (Jeong et al., 2016). 

 

Table 5.9  Group four abundant intergenic RPFs – sequences which lie adjacent to tRNAs. 

 

Table shows the arbitrarily assigned RPF number and respective sequence start and end 

point for each abundant RPF, then the name, coding sequence start, coding sequence end 

and strand of the adjacent tRNA. The 5′ UTR boundary is shown if identified, then the 

distance from the end of the RPF to the start of the tRNA coding sequence, and the distance 

between the 5′ UTR boundary and the start of the RPF. 

Whilst #42 seems to be unique in having an RPF in its 5  UTR, a further 14 tRNAs have 

adjacent RPFs at their 3  end, though these are not abundant enough to have been included 

in group 4 (SCOt02, 10, 14, 17, 19, 25, 29, 31, 32, 34, 41, 45, 47 and 63). (The qualifying 

criterion to be included was an arbitrary 1,000 aligned reads in any of the five samples).  

Preceding

# From To 16S rRNA Strand

3 1,472,062      1,472,038      SCOr03 -

4 1,919,941      1,919,917      SCOr06 -

5 3,300,100      3,300,076      SCOr09 -

6 3,688,945      3,688,852      SCOr12 -

7 4,532,262      4,532,353      SCOr14 +

8 6,271,584      6,271,676      SCOr17 +

Abundant RPF

Jeong et al.

# From To From To Strand 5' or 3' 5' boundary RPF to tRNA RPF to boundary

40 1,641,922 1,641,904 SCOt01 1,642,017 1,641,943 - 3' 21

41 3,481,829 3,481,787 SCOt26 3,481,912 3,481,839 - 3' 10

42 4,407,452 4,407,434 SCOt35 4,407,512 4,407,602 + 5' 4,407,434 60 0

43 4,407,642 4,407,626 SCOt35 4,407,512 4,407,602 + 3' 24

44 4,407,911 4,407,871 SCOt36 4,407,794 4,407,866 + 3' 5

45 5,038,619 5,038,598 SCOt48 5,038,512 5,038,593 + 3' 5

Abundant RPF Adjacent tRNA Distance
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Figure 5.24 IGV view of the BAM file alignments illustrating abundant intergenic RPFs 

adjacent to tRNAs. Panel A shows #40, B shows #42 (left hand side) and #43 (right hand 

side), C shows #41, D shows #45 and E shows #44. The abundant RPFs are shown in blue. 

X-axis shows position on chromosome, and the y-axis shows the sample identifier. The 

number at the beginning of each track shows the maximum number of aligned reads in that 

track. 

5.2.2.2.5 Group 5 – Longer abundant RPF sequences 

 

The RPFs discussed above in groups one to four tend to have sharply defined start and end 

points, where exactly the same sequence was aligned each time. There are two RPFs which 

show a more spread-out shape, possibly indicative of many different but overlapping 

fragments being protected. In the chromosome there exist many small open reading frames 

(smORFs), which could potentially be translated to small peptides. Ribosome profiling has 

been used in other organisms to identify smORFs which are associating with ribosomes, 

and actually being translated (Aspden et al., 2014). The shape of these two RPFs could 

possibly be consistent with a small open reading frame, with different sections being 

protected as the ribosome travels along them (Figure 5.25 and Table 5.10). The sequence 

A 

C 

B 

D 

E 
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for RPF #01 starts with GTG, a common alternative bacterial start codon, and has an in 

frame stop codon, though this is mid-way through the section (at 838,811). The sequence 

for RPF #2 does not start with a common start codon. Although it has been demonstrated 

that translation is possible in bacteria using 47 of the 64 possible codons, it is inefficient and 

rare so it is less likely that this second RPF is being translated (Hecht et al., 2017). Further 

investigation would be required to establish if these two RPFs are indeed being translated. 

 

 

 

Figure 5.25 IGV view of the BAM file alignment of two spread-out abundant intergenic RPFs.  

Panel A shows #01, and B shows #02. The abundant RPFs are shown in blue. X-axis shows 

position on chromosome, and the y-axis shows the sample identifier. The number at the 

beginning of each track shows the maximum number of aligned reads in that track. 

Table 5.10 Group five abundant intergenic RPFs – those that show a spread-out pattern. 

 

Table shows arbitrary RPF identifier and start and ends of RPF alignment. 

 

  

# From To Strand

1 838,746        838,862        +

2 4,805,601     4,805,789     -

Abundant RPF

A 

B 
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5.2.2.2.6 Group 6 – Antisense and sRNA RPF sequences 

 

RPF sequence #44, lies between sco2821 and sco2822. The two genes are located on the 

reverse strand, whilst RPF #44 is on the forward strand, that is the RPF is antisense to the 

two adjacent genes. Sequence #45 lies within the sequence identified by Jeong et al. (2016) 

as sRNA090 with a suggested role as a trans-acting regulatory sRNA, and has been 

classified here in group 6 as a result. It could also have been allocated to group 1, as it lies 

within the 3′ UTR of and on the same strand as sco3437 (Lee et al., 2020b). 

Table 5.11 Group six abundant intergenic RPFs – those that lie on the opposite strand to 

adjacent genes. 

 

 

5.2.2.3 Principal Component Analyses 

 

PCA was carried out as before and the resulting graphs are shown in Figure 5.26. As can 

be seen in Figure 5.18 the RNA processing has failed for sample CT120B_4 resulting in very 

few usable reads and it was excluded from this and all further analysis. The three 

experimental conditions, illustrated as square, circle and triangle, form three clusters as 

expected. However, there are two anomalous data points in batch one, identified in the plot 

by black arrows, where a CT120 sample is clustered with the CT000 samples, and vice 

versa. The most likely explanation for this is that the two samples were mislabelled during 

the experiment and exchanged for each other. In this analysis it has been assumed that this 

was the case, and they have been relabelled for subsequent study. 

  

# From To Strand

44 3,082,274      3,082,302      +

45 3,799,141      3,799,107      -
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Figure 5.26 PCA of differential transcript expression in the Ribosome-protected Fragment 

(RPF) and total RNA samples, under three experimental conditions. CT000 is the ‘time=0’ 

reference sample, CS120 samples were taken 120 min following cold-shock and CT120 

control samples were taken after 120 min maintained at 30°C. The RNA was extracted from 

two biological replicates and the RPFs were processed in four batches, shown as varying 

point sizes. The black arrows highlight the anomalous samples. 

5.2.2.4 Relative Translational Efficiency 

 

The datasets were analysed in the same way as the polysome profiling datasets, and the 

TE of each gene calculated, and the resulting scatterplots showing fold change relative to 

‘time=0’ reference samples in total RNA versus fold change in RPFs are shown in Figure 

5.27 and Figure 5.28. 
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Figure 5.27 The log2-fold change relative to ‘time=0’ reference samples in differential 

transcript expression in the total RNA samples (x-axis) versus the log2-fold change in the 

ribosome-protected fragments. Genes from the two cold-shock operons of interest are 

highlighted in red. Results are combined from two biological replicates and four technical 

replicates of each experimental treatment. 

As with the polysome profiling analysis, it is clear that the genes from the two cold-shock 

operons of interest not only showed a big increase in differential transcript expression in the 

total RNA samples, but also in the RPFs. This demonstrates that as expected they exhibit a 

big increase in translation as well as in transcription. The other two data points shown in blue 

in Panel A which lie in the same region are sco3681 (of unknown function) and sco3682 (des 

which codes for a delta fatty acid desaturase).  

 

The data have been analysed to identify significant changes in TE and classified in the same 

way as the polysome profiling data above (Figure 5.28). 
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Figure 5.28 The log2-fold change relative to ‘time=0’ reference samples in differential 

transcript expression in the total RNA samples (x-axis) versus the log2-fold change in the 

ribosome-protected fragments, coloured according to classification group. Scatter graphs 

show the log2-fold change in differential transcript expression in the total RNA samples (x-

axis) versus the log2-fold change in the monosome-associated and polysome-associated 

fractions. Transcripts are coloured grey if they do not show significant transcriptional or 

translational change, or according to classification as discussed above. Results are 

combined from two biological replicates and four technical replicates of each experimental 

treatment. 

 

Many genes showed evidence of post-transcriptional regulation in both the cold-shock and 

control samples. The Pearson’s correlation coefficient is 0.81 for the cold-shock samples vs 

0.89 for the control samples, suggesting a greater role for post-transcriptional regulation in 

these data compared to the polysome profiling data. In total, 451 genes are classified as 

‘Exclusive’, ‘Potentiated’, or ‘Buffered’ in the cold-shock samples, of which 75 are also 

classified as being post-transcriptionally regulated in the control samples. It is assumed that 

genes which are classified in both the cold-shock and control samples are responding to the 

addition of fresh media not to the cold-shock. Of the remaining 376 genes, the majority are 

Buffered, that is their change in translation is at a lower ratio than their change in differential 

transcript expression following cold-shock. They are summarised in Table 5.12. 
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Table 5.12 Summary of classifications of genes subject to post-transcriptional regulation 

following cold-shock in the ribosome profiling experiment. 

Classification Count of genes 

Buffered 300 

Exclusive down 20 

Exclusive up 45 

Potentiated 11 

Exclusive – these are genes which are exclusively regulated during translation, either down 

or up regulated. Potentiated – these genes are being regulated both transcriptionally and 

translationally, and the translational regulation is in the same direction to transcriptional. 

Buffered - these genes are being regulated both transcriptionally and translationally, and the 

translational regulation is in the opposite direction to transcriptional. 

Surprisingly, there is little overlap between the results of the ribosome profiling and the 

polysome profiling experiments. Only five genes are present in both sets of post-

transcriptionally regulated genes, all of which are in the polysome fraction of the polysome 

profiling experiment, and none of which are in the monosome fraction. Four of the five show 

a different classification between the two experiments (Table 5.13). Two genes from the 

sco5921 operon are present in both results and are showing the opposite post-transcriptional 

trend to each other, consistent with a role in fine tuning the stoichiometry of proteins from the 

transcribed operon. It is possible that an unmeasured difference in the respective 

experimental conditions is responsible for the post-transcriptional induction in one 

experiment and repression in the other. Genes sco0818 and sco0819 are adjacent on the 

same strand and separated by just three bases, but no TSS has been identified for them 

and it is not known if they are transcribed operonically or not, nor what their function is beyond 

their identity as encoding an ABC transporter ATP-binding protein and a transmembrane 

transport protein.  sco5471 is also known as gcvH and is discussed in Section 0. 
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Table 5.13 Genes classified as post-transcriptionally regulated in both the polysome and 

ribosome profiling experiments. 

Gene ID 
Ribosome 
profiling 
classification 

Polysome 
profiling 
classification 

sco0818 Potentiated Exclusive up 

sco5471 Buffered Exclusive down 

sco5918 Buffered Potentiated 

sco5920 Buffered Potentiated 

sco0819 Exclusive up Exclusive up 

Exclusive – these are genes which are exclusively regulated during translation. Potentiated 

– these genes are being regulated both transcriptionally and translationally, and the 

translational regulation is in the same direction to transcriptional. Buffered - these genes are 

being regulated both transcriptionally and translationally, and the translational regulation is in 

the opposite direction to transcriptional. 

5.2.2.5 Characterisation of post-transcriptionally regulated genes identified by ribosome 

profiling. 

 

Four CSP related genes were post-transcriptionally regulated (PTR) following cold-shock in 

SMM liquid medium. Genes sco5918 and sco5920, (PTR in both the ribosome and 

polysome profiling experiments), the DEAD-box helicase coding sco4685 and the putative 

CSP coding sco6439, all ‘Buffered’ (Table A16.1). 

 

Thirty genes whose products are involved in regulation were PTR (Table A16.2), twenty-

seven ‘Buffered’ and three ‘Exclusive up’ - afsQ1, part of the two-component system 

regulating alternative sigma factor SigQ and pup (sco1646), the ‘prokaryotic ubiquitin-like 

protein’ that tags proteins for degradation (Section 1.2.4) (Boubakri et al., 2015), both 

‘Buffered’; the protease coding lon (sco5285) (Bucca et al., 2003) was also buffered and 

clpC (sco3373), which codes for a regulator of the regulatory Clp protease (de Crecy-Lagard 

et al., 1999) was ‘Exclusive up’; lexA (sco5803) which codes for a regulator of secondary 

metabolism was ‘Buffered’ (Jeong et al., 2016). Four sigma factors were also ‘Buffered’, sigU 

(sco2954), sigR (sco5216), sco4769 and sco5147 as was anti-sigma factor σR-encoding 
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rsrA (sco5217) (Table A16.3) (Kormanec et al., 2016; Paget et al., 2001; Rodríguez-García 

et al., 2007). Thirteen members of two-component systems were PTR (Table A16.4), 12 

‘Buffered’ and one ‘Exclusive Up’. The response regulator of differentiation and antibiotic 

production-encoding mtrA was ‘Buffered’, and its associated histidine kinase-encoding mtrB 

(sco3012) was ‘Exclusive up’ (Sánchez de la Nieta et al., 2022). Twelve genes associated 

with translation were PTR (Table A16.5), a mixture of ‘Buffered’, ‘Potentiated’, ‘Exclusive 

down’ and ‘Exclusive up’. Seven of these code for components of the ribosome itself 

(sco3124, rprR2 (sco3425), rpmE2 (sco3427), rpmG3 (sco4635), rplE (sco4714), rpmD 

(sco4720) and rplM (sco4734)), sco1782 codes for an rRNA modifying protein, rns 

(sco2599) codes for RNAse E, sco1152 for a helicase, dnaJ for a component of the DnaK 

molecular chaperone machine and infB (sco5706) for translation initiation factor IF-2. Seven 

transporter coding genes were PTR, sco0818 (Potentiated) and sco0819 (Exclusive up) 

discussed above as being PTR in both the ribosome and polysome profiling datasets, and 

sco1806, sco1812, sco3166 and sco4359 and sco4641, all ‘Buffered’ (Table A16.6). 

 

Ten genes whose products are involved in differentiation and secondary metabolism were 

PTR, nine ‘Buffered’ and one (sco0774) ‘Exclusive down’ (Table A16.7). The copper export 

regulator encoding copZ was ‘Buffered’ as was gcs which codes for germicidin; pkaH 

(sco4775) is part of the locus of serine / threonine kinase coding genes associated with spore 

wall synthesis (Ladwig et al., 2015); scbR (sco6265) codes for a -butyrolactone receptor 

(Takano et al., 2005a); bldD codes for a regulator of aerial mycelium formation, and bldKB 

for an oligopeptide importer used for aerial mycelium formation (McCormick & Flärdh, 2012); 

actI3 is part of the actinorhodin biosynthesis cluster (Kim et al., 2007); hupA (sco2950) is a 

potential Nucleoid Associated Protein (NAP)  associated with the vegetative development 

stage (Salerno et al., 2009); sco3249 is a putative acyl carrier protein with a role in secondary 

metabolism and sco0774 a putative pentalenic acid synthase which also has a role in 

secondary metabolism (Kanehisa & Goto, 2000). 

 

Four genes whose products are involved in purine metabolism were PTR, purK (sco3060) 

and sco1530 ‘Exclusive up’ and hemH (sco4071) and purl (sco4079) ‘Buffered’ (Table 

A16.8). Eight genes whose products are potentially involved in cell wall functions were PTR 

(Table A16.9) – pspA, which encodes cell wall stress responsive phage shock protein A, 

was ‘Buffered’ and cseA (sco3357) was ‘Exclusive up’. cseA is a member of a four gene 
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operon along with cell wall stress sigma factor sigE, and the cell wall stress sensing TCS 

cseBC, though the function of the lipoprotein cseA is not yet known (Tran et al., 2019). Two 

cell wall hydrolases were PTR, sco0974 was ‘Buffered’ and sco3098 was ‘Exclusive down’, 

four glycerophospholipid coding genes were ‘Buffered’, glpQ1 (sco1565), gylB (sco1661), 

sco1759 and sco1968. Two genes coding for proteins associated with a response conferring 

resistance to antibiotics were PTR, the sco3366 efflux pump was ‘Buffered’ and tuf1 

(sco4662), the antibiotic sensitive paralogue of tuf3 was ‘Exclusive down’ (Table A16.10). 

Three stress response genes were PTR (Table A16.11), sco1089 part of an osmotic stress 

response cluster discussed above and sco0199 were ‘Buffered’ and tdd8 (sco2368) tellurite 

resistance coding gene (‘Exclusive down’)  (Millan-Oropeza et al., 2020). Deletion of tdd8 

causes upregulation of the stress response cluster (Daigle et al., 2015). 

 

Ten genes coding for proteins involved in porphyrin metabolism were PTR, nine ‘Buffered’ 

and one ‘Exclusive Up’ (Table A16.12). Seven of these are from the ‘cob’ locus, involved in 

biosynthesis of cobalamin / vitamin B12, one (cobD / sco1847) ‘Exclusive up’ and the other 

six ‘Buffered’ (Hesketh et al., 2007; Kanehisa & Goto, 2000; Kormanec et al., 2016; O’Leary 

et al., 2016; Sánchez de la Nieta et al., 2022). Four other B-vitamin related genes were 

‘Buffered’ (Table A16.13), sco3403 (Folate biosynthesis), sco1996 and sco4744 

(Pantothenate / CoA biosynthesis), and sco2157 (Thiamine biosynthesis). 

 

Nineteen genes involved in amino acid metabolism were PTR (Table A16.14). Seven genes 

coding for proteins involved in glycine, serine and threonine metabolism were ‘Buffered’ 

(asd1 / sco2640, asd2 / sco3614, ask / sco3615, gcvH / sco5471, sco5470, sco1378 and 

sco5657) and one ‘Exclusive down’ (pdhL / sco2180). The products of three of these genes 

(asd1, asd2 and ask) are also involved in lysine biosynthesis and cysteine and methionine 

metabolism, and pdhL is also categorised for its involvement in valine, leucine and isoleucine 

degradation. Gene sco2999 whose product is involved in arginine biosynthesis, taurine 

metabolism and glutamate metabolism was ‘Potentiated’; the histidine metabolism protein 

coding sco0911 and sco2115 whose product is involved in phenylalanine, tyrosine and 

tryptophan biosynthesis were both ‘Exclusive down’; leuA (sco2528) whose product is 

involved in leucine, isoleucine and valine biosynthesis , cpeB (sco0560) whose product is 

involved in phenylalanine metabolism and sco7507 whose product is involved in taurine 

metabolism were ‘Buffered’ and sco1591, another phenylalanine metabolism associated 
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gene was also ‘Buffered’. Four other genes whose products are involved in valine, leucine 

and isoleucine degradation were PTR, sco3079, sco5399 were “Buffered’, sco3830 was 

‘Exclusive up’ and sco5676 was ‘Exclusive down’. 

 

Genes coding for members of energy pathways were PTR, specifically those involved in the 

TCA cycle (Table A16.15), pyruvate metabolism (Table A16.16), glyoxylate metabolism 

(Table A16.17) and glycolysis (Table A16.18). Thirty-three genes were categorised in other 

categories (Table A16.19) including : - sco0975, whose product forms part of the pentose 

phosphate pathway was ‘Buffered’, as were sco1934, sco1081, sco1082 and sco2151 

which code for proteins involved in oxidative phosphorylation. Two genes coding for proteins 

involved in galactose metabolism were ‘Buffered’, galE1 / galT (sco3137) and sco3326.  Five 

genes whose products are involved in fatty acid metabolism were PTR – fabD (sco2387) 

and accB (sco5535) involved in fatty acid biosynthesis (‘Buffered’); sco3800 involved in fatty 

acid beta oxidation (‘Buffered’); sco6473 and gabT (sco5676) involved in butanoate 

metabolism (‘Buffered’ and ‘Exclusive down’ respectively). 

 

Three genes coding for the putative zinc siderophore coelibactin were PTR, sco7681 

(‘Potentiated’) and sco7686 and sco7687 (‘Buffered’) (Hesketh et al., 2009), as was zitB 

(sco6751) that codes for a putative zinc export protein (Clara et al., 2022) and two iron 

transport coding genes, sco1785 and sco1787 (all three ‘Buffered’) (Kanehisa & Goto, 2000). 

Five terpenoid backbone related genes were PTR, sco3079, sco3148, sco3858 and 

sco5399 ‘Buffered’, and ispH (sco5058) ‘Exclusive up’, and a ubiquinone and terpenoid 

quninone biosynthesis coding gene sco4491 was also ‘Exclusive up’. Note sco5399 is also 

categorised in a number of other categories. Other ‘Buffered’ genes include sco4916 coding 

for an amino and sugar metabolism protein; sco3542 coding for a cytoskeletal protein; and 

sco2093 coding for a nitrogen metabolism protein. sco2999 encodes a protein involved in 

several categories, including nitrogen metabolism and was ‘Potentiated’. Two-hundred and 

fourteen other genes of unknown function were PTR and these are listed in Table A16.20. 
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5.2.2.6 Differential expression of intergenic RPFs following cold-shock 

 

RPF#22, which lies in the 3′ UTR of sco4076 which encodes an LSR2-like protein, is the 

only RPF which was significantly differently expressed in the RPF samples versus the total 

RNA samples following cold-shock, in the category ‘Buffered’. It was transcriptionally 

repressed 13-fold following cold-shock but showed a 1.4-fold induction in the RPF samples. 

This of course does not suggest that it was being translated, just that whatever mechanism 

was protecting this mRNA from the MNase was significantly more effective following cold-

shock. 

 

5.3 Discussion 

 

The extent to which the CSR is regulated post-transcriptionally was assessed using 

both polysome profiling and ribosome profiling, and there were significant 

differences between the results from the two techniques. Very little post-transcriptional 

regulation was observed following cold-shock using polysome profiling, with just 46 genes 

showing a significantly altered TE in one or both of the monosome and polysome fractions. 

A total of 376 genes showed evidence of post-transcriptional regulation using ribosome 

profiling, but there was little commonality between the two sets of genes, with only five being 

present in both. Two of the five are members of the sco5921 operon - the other two members 

of the sco5921 operon were identified as PTR only in the polysome profiling experiment not 

in the ribosome profiling experiment. Despite its similarity to the sco5921 operon, and its 

similar increase in transcription following cold-shock, none of the members of the sco4684 

operon were shown to be PTR. 

 

Translational control has been shown to play an important role in the heat-shock response 

of S. coelicolor using polysome profiling techniques (Bucca et al., 2018), so it is interesting 

to note that translational control appears to be less important in the cold-shock response.  

 

Both techniques could benefit from optimisation. Both techniques involved non-trivial 

amounts of post-extraction processing during which fragile RNA may have been damaged 

or destroyed, and for operational reasons samples were moved between laboratories for 

different stages of their processing. Minimising these movements may lead to more robust 
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results. Polysome profiling depends on the difference in density caused by the interaction of 

one or more ribosomes with mRNA, but mRNA is frequently transcribed polycistronically in 

bacteria, and it could be imagined that a piece of mRNA with more than one gene present 

could be associated with a ribosome, and thus all genes on the mRNA be counted whilst 

only one is in fact being translated. Further analysis using ‘long read’ sequencing could 

perhaps be used to assess the extent to which this occurs, and whether it is likely to cause 

significant perturbation to the results. The number of reads generated by the ribosome 

profiling experiment that aligned with ORFs was low and it is not immediately clear why this 

is. Possibly over-digestion with MNase took place leading to loss of useful material. The 

experiment could be repeated with experimental conditions being varied, in particular the 

length of time that the ribosome-associated mRNA is incubated with the MNase or an 

increase in the amount of mycelium that is initially harvested, to try to improve the number of 

useful reads aligned.  

 

A large amount of tRNA fragments were protected from, or resistant to, the MNase. It 

is not immediately apparent why this is the case. The tRNA appeared to be formed of tRNA-

halves, cleaved at the anti-codon. In some cases both halves of the tRNA were present, 

either in roughly equal or more commonly in unequal quantities and in some just one half of 

the tRNA was present.  

 

Haiser et al. (2008) reported an abundance of tRNA-halves 30 – 35 nt in length in S. 

coelicolor cultures grown on and in supplemented minimal media, but not in cultures grown 

on R2YE rich medium. These tRNA-halves were not always present, appearing at the time 

of aerial hyphae formation and then decreasing in abundance as the cultures proceeded 

through to sporulation. However, they only detected tRNA-halves for 17 of the 65 possible 

tRNAs, and half of these were formed of the sequence on the 5′ side of the anticodon and 

half of the sequence on the 3′ side, with tRNA-halves from both sides of the anticodon 

present for just one tRNA. In the experiment described in Section 5.2, some level of tRNA-

halves was detectable for all 65 tRNAs following cold-shock, and there was a marked bias 

towards sequences 5′ of the anticodon – tRNA-halves were detected from the 5′ side of the 

anticodon for 61 tRNAs, including 17 for which tRNA-halves were detected from both the 3′ 

and 5′ side, and tRNA-halves were present from the 3′ side alone for just four tRNAs. It is 

possible that the MNase degraded tRNA-halves from the 3′ side more efficiently which may 

in part explain this difference in results. Haiser et al. speculate that the formation of these 
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tRNA halves may be part of a yet to be understood stress response, and a similar 

phenomenon has been noted in Tetrahymena thermophila in response to amino acid 

starvation and in yeast during entry into stationary phase or during stress-induced apoptosis 

(Lee & Collins, 2005). It certainly presents an interesting avenue for future research – it is 

possible that these tRNA-halves fulfil a regulatory function following cold-shock. 

 

The question remains as to whether these tRNA-halves are also present in the total RNA 

samples but have been excluded from sequencing by bias in the library preparation 

procedure, or if they are a by-product of the experimental procedure. It is possible to imagine 

the anticodon being cleaved by the MNase nuclease but the secondary structure of the rest 

of the tRNA in some way resisting degradation. NEB have confirmed that RNA this small 

would not be included in cDNA prepared using the NEBNext Ultra II Directional RNA Library 

Prep Kit for Illumina used to prepare libraries for the total RNA samples (NEB, personal 

communication).  

 

Many Ribosome-Protected Fragments outside of ORFs were identified. The largest 

group of these was RPFs in the 3’ UTR of genes. It is possible that this is an unexpected 

side effect of the processing that has taken place. There is some evidence that in E. coli 

chloramphenicol prevents ribosomal dissociation (Pathak et al., 2017), though in the results 

examined here there was often some distance between the end of the ORF and the location 

of the RPF, and the chloramphenicol should have halted ribosomal procession, so it is likely 

that the ribosomes were already positioned in the 3′ UTRs before the chloramphenicol was 

applied. It may be that a non-ribosomal protein is protecting part of the UTR, or that this RNA 

was protected from MNase digestion within the large 3D ribonucleoprotein structure of the 

ribosomal subunits. It is curious that of the twelve RPFs located in the 5′ UTRs of genes, four 

are adjacent to genes which encode cold shock proteins, and that two of these, in the UTRs 

of sco5921 and sco4684, as well as one in the UTR of if3 which codes for a translation 

initiation factor, were located exactly at the TSS. It would be tempting to hypothesise a 

system where ribosomes are queued in the UTR of genes to be released immediately once 

a stress is detected, but there is little evidence of post-transcriptional regulation of these 

genes, just two showed PTR in either experiment, hypothetical protein-encoding gene 

sco5375 was buffered in the ribosome profiling experiment and sco5921 was buffered in the 

monosome fraction of the polysome profiling experiment. It is also unclear why they would 

be queued so far from the translational start site. 
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rRNA maturation occurs in the context of the assembling ribosome (Deutscher, 2009), and 

the coupling of these two events may explain the RPFs located between the 16S and 23S 

rRNA sequences. If, as in E. coli, each set of three rRNAs is transcribed polycistronically, 

then matured into three separate RNA units whilst interacting with ribosomal subunits, this 

interaction may be providing the protection from MNase observed. The RPFs which occur 

adjacent to tRNAs could also conceivably be associated with pre-processing of the 

transcribed tRNA, either (somewhat counterintuitively) nucleases such as RNase P which 

had attached to the nascent tRNA but not yet degraded it, or a protein effecting a post-

transcriptional modification could have protected the RNA from the MNase. 

 

Whether the two RPFs tentatively identified as potential SMORFs are indeed being 

translated needs to be tested through further experimentation. It is worth noting that their 

theoretical protein products were not detected in any of the samples which were subjected 

to mass spectrometry discussed in Appendix 2 , which suggests that they are not being 

translated. The two other identified RPFs, one of which lies antisense to its neighbouring 

genes and the other which lies within an sRNA, do not have an immediately obvious 

explanation.  

 

A wide range of biological processes were represented in the post-transcriptionally 

regulated gene sets. The polysome profiling data is perhaps stronger than the ribosome 

profiling data, given the greater number of aligned reads and that it involved fewer processing 

steps, and it is considered here first. In this dataset, all four members of the sco5921 operon 

showed increased abundance in the ribosome associated fractions following cold-shock 

compared to the reference or control cultures, confirming that not only were they 

transcriptionally induced but that this induction led to an increase in translation. They were 

post-transcriptionally regulated in the polysome-associated fraction, possibly in order to alter 

the stoichiometry of their protein products (Figure 5.9). Following cold-shock, the 

stoichiometric ratio between the four members of the operon was roughly 4:4:1:1 

(sco5921:sco5920:sco5919:sco5918), and the possibility exists that some or all of these 

proteins formed multi-protein complexes. 

 

All four members of gene cluster areABCD were positively PTR in the polysome associated 

fraction, areA, areB and areD all classified as Potentiated. Gene areC has been classified 
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as ‘Exclusive Up’ rather than ‘Potentiated’ as its transcriptional induction has an adjusted p-

value of 0.055, just outside the significance threshold, though it did have a significant 

adjusted p-value showing induction following cold-shock in the SMM liquid medium 

experiment discussed in Section 4.2. A protein-protein interaction network derived from 

STRING v11.5 (Szklarczyk et al., 2023) indicates an interaction with SCO5921 (Figure 5.29). 

The ‘experimentally determined’ links shown in magenta between SCO5921 and SCO4688 

(a homologue of HspR), AreA and AreC are references to data from Bucca et al. (2018), due 

to all four of these proteins showing enhanced translation following heat-shock. The 

AreABCD cluster consists of two ABC transporters and two integral membrane proteins, and 

as its deletion is associated with a reduction in measured actinorhodin and prodiginine 

production it is tentatively identified as an exporter of these antibiotics (Getsin et al., 2013). 

Six other genes coding for transport proteins were also PTR in the polysome associated 

fraction, sco0818, sco0819, sco2723, sco3090, metN, and ragA. There is little functional 

commonality amongst the other genes identified as PTR in this experiment (Table 5.4).  

 

 

 



 297 

 

 

 

 

Figure 5.29 Protein-protein interaction network for products of the areABCD gene cluster, 

derived from STRING v11.5 (Szklarczyk et al., 2023). Nodes are colour-coded according to 

their response to cold-shock in the polysome profiling experiment, and links are colour-coded 

according to the source of the known or predicted interaction. 

Many more genes appeared to be PTR in the ribosome profiling experiment, and they code 

for proteins with a wide range of metabolic functions discussed in Section 5.2.2.5 (Table 

A16.1 to Table A16.20). Two members of the sco5921 operon were buffered, sco5918 and 

sco5920, as was the DEAD-box helicase-encoding gene sco4685 which is very similar to 

sco5920. The putative CSP-encoding sco6439, which has not featured as significantly DE 

following cold-shock in any of the previous experiments, was also buffered. Noticeable once 

again was the number of proteins involved in translation, including components of the 

ribosome itself sco3124, rprR2 (sco3425), rpmE2 (sco3427), rpmG3 (sco4635), rplE 

(sco4714), rpmD (sco4720) and rplM (sco4734), and initiation factor IF-2 infB (sco5706). 

The genes encoding disulphide stress response alternative sigma factor σR, sigR (sco5216), 

and rsrA (sco5217) which encodes an anti-sigma factor to σR were both buffered. The MSH 

pathway forms part of the regulon of this sigma factor (Newton et al., 2008). 
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6 Results IV: CRISPR-mediated deletion of cold-shock operon 

genes 

 

Chapter overview 

 

CRISPR-Cas9 based techniques were used to assess the phenotypical effect of deleting 

genes from the sco5921 operon. A system relying on Non-Homologous End Joining (NHEJ) 

was found to have a very low success rate, but one utilising Homology Directed Repair 

(HDR) proved very successful. The single genes sco5918 and sco5919 were deleted in 

order to optimise the techniques, then the entire sco5921 operon was deleted and the effect 

this had on growth rate, morphology and antibiotic production was assessed. 

 

The operon deletion proved successful, with a very small number of consistent off target 

effects observed, affecting just one gene other than those in the operon. No phenotypical 

changes were observed either at the gross or microscopic level, and no significant changes 

in growth rate or antibiotic production were observed. It is speculated that this is due to S. 

coelicolor possessing multiple copies of the sco5921 operon genes, notably in the sco4684 

and sco3731 operons, which were capable of compensating for the deleted genes. 

 

6.1 CRISPR-Cas9 deletion using the Non-Homologous End Joining repair 

mechanism 

 

6.1.1 The pCRISPR-Cas9-ScaligD plasmid 

 

Many bacteria possess an adaptive immune system which utilises Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) to identify foreign DNA, in association 

with CRISPR associated (Cas) proteins which target and cut this DNA. This system can be 

co-opted to introduce targeted Double Strand Breaks (DSBs) in genomic DNA (Tong et al., 

2015). 
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The plasmid pCRISPR-Cas9-ScaligD (Addgene #125688) (Figure 6.1) was created by 

Professor Tilmann Weber of the Technical University of Denmark, based on plasmid 

pGM1190, itself derived from the thermosensitive replication plasmid pSG5, in order to 

facilitate the application of CRISPR-Cas9 engineering to Streptomyces spp. (Tong et al., 

2015). pSG5-based plasmids are only able to replicate at temperatures in the low 30°C 

range or below, so by culturing bacteria at 37°C the plasmids can be lost from the cell. In 

addition to the CRISPR-Cas9 machinery, the plasmid also contains the gene which codes 

for LigD, a protein necessary to complete the Non-Homologous End Joining (NHEJ) 

pathway for S. coelicolor, and DNA sequences that enable its transfer to S. coelicolor through 

conjugation with methylation-deficient E. coli containing the pUZ8002 plasmid. The pUZ8002 

plasmid codes for the Tra protein which facilitates DNA transfer through conjugation but a 

mutation in its oriT prevents its own transfer (Flett et al., 1997). S. coelicolor restricts 

methylated DNA, so the ET12567 strain of E. coli which is deficient in DNA methyltransferase 

and therefore does not methylate DNA is used as donor. The experimental procedures 

described below were adapted from Tong et al. (2015). 
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Figure 6.1 Map of the pCRISPR-Cas9-ScaligD plasmid (Tong et al., 2015). Sequence 

downloaded from Addgene.org (Cat #125688) and imaged using SnapGene software v5.2 

(SnapGene, 2023). 

6.1.1.1 sgRNA cassette 

 

The type II CRISPR system in use here, derived from Streptococcus pyogenes, requires a 

20 base ‘single guide RNA’ (sgRNA) which it uses as a template to identify a DNA sequence 

to cut. This sequence must be followed by a trinucleotide Protospacer Adjacent Motif (PAM) 

consisting of nGG, where n is any base. A guide sequence can be inserted into the plasmid 

between the NcoI and SnaBI restriction sites and is constitutively expressed under an ermE* 

promoter. 
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6.1.1.2 Cas9 

 

The S. pyogenes CRISPR system only requires one protein, CRISPR associated protein 

‘Cas9’. It has been codon optimised to take into account the difference in G+C content (35% 

vs 72%) and codon bias between S. pyogenes and S. coelicolor (Tong et al., 2015). The 

codons used in S. pyogenes to code for the various amino acids which make up the Cas9 

protein are not always codons which are used frequently in S. coelicolor. This could inhibit 

translation, so infrequently used codons have been replaced by alternatives more commonly 

used in S. coelicolor  which code for the same amino acid. The gene for this protein is present 

in the plasmid under control of a thiostrepton inducible promoter tipAp, so that the Cas9 

protein is not expressed and will not start causing DSBs until thiostrepton is added to the 

culture. 

 

6.1.1.3 LigD 

 

Non-Homologous End Joining (NHEJ) is an error prone system to repair double strand 

breaks. The Ku protein binds to broken dsDNA, and recruits LigD which then ligates the 

broken ends back together. In the process, it is not unusual for small insertions or deletions 

to be introduced. If these occur within a gene and cause the following codons to go out of 

frame, then the protein product of the gene will become non-functional. S. coelicolor has 

genes for producing Ku-like proteins, sco5309 and sco0601 (Huang & Chen, 2006) but not 

for LigD, so this is produced by the plasmid constitutively under an ErmE promoter. 

 

6.1.1.4 oriT 

 

An origin of transfer (oriT) is needed for bacterial conjugation to occur, that is the movement 

of DNA from a host to a recipient (Guiney & Yakobson, 1983). The Tra protein(s) produced 

by the plasmid pUZ8002 and the host E. coli then perform the transfer to the recipient, which 

in this case is S. coelicolor. 
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6.1.1.5 Antibiotic resistance 

 

The plasmid also confers resistance to apramycin and thiostrepton. 
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6.1.2 Templates for the sgRNA cassette 

 

In order to target the Cas9 protein to the gene to be cut, a 20-base sequence adjacent to the 

three base PAM needs to be identified, and this needs to be unique so as to avoid off target 

DSBs. The ‘CRISPy-web’ tool was used for this purpose (Blin et al., 2016). As the sco5921 

and sco4684 genes are so similar, as are sco5920 and sco4685, spacers were designed 

that matched sequences common to both, in the expectation that both genes would suffer 

DSBs and so could be simultaneously deleted.  

 

Twelve templates were designed in total (Table A17.1). The ‘CRISPy-web’ tool generates 

many possible guide sequences for each gene, and two were chosen for each gene to 

minimise potential off target hits, or in the case of the guides targeting more than one gene, 

to ensure that the guide targeted both genes. These two versions are designated version ‘1’ 

and ‘2’ in Table 6.1, and each was assigned a different letter designation A - L. A thirteenth 

designation, M, was used for a plasmid with no inserted guide RNA, used as a control. These 

guide RNA sequences were introduced into the pCRISPR-Cas9-ScaligD plasmid using the 

techniques described in Sections 2.2.3 and 2.3.7, and the insertion verified by sequencing 

by Eurofins Genomics. Versions B and E did not insert correctly and were abandoned. 

Table 6.1 Designations of templates for guide RNA. 

 

Two versions of guide RNA were created for each targeted gene and assigned a different 

alphabetical identifier. 

6.1.3 Conjugation, activation of the Cas9 protein and removal of the plasmid 

 

Plasmids A to M (excluding B and E) were introduced by heat shock transformation of E. coli 

ET12567 / pUZ8002 and grown on antibiotic selective plates (50 µg / ml kanamycin, 50 µg / 

ml apramycin, 25 µg / ml chloramphenicol) at 37°C for 24 h, then a single colony was cultured 

Targeted gene 1 2

sco4684 / sco5921 A G

sco4685 / sco5920 B H

sco5919 C I

sco5918 D J

sco4686 E K

sco1661 F L

No insert M

Version
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in LB broth, washed, and mixed with S. coelicolor spores. The resulting mixture was allowed 

to grow overnight, then 1 mg nalidixic acid and 1 mg apramycin was overlaid on each plate 

to kill the E. coli and any unconjugated S. coelicolor. The colonies were allowed to grow for 

3 to 5 days, then single colonies were re-streaked onto R5 plates with 1 µg / ml thiostrepton 

to activate Cas9 protein production which should then induce double strand breaks (Section 

2.2.10). Genomic DNA (gDNA) was extracted either by boiling colonies in DMSO, or by 

growing a single colony overnight in 10 ml Tryptic Soy Broth (Sigma #22092) then extracting 

the DNA with the GenElute kit (Section 2.3.8). PCR was used to amplify a region around 

each expected DSB (Sections 2.3.7.1). The PCR product was purified (Section 2.3.7.2) and 

sent to Eurofins Genomics for sequencing to check if a DSB associated error had been 

introduced. The two mutant strains which were identified as having successful gene 

deletions were grown at 37°C to eliminate the plasmid, which can only replicate at lower 

temperatures, and successful plasmid elimination was confirmed by the restoration of 

apramycin sensitivity. 

 

6.1.4 Results 

 

The effectiveness of the attempted deletions was assessed by sequencing of amplicons 

across the expected DSB region. 105 colonies were checked, and of these five had evidence 

of DSBs that had been repaired with an error, a success rate of just 4.8% (Table 6.2).  
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Table 6.2 Summary of DSB success rate.  

 

Table shows for each sgRNA guide (A to L) and targeted gene how many colonies were 

tested by sequencing of amplicons across the DSB region, and how many had evidence of 

an imperfectly repaired DSB. Note inserts A, G and H were designed to target two genes 

simultaneously. 

The two errors in sco1661 generated by pCRISPR-Cas9-ScaligD-F were both the same 

substitution, and the error in sco5919 generated by pCRISPR-Cas9-ScaligD-I was a 

substitution. The two errors in sco5919 generated by pCRISPR-Cas9-ScaligD-C were both 

the same insertion (Figure 6.2). The substitution in sco1661 is the third base of a codon 

which changes from ATC (isoleucine) to ATT (also isoleucine) so the resultant protein will be 

unaffected. The substitution in sco5919 will change CGC (arginine) to CTC (leucine), and it 

is not known if this small change will be sufficient to stop the protein from functioning correctly. 

The 1 bp insertion in sco5919 is the 46th base of the gene which is 405 bp in total causing a 

frameshift. The out of frame sequence will produce a premature stop codon so the protein it 

codes for will only be 87 aa long instead of the wild type 135 aa, and the amino acid 

sequence downstream of the insertion will not produce a functioning protein. 

 

Insert Gene Tested DSB % DSB

A sco4684 2 0 0%

A sco5921 30 0 0%

C sco5919 5 2 40%

D sco5918 6 0 0%

F sco1661 5 2 40%

G sco4684 2 0 0%

G sco5921 26 0 0%

H sco4685 6 0 0%

H sco5920 6 0 0%

I sco5919 6 1 17%

J sco5918 4 0 0%

K sco4686 2 0 0%

L sco1661 5 0 0%

105 5 5%
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Figure 6.2 Illustration of the three imperfectly repaired DSBs. WT indicates the wild type DNA 

sequence, and Cl the mutant clone. The guide RNA used is indicated by the arrow labelled 

sgRNA and the Protospacer Adjacent Motif by PAM. The error introduced at the DSB site is 

shown in bold. Note the sgRNA which created the sco5919 insertion was a different guide 

sequence to that which created the substitution. WT sequences shown are bases 6,487,725 

to 6,487,667 (sco5919 insertion), 1,781,214 to 1,781,272 (sco1661 substitution) and 

6,487,720 to 6,487,662 (sco5919 substitution). 

The effect on the SCO5919 protein of the insertion as predicted by AlphaFold (Section 2.5.1) 

is shown in Figure 6.3. There are no -helices or -sheets, and this protein will not be able 

to perform whatever function the normal SCO5919 protein performs.  
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Figure 6.3 AlphaFold models of the SCO5919 mutant (Panel A) and wild type protein (Panel 

B). -helices are shown in cyan,  -sheets in red and linker sections in pink. 

6.1.5 Immediate discussion 

 

Tong et al. (2015) reported success rates of 69% to 77% using this technique, so it was 

surprising that the results achieved here were so poor in comparison. It may be that there is 

some subtle difference between the technique as applied here and that used by Tong et al. 

It is only possible to detect that a DSB has occurred if it is repaired with an error, so the 

possibility exists that more DSBs were in fact created but the NHEJ system managed to 

repair them perfectly. In three of the five confirmed DSB events, the NHEJ system has 

managed to effect a near perfect repair, leaving just a single substitution, and even in the 

event where an insertion was produced, it was just a single nucleotide. This suggests the 

NHEJ system is capable of doing a fairly good job of repairing DSBs. 

A B 
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It was notable that the same two mutations which were observed twice, the sco1661 

substitution and the sco5919 insertion, were identical in both cases, suggesting that this is 

not a random process, rather that the combination of guide RNA chosen and DNA sequence 

at the DSB point is producing the same error both times, though this would need to be 

replicated to test if this this is always the case. It was also interesting to note that the sco5919 

DSBs were all in the same place relative to the PAM, 6 bases upstream of it, despite being 

generated by two different (overlapping) guide RNA sequences, one which generated the 

substitution and the other which led to insertions twice. This would also need to be replicated 

to assess if it is coincidence or a specific biological phenomenon. 

 

Given such a poor mutagenesis success rate, no more pCRISPR-Cas9-ScaligD based 

deletions were attempted, and an alternative technique that utilised Homology Directed 

Repair (HDR) instead of NHEJ was evaluated.  

 

6.2 CRISPR-Cas9 deletion using Homology Directed Repair templates 

 

Many bacteria possess a pathway for dealing with DNA damage by Homology Directed 

Repair (HDR). In essence, when a DNA breakage is discovered, the cell finds a section of 

DNA which matches somewhere near the breakage and use this uncorrupted DNA as a 

template to replace the damaged section. Most frequently this occurs when a replication fork 

stalls due to damage to one of the strands it is replicating, and conveniently, the 

complementary strand can be used as the template (McGlynn & Lloyd, 2002). This process 

can be co-opted to make precise repairs to CRISPR induced DSBs. 

 

6.2.1 The pCRISPR-Cas9 plasmid 

 

Professor Weber created the plasmid pCRISPR-Cas9 shown in Figure 6.4. It contains many 

of the same features as pCRISPR-Cas9-ScaligD but does not include the ligD gene. Instead, 

it has a StuI restriction site, and genetic sequences inserted here can then be used as a 

template for Homology Directed Repair.  
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Figure 6.4 Map of the pCRISPR-Cas9 plasmid (Tong et al., 2015). Sequence downloaded 

from Addgene.org (Cat #125686, no longer listed) and viewed using SnapGene software 

v5.2 (SnapGene, 2023). 

 

6.2.2 Homology Directed Repair templates 

 

Two plasmids were prepared, the first pCRISPR-Cas9-x5918, designed to delete the 

sco5918 gene to demonstrate the efficiency of the HDR CRISPR system, and once this 

proved successful a second, pCRISPR-Cas9-x5921op, designed to delete the entire 

sco5921 to sco5918 operon. An intermediate plasmid pCRISPR-Cas9-D-Inter was first 

created containing the same sgRNA sequence used in pCRISPR-Cas9-ScaligD-D targeting 

the sco5918 gene. Two inserts were prepared by PCR amplification from the S. coelicolor 

genome, covering approximately 1,000 bases each side of the sco5918 gene but not 

including any of the sco5918 gene itself and these were inserted into the pCRISPR-Cas9-
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D-Inter plasmid at the StuI restriction site using the NEB NEBuilder HiFi DNA Assembly kit 

(NEB E2621), to produce plasmid pCRISPR-Cas9-x5918 (Figure 6.5, Panel A). The insert 

containing the sequence downstream of sco5918 was reused paired with an insert covering 

the sequence approximately 1,000 base pairs upstream of sco5921 in a similar fashion to 

produce plasmid pCRISPR-Cas9-x5921op (Figure 6.5, Panel B). Correct insertion was 

verified by sequencing by Eurofins Genomics. These plasmids were heat-shock transformed 

into E. coli ET12567/pUZ8002 and conjugated into S. coelicolor and activated as described 

above. Additionally, an unaltered pCRISPR-Cas9 plasmid with no added sgRNA or HDR 

template was also transformed and conjugated to act as a control. Colonies were grown at 

37°C to remove the pCRISPR-Cas9 plasmid, but they retained apramycin resistance 

suggesting that the plasmid was still present. 

 

 

 

 

 

 

Figure 6.5 Schematic representation of pCRISPR-Cas9 mediated deletion using HDR. In 

Panel A, a DSB is created in sco5918 and the sequence ≈1000 bp downstream and ≈1000 

bp upstream of sco5918 is used as a template to repair the break. In Panel B, a DSB is 

created in sco5918 and the sequence ≈1000 bp downstream of sco5918 and ≈1000 bp 

upstream of sco5921 is used as a template to repair the break. 

 

A 

B 
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6.2.3 Confirmation of deletion 

 

Colony PCR was used to check the efficiency of the deletions (Figure 6.6). Primers were 

designed to amplify a region spanning the expected deletion, and the length of the product 

compared between the wild type and the deletion mutants. Additional primers were also 

designed to span a broader region, wider than that covered by the HDR templates, to confirm 

that the PCR was indeed amplifying the genomic sequence and not giving a false result 

based on plasmid DNA. 10 out of 11 5918 mutants (those with the sco5918 gene deletion 

attempted) proved successful, as did four out of four 5921op mutants (those with the entire 

sco5921 operon deleted). Eurofins Genomics sequencing was used to verify the deletions, 

and three of the 5921op mutants had their entire genomes sequenced by Novogene. 

 

 

Figure 6.6 Confirmation of operon deletion in the 𝚫5921op mutants using PCR. Amplicons 

from wild-type S. coelicolor and 𝚫5921op mutant using primers Chkdel2-F and Chkdel3-R 

(Table 2.4) are illustrated schematically on the left, and on the right is an image of an 

electrophoresis gel showing bands from PCR of wild type (WT) and four independent 

isolates of 𝚫5921op mutants (C1, C2, C3, C4) at the expected sizes. 
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6.2.4 Whole genome sequencing of the 5921op mutants 

 

Genomic DNA from three of the 5921op mutants and the MT1110 wild type they were 

created from was extracted using the GenElute kit (Section 2.3.8.2), and sent to Novogene 

for Whole Genome Sequencing (Section 2.3.9). The results were aligned to the NCBI 

reference genome GCF_000203835.1_ASM20383v1 (O’Leary et al., 2016) by Novogene 

and viewed using Integrative Genomics Viewer software (Robinson et al., 2011). Figure 6.7 

shows the region where the sco5921 operon is normally located confirming its successful 

deletion. 

 

 

Figure 6.7 Integrative Genomics Viewer image of Novogene whole genome sequencing 

reads aligned to S. coelicolor reference genome. Tracks labelled d5921op A, C and D are 

5921op mutants, and it can be seen that the sco5921 operon has been deleted in these 

mutants. The red line shows a base which differs from the reference sequence in the three 

mutants but not in the wild type. 

A concern with using CRISPR to modify genomic DNA is the potential for off-target effects, 

that genes other than those targeted may be mutated in the process. To check this, the 

results of the genomic sequencing were used to identify four types of mutation : Single 

nucleotide polymorphisms (SNPs) where a single base is different in the mutant; insertions 

or deletions of sequences up to and including 50 bp long (InDels); structural variants (SVs), 

mutations larger than 50 bp, including deletions, insertions, duplications, inversions and 

translocations; and copy number variation (CNVs) where the number of copies of a 

sequence has altered in a mutant versus wild type. This classification was carried out by 

Novogene. Venn diagrams showing the number of these four types of mutation in each of 

the three mutants and the wild type are shown in Figure 6.8. The majority of SNPs and InDels 

are present in all four strains, indicating that they were already present in the wild-type parent, 

MT1110, before it was used in this study to create the mutants. It should be noted that the 
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wild type prototrophic MT1110 strain has a very different pedigree from strain M145, which 

was used to determine the original ‘gold standard’ S. coelicolor A3(2) genome sequence 

reported by Bentley et al. (2002). MT1110 is very close to the original JI Stock No. 1147 (S. 

coelicolor A3(2) strain) as it was simply protoplasted once to facilitate loss of SCP1 and 

SCP2 and was not subjected to any other mutagenesis, while M145 had been subjected to 

mutagenesis and was in fact a prototrophic revertant of an earlier auxotrophic mutant (C. P. 

Smith, personal communication). The second largest group are those which are only present 

in one of the four strains, indicating that they probably arose independently after the mutant 

strains had been created. There are a handful of mutations which appear in more than one 

but not all strains which are likely coincidental.  

 

Only seven SVs were common between the wild type and all three mutants. Conversely, a 

large number of SVs have arisen after the CRISPR event, almost all independent to each 

strain. Seven CNVs were common to the wild type and the three mutant strains, whilst 37 

have arisen after the event. Of most interest are the four SNPs, three InDels, one SV and 

two CNVs which appear in all three mutants, but which were not present in the wild type from 

which they were created, as they are likely to be ‘hot-spot’ off target events.  
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Figure 6.8 Venn diagrams of the number of each of four types of mutation in three 

independent 5921op mutants and the wild-type parent strain S. coelicolor MT1110. 

Mutation categories are single nucleotide polymorphisms (SNPs), insertions or deletions 

(InDels), structural variants (SVs) and copy number variations (CNVs). Red numbers 

indicate changes common to all three mutants not present in the wild type, assumed to be 

due to the CRISPR process. 

Three of the four SNPs are in gene sco5674, the fourth in sco5922. All three of the InDels 

are deletions. Two of them are also in sco5674, whilst the third is intergenic, covering most 

of a stem loop between sco7172 and sco7173 (Figure 6.9). There is a stem loop within 

sco5674, and the three SNPs and two InDels are within this stem loop. Multiple mutations in 

this short stem loop section suggests that DSBs have been created in it several times. Every 

time it has been repaired, it has continued to attract Cas9 to cut it once more until the 

accumulated mutations have reached a level at which the Cas9 – sgRNA no longer binds to 

it. However, the sgRNA is not a good match for the stem loop section and was not expected 

to bind here, so the reason for this off target binding is not currently known. 
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The Cas9 protein interacts with its sgRNA via a stem loop, so there may exist a remote 

possibility that it is instead interacting with sco5674 mRNA via its stem loop and as a result 

using this as a guide. Further experiment is required to verify if sco5674 is cleaved by 

pCRISPR-Cas9 containing other sgRNA target sequences, which would demonstrate this 

off-target effect is not specific to the sgRNA used. Alternatively, perhaps the stem loop 

section is twisted in such a way that non-contiguous bases are close enough to each other 

to bind the sgRNA even though it is not complementary. Neither of these explanations 

seems particularly likely. The SNP in sco5922 is within the ≈1,000 bp homology template 

used in the HDR process, and this mutation was generated during the PCR process that 

generated the templates. 

 

sco5674 (reverse strand) 
 

6,175,185                        6,175,130 

    |                      | 

WT …GCCCCCTGGTCGGGGTGGACGAGCGGCTGAGCGGGGCGCTCGTCCACCCCGACCGG…  

CL …GCCCCCTGGTCGGGGTGGACGGGGGG--GAGCGGGGCGCCC--CCACCCCGACCGG… 
        

          
 

sco5922 (reverse strand) 
 
 6,490,516             6,490,462 

    |              | 

WT …CTTCGAGGACGTCACCTACGGCGGCAAGGAAGCCTCCCCTGACGACTACCGCTGA 

CL …CTTCGAGGACGTCACCTACGGCGGCAAGGAAGCCTCCCCTGACGACAACCGCTGA 

 

 

intergenic between sco7172 and sco7173 
 
 7,969,424          7,969,484 

    |                 | 

WT …GTGACGCCGTCGGCCCACCGACCCGGTCGGTGGGCCGACGGCGTCCCTCGCTTACGACCCC… 

CL …GTGAC------------------------------------------------------CC… 

 

Figure 6.9 The four SNPs (yellow highlight) and three deletions (green highlight) which are 

present in all three 5921op mutants (CL) and not in the wild type (WT).  Three SNPs and 

two deletions are within sco5674, one SNP is within sco5922 and one deletion is intergenic 

between sco7172 and sco7173. The position of these sequences on the chromosome are 

indicated by the numbers above each one. 

Stop codon 

Stem loop 

Stem loop 



 316 

 

The two different deletions in sco5674 will have created frameshift mutations, and AlphaFold 

modelling suggests that this will have radically altered the protein sufficient that it is unlikely 

to still function (Figure 6.10). The NCBI psi-BLAST program identifies it as encoding a 

member of the PAP2 phosphatase family (Altschul et al., 1997).  

 

 

 

 

 

 

 

 

 

Figure 6.10 AlphaFold models of SCO5674 wild type (Panel A) and SCO5674 from the 

𝚫5921 mutants (Panel B).  

The single SNP in sco5922 creates a missense mutation converting a tyrosine codon to an 

aspartate codon one residue before the end of the ORF, and the predicted protein as 

modelled by AlphaFold appears unchanged (Figure 6.11), though without further 

experimentation it is not possible to say with certainty that the protein will function as normal 

with this one amino acid substitution. It has been identified as a possible oxidoreductase 

(O’Leary et al., 2016). 
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Figure 6.11 AlphaFold models of SCO5922 wild type (Panel A) and SCO5922 with single 

residue mutated from tyrosine to aspartate (Panel B).  

The single SV which has arisen as a result of the CRISPR event is the intended deletion of 

the sco5921 operon, which is also reported as one of the two CNVs. The other is a 51,000bp 

duplication of a sequence that starts within sco3655 and extends to within sco3708. 

 

Overall, it does not look like there are many consistent off target effects. There are mutations 

(compared with the reference sequence) in the CRISPR edited strains which are not present 

in the wild type, but other than those discussed above they are not consistent between the 

mutant strains. The wild-type strain itself had a number of mutations not present in the 

CRISPR mutants, suggesting that these arose after the mutant strains had been produced. 

This indicates that there are natural mutations continually occurring and this process could 

be responsible for the observed mutations which are not duplicated in all mutant strains. 

Another possibility is that there are errors in the sequencing process or alignment algorithms 

which are generating these apparent mutations. 

 

Any difference in phenotype displayed by the mutants may be due either to the intended 

operon deletion, or to the incidental deletion of sco5674, or to the duplication of the 51,000 

bp sequence, or possibly to one or more of the sporadic mutations that have arisen in each 

strain independently. 
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6.2.5 Phenotypic analysis of mutants 

 

Spores of the wild type, control, and three 5921op mutant strains were pre-germinated for 

5 h in 5 ml of 2YT media in a 50 ml conical centrifuge tube with a loosened top to allow air 

exchange at 30°C and 250 rpm in a shaking incubator, at the spore densities shown in Table 

6.3. The control used was described in Section 6.2.2, being a pCRISPR-Cas9 plasmid with 

no added gRNA or guide template that has undergone the same process of being 

transformed into E. coli ET12567/pUZ8002 then transferred by conjugation into S. coelicolor 

and activated by the addition of thiostrepton. 

 

Table 6.3 Concentration of pre-germinating spores. 

 

The pre-germinated spores were diluted 10,000-fold, and sufficient volume to contain 

approximately 20 spores was spread onto either each of three SMMS plates (Control and 

Wild type strains) or each of four SMMS plates (5921op mutant strains) and the plates 

incubated at 30°C for 2 days. At this stage the growing colonies were visible to the naked 

eye, and plates containing approximately half of the colonies for each strain were moved to 

an incubator at 10°C, whilst the remainder remained at 30°C. The growing colonies were 

photographed and measured for the following 42 days to assess growth rate and gross 

morphology. Growth rate was assessed by measuring the areas of the colonies using FIJI 

software (Schindelin et al., 2012) (Section 2.5.6). 

 

Scanning electron microscopy was used to investigate any changes in morphology at a 

higher resolution as follows. Spores from the MT1110 wild type parent strain and the 

5921op C mutant strain were pre-germinated for 8 h in 40 ml of 2YT medium as above, the 

wild type at a density of 24.5 x 106 cfu / ml, and the mutant at a density of 8.5 x 106 cfu / ml. 

The culture medium was removed by centrifugation, the spores resuspended in sterile water, 

mixed by vortex mixer then floated in an ultrasonic bath for 10 min, and their OD450 read 

using a spectrophotometer to assess the number of germ tubes per ml (Section 2.2.6.1). 

Strain Million cfu / ml

Wild type 19.6                 

Control 24.6                 

D5921op A 1.2                   

D5921op C 6.8                   

D5921op D 3.2                   
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Three 11 mm diameter cellophane discs were placed on each of 24 SMMS agar plates and 

covered with 200 µl of sterile water containing 1 x 106 pre-germinated spores which was then 

spread with an L-shaped spreader to cover the whole plate. 12 plates containing mutant 

colonies and 12 plates containing wild type colonies were produced, and six of each strain 

were placed in an incubator at 30°C and the other six in an incubator at 10°C. Two discs 

were removed with tweezers on days 1 and 2 for the 30°C colonies and on days 3, 5, 10 

and 12 for the colonies at both 10°C and 30°C. The colonies were fixed with glutaraldehyde 

and dehydrated by immersion in increasing concentrations of ethanol, then mounted on 

aluminium specimen stubs and imaged using a Field Emission Gun Scanning Election 

Microscope (FEGSEM). The preparation process is described in more detail in Section 2.6.1. 

 

The production of the antibiotics actinorhodin and prodiginine was assessed in liquid cultures 

as follows. Spores from the wild type, 5921op C mutant and control strain were pre-

germinated in 100 ml 2YT media at the same densities as in Table 6.3 for 8 h as above, the 

media removed by centrifugation and the remaining pellet resuspended in liquid SMM 

media. The spores were mixed by vortex mixer and floated in an ultrasonic bath for 10 min 

and their OD450 measured in order to calculate spore density. Two replicates of three 500 ml 

conical flasks containing springs and 130 ml of liquid SMM media were inoculated with pre-

germinated spores from the three strains at a concentration of 500,000 cfu / ml and placed 

in a shaking incubator at 10°C and 250 rpm. At an unknown time point after between 37 and 

60 hours had elapsed, the cooling unit of the incubator failed and from this point on the 

temperature of the cultures was approximately 20°C. 1 ml samples were removed from the 

cultures at various time points over eight days, and their OD450 measured to track growth 

rate. At the same time, two further 1 ml samples were taken, one of which was placed in a 

freezer at -20°C, and the other of which had the growth medium removed before it too was 

frozen at -20°C. These samples were later used to assess antibiotic production by 

spectrophotometry using modified versions of the protocols described by Bystrykh et al. 

(1996) and Tsao et al., (1985) (Section 2.6.2). 
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6.2.5.1 Phenotypic assessment of mutants on solid supplemented minimal media – growth 

rate and gross morphology 

 

Figure 6.12 shows colonies grown on SMMS solid medium at 10°C after 7, 15, 28 and 44 

days. Three colonies are shown for each strain, chosen arbitrarily. Primarily growth rate was 

being measured, so the colonies are back lit to enable easier measurement.  
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Figure 6.12 Wild type (A), Control (B), 5921op ‘A’ (C), 5921op ‘C’ (D) and 5921op ‘D’ (E) 

strain colonies grown on SMMS medium at 10°C, after 7, 15, 28 and 44 days. 



 322 

Two types of control have been used, the wild-type parent strain and a control which has 

undergone the same CRISPR procedure as the mutants using a pCRISPR-Cas9 plasmid 

with no inserted guide sequence or HDR template. All colonies are initially broadly circular, 

then many become more uneven as they age. There is little sign of a consistent difference 

between the wild type, control and mutants. Some of the mutants, 5921op ‘A’ in particular, 

developed a ‘fuzzy’, less clearly defined outline in the later pictures.  

 

There were differences in the number of colonies which grew with sufficient separation to 

allow them to be measured. This has resulted in a wide range of the number of data points 

for each strain and in some cases, the control strain in particular, a very low number of 

measurable colonies (Table 6.4). A superior technique would have been to use many more 

plates and dilute the spores still further until plates containing a single, centrally located, 

colony were produced. 

Table 6.4 Number of colonies measured for each strain when assessing colony growth rates. 

 

The size and growth rates of the colonies within each strain are heterogeneous, and there is 

no clear indication that the mutants grow at a different rate to the wild type (Figure 6.13). The 

difference between the wild type and control strain is exaggerated due to the small number 

of data points in the control classification (n=4), one of which is unusually large. This 

experiment should be repeated with many more data points to verify the result, but as 

presented there is no significant perturbation of growth rate caused by the deletion of the 

sco5921 operon. 
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Figure 6.13 Box and whisker charts of the area of five strains of S. coelicolor colonies grown 

on SMMS solid media at 10°C (Panel A) and 30°C (Panel B), shown at various time points. 

Each box shows the interquartile range (first to third quartile) and the whiskers extend to the 

largest and smallest value within 1.5x the interquartile range. Outlier values that lie outside 

this range are shown as dots.  

A 

B 
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6.2.5.2 Phenotype on solid supplemented minimal medium – Electron microscopy 

 

6.2.5.2.1 Colonies cultivated at 30°C 

 

The culture samples presented here were prepared for microscopy using dehydration. It 

would have been preferable to use a cryo-preservation process to better preserve the natural 

structure of the colonies, as has been used in other published work (Xu et al., 2009). Some 

deformation of the colonies may have occurred as a result of the dehydration, in particular, 

the spores have become concave, collapsed, rather than spheroid as they occur naturally 

(Figure 1.2). There may be other features which are a result of the experimental procedure.  

 

On day one a dense network of substrate mycelium had formed in the colonies grown at 

30°C. Some hyphae have turned upwards away from the substrate to start forming aerial 

hyphae, which will eventually become multi-genomic spore chains and then divide into uni-

genomic spores (Figure 6.14).  

 

 

 

 

 

 

 

 

 

Figure 6.14 Wild type (Panel A) and 5921op C mutant (Panel B) S. coelicolor grown at 

30°C on solid SMMS, day one, magnification 5000x. 
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 By day two, spore chains have begun to form, circled in red in Figure 6.15. 

 

 

 

 

 

 

 

 

 

Figure 6.15 Wild type (Panel A) and 5921op C mutant (Panel B) S. coelicolor grown at 

30°C on solid SMMS, day two, magnification 5,000x. Red circles highlight areas where spore 

chains are forming. 

 

By day three the sporulation process continued with increasing numbers of spore chains 

amongst the aerial mycelium. These were not evenly distributed; some areas of the plate 

are denser in spore chains than others (Figure 6.16). 

 

 

 

 

 

 

 

 

 

Figure 6.16 Wild type S. coelicolor grown at 30°C on solid SMMS, day three, magnification 

5,000x. 
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The mutant colonies looked similar, some areas were still dominated by aerial hyphae, whilst 

others were dominated by spore chains (Figure 6.17). 

 

 

 

 

 

 

 

 

Figure 6.17 5921op C mutant S. coelicolor grown at 30°C on solid SMMS, day three, 

magnification 5,000x. 

By day 5, both strains were increasingly dominated by spore chains (Figure 6.18). 

 

 

 

 

 

 

 

 

Figure 6.18 Wild type (Panel A) and 5921op C mutant (Panel B) S. coelicolor grown at 

30°C on solid SMMS, day five, magnification 20,000x. 

By day 10 in some areas of the wild type there was little mycelium visible, only a mass of 

spores. The same was true of the mutant (Figure 6.19). 
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Figure 6.19 Wild type (Panel A) and 5921op C mutant (Panel B) S. coelicolor grown at 

30°C on solid SMMS, day ten, magnification 5,000x. 

6.2.5.2.2 Colonies grown at 10°C 

 

The colonies grown at 10°C developed more slowly, and by day three had a well-established 

substrate mycelium and aerial hyphae had started to develop (Figure 6.20). 

 

 

 

 

 

 

 

 

Figure 6.20 Wild type (Panel A) and 5921op C mutant (Panel B) S. coelicolor grown at 

10°C on solid SMMS, day three, magnification 5,000x. 
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By day five aerial hyphae were more numerous but no spore chains had developed (Figure 

6.21). 

 

 

 

  

 

 

 

 

Figure 6.21 Wild type (Panel A) and 5921op C mutant (Panel B) S. coelicolor grown at 

10°C on solid SMMS, day five, magnification 5,000x. 
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By day 10, the aerial hyphae had started to septate but had not yet formed clearly defined 

spore chains in the wild type colony shown in Figure 6.22 (A) and the mutant colony shown 

in Figure 6.22 (B). However, in a different part of the wild type plate the formation of spore 

chains was well advanced (Figure 6.22 (C)). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.22 Wild type (Panels A and C) and 5921op C mutant (Panel B) S. coelicolor grown 

at 10°C on solid SMMS, day ten, magnification 5,000x. 

 

 

B A 

C 



 330 

By day 12 the colonies showed a similar mixture of developmental states, some areas 

containing aerial hyphae which were just starting to septate whilst others show fully formed 

spores (Figure 6.23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.23 Wild type (Panels A and C) and 5921op C mutant (Panels B and D) S. 

coelicolor grown at 10°C on solid SMMS, day twelve, magnification 5,000x. 
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6.2.5.3 Phenotype in liquid supplemented minimal medium – growth rate and antibiotic 

production 

 

The density of the liquid medium cultures grown as described in Section 6.2.5 was monitored 

to assess growth rates (Figure 6.24) and antibiotic production was assayed as described in 

Section 2.6.2 (Figure 6.25). There was no consistent difference between the growth rates or 

antibiotic production for the three strains. 

 

Additional tests which could have been performed include measurement of other secondary 

metabolites by chromatography; survival of mycelium at 4°C or at temperatures below 0°C; 

spore viability after storage at 4°C or at temperatures below 0°C. 

 

 

 

Figure 6.24 Growth curves of wild type, 5921op C mutant and control strains of S. coelicolor 

in liquid SMM medium. Cultures were grown at 10°C to start, then the temperature increased 

to approx. 20°C at some point between 37 and 60 h elapsed time, approximated by the 

vertical blue line on the graph. Average of two biological replicates is shown, with standard 

deviation shown as error bars. 
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Figure 6.25 Production of the antibiotics prodiginine (Panel A) and actinorhodin (Panel B) by 

three strains of S. coelicolor in liquid SMM media over time. Average of two biological 

replicates is shown, with standard deviation shown as error bars.  
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6.3 Discussion 

 

CRISPR deletion based on the NHEJ system had a low success rate. Just 4.8% of 

colonies tested had evidence of having had a DSB, and only 1.9% (2 out of 105) had an 

error likely to disable function of SCO5919 as a result, whilst Tong et al. reported success 

rates of 69% to 77%. Possibly this technique is sensitive to some aspect of the process which 

has differed between our lab and that of Professor Tong upon whose protocol this work was 

based, or there is some feature of the genes targeted here that differs from those targeted in 

Professor Tong’s lab. It is also possible that the NHEJ process is working better than 

anticipated, and that whilst DSBs were created they were repaired without error. This would 

be difficult to validate.  

 

CRISPR deletion based on HDR was very successful. Over 90% of the colonies checked 

which had a single gene deletion attempted (sco5918) were successful, and all four of the 

sco5921 whole operon deletions tested were also successful.  

 

The ‘wild type’ strain used to create the deletion mutants already had a number of 

genomic differences from the reference sequence. Before the CRISPR deletion, the wild 

type strain contained 193 SNPs, 60 InDels, seven SVs and seven CNVs compared with the 

reference sequence used, which were carried over into the deletion mutants. As depicted in 

Figure 6.8, each mutant also acquired some unique genetic changes not shared by the other 

mutants, and some shared with one or more. These shared variations may be coincidental, 

or sporadic off target effects of the CRISPR deletion process.  

 

The number of non-sporadic off-target effects caused by the CRISPR deletion was 

small but not zero. Four SNPs, three InDels, and one CNV were unwanted changes 

common to all three mutants but not the original wild type strain, and are assumed to be off-

target effects of the deletion process. All but one of these SNPs and all three of these InDels 

occurred in the stem loop section of gene sco5674, suggesting that there is some feature of 

this gene which is responsible for these off-target effects. It is likely that this section was 

repeatedly cut by the Cas9 protein and subsequently repaired until it had accumulated 

enough mutations to no longer interact with the guide-RNA-Cas9 unit. It is likely that sco5674 

was made non-functional by being shifted out of frame. The fourth SNP occurred within the 
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≈1,000bp homology template section adjacent to sco5921, and was introduced during the 

PCR process that produced this template. There are other sporadic mutations in the mutant 

strains, but it is not clear that they are a result of the CRISPR process, or naturally occurring 

mutations. 

  

There was no significant difference in growth rate or gross morphology observed 

between the wild type and mutant strains. The size and growth rates of the colonies 

varied greatly, but there was no consistent difference between the wild type, mutant and 

control strains. The number of colonies measured for some of the strains, the control strain 

in particular, were low and a single outlier has had a large effect on the mean for this group. 

A paired t-test showed no significant difference between the wild type and mutant (2 tailed 

p=0.60). Morphological differences were not quantified, but no features were noted which 

differed consistently between the strains. 

 

Preparation of specimens for SEM by dehydration is inferior to cryo-preservation. 

Some features of S. coelicolor developmental morphology were not observed in either the 

wild type or mutant images, such as characteristic oval spores and coiling aerial hyphae (Xu 

et al., 2009). Although the images of both the wild type and the mutant strain appeared 

similar, it is possible that a feature such as unusual spore length or shape could be masked 

by the distortions caused by the dehydration process.  

 

There was no consistent difference in morphology at a microscopic level observed 

between the wild type and mutant strains. Different areas of the bacterial lawn on each 

cellophane were at markedly different stages of development. However, overall there was 

no observable difference in development rate or morphology between the wild type and 

mutant, and a progression through the expected developmental stages – vegetative 

mycelium, aerial hyphae development, sporulation and eventual lysis of all mycelium until 

nothing remained by spores – took place in both strains. 

 

There was no consistent difference in growth rate or antibiotic production observed 

between the wild type and mutant strains. The growth and antibiotic production rates 

presented were measured in cultures grown at 10°C for only a short period before the 

temperature was raised to 20°C. The experiment needs to be repeated with the cultures kept 

at a constant 10°C in order to truly measure this aspect. There were large differences 
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between each of the replicates, and given this heterogeneity, more replicates are needed to 

assess if there is a measurable difference between the strains. The evidence collected so 

far does not suggest any difference in growth rate or antibiotic production between the wild 

type and mutant strains.  

 

Deletion of the sco5921 operon does not appear to have had an effect on the 

phenotype. Given the similarity between members of the sco5921 operon and those of the 

sco4684 and sco3731 operons, it is suggested that there is some functional redundancy 

where highly homologous counterparts of the sco5921 operon can compensate for its loss. 

This suggests that these genes are important to the survival of the bacteria, as evolution has 

favoured an element of duplication. Alternatively, a phenotype could have been present but 

not expressed in the conditions tested. It may be that the genes deleted were of use 

conditionally and a phenotype would have been observed under different conditions. 
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7 Future work 

 

7.1 Transcriptional response  

 

It has been established that a transition from 30°C to 4°C does not elicit a cold-shock 

response within 120 min in S. coelicolor colonies grown on SMMS supplemented minimal 

solid medium. Though a response was detected at 120 min following a transition from 30°C 

to 10°C, it involved far fewer significant changes in gene expression than in the liquid media 

tested. More work is needed to establish if this is a feature of the colonies grown on solid 

medium or if the CSR is merely slower to manifest. The cold-shock RNA-seq experiment 

should be repeated with samples taken over a greater time scale to assess if this is the case. 

E. coli takes six hours to acclimatise following cold-shock (Zhang et al., 2018), and it would 

be wise to take samples beyond six hours in case the S. coelicolor acclimation takes even 

longer.  

 

The transcriptional response of S. coelicolor cultures grown in liquid medium in the first two 

hours following cold-shock has here been characterised for the first time. This work should 

be extended in time, to identify any further change in the transcriptome over the following 

hours, and to determine if there is a time at which the cultures reach a new equilibrium. Only 

one phase of growth, the late exponential, has so far been explored. Earlier and later growth 

phases should be investigated, and their transcriptional response compared. 

 

The techniques used to apply the cold-shock, either the transfer to fresh solid medium or the 

addition of fresh liquid medium, have the advantage that they provide a clear ‘time=0’ at 

which the cultures are rapidly moved to the cold-shock temperature. Their disadvantage is 

that the addition of or access to fresh medium causes transcriptional changes independent 

of those associated with the temperature change, and though these have been removed 

from the analysis by the use of control cultures given access to fresh media in the same way 

whilst being maintained at a constant temperature, the analysis is complicated by these two 

simultaneous transcriptional effects. Many published papers concerning the effects of cold-

shock are vague on the exact technique used to achieve cold-shock, using phrases such as 

‘shifted to x°C’ (Fang et al., 1997; Giuliodori et al., 2019; Gualerzi et al., 2003; Jones et al., 

1992, 1996; Jones & Inouye, 1996; Mikulík et al., 1999) , ‘transferred to x°C’ (Brandi et al., 



 337 

2019; Di Pietro et al., 2013; Giuliodori et al., 2023; Kandror & Goldberg, 1997), ‘subjected to 

temperature downshift’ (Giangrossi et al., 2007; Giuliodori et al., 2007), ‘subjected to cold-

shock (Beckering et al., 2002), and ‘changed to x°C’ (Ko et al., 2006).  

 

Zhang et al. (2018) and Hankins et al. (2007) used the addition of pre-chilled fresh-media as 

in this study, and Phadtare & Inouye  (2004) report transferring ‘aliquots’ of cells to pre-chilled 

fresh medium, so this technique is not novel. However, a technique that other researchers 

have used is to place the flasks in a water bath at the cold-shock temperature, thus achieving 

rapid cooling without the impact of changes to the growth medium (Mizushima et al., 1997; 

Weber et al., 2004; Xia et al., 2001), though it would be difficult to achieve this whilst 

maintaining the vigorous shaking that S. coelicolor cultures require to remain aerated. Given 

that the transcriptional changes in response to cold-shock manifested over two hours or 

more, it would be reasonable to repeat the experiments using this technique, to obtain RNA-

seq data that reports solely on temperature change induced transcriptional changes. 

 

Almost all temperature shock research has been carried out in liquid cultures. An exception 

is the heat-shock work of Bucca et al. (2018) which was carried out using cultures grown on 

solid medium using the same techniques as those reported in this study, transferring 

mycelium grown on cellophane on top of growth medium onto fresh medium plates. It would 

be harder to achieve rapid cooling of cultures grown on solid medium without introducing 

fresh medium. A possible technique would be to grow Streptomyces colonies on cellophane 

on solid medium for 40 h, then remove and discard these colonies. The remaining agar could 

then be chilled or warmed as appropriate and used as the recipient plates for a solid medium 

cold-shock experiment, as any nutrient depletion or other changes to the medium should 

approximately match those in the donor plates, thus any transcriptional changes due to the 

change in medium should be minimised. 

 

Several interesting features of the transcriptional response have been revealed, including 

the essential role of the sco5921 operon in the CSR, changes to ribosomal composition and 

other elements of the translational mechanism, and extensive changes to the cell wall. These 

should be explored further. Identification of any interaction between mRNA and some or all 

members of this operon may help to elicit their function, in particular if the CSP SCO5921 is 

interacting non-specifically with mRNA as has been proposed in E. coli.  Ribosomes should 

be isolated from both cold-shocked and control cultures and both ribosomal proteins and 



 338 

rRNA should be identified and quantified, using a combination of mass spectrometry and 

sequencing. Cell wall composition in both cold-shocked and control cultures could be 

explored using techniques similar to those used by Ultee et al., (2020). 

 

7.2 Post-transcriptional regulation and exploration of the proteome 

 

The techniques used here to explore post-transcriptional regulation could usefully be 

optimised. As regards the polysome profiling experiment, ‘long read’ sequencing could be 

used to explore the extent to which ribosomes are attached to just one gene of 

polycistronically transcribed operons, and whether this will have a significant influence on the 

apparent profile of translation. The ribosome profiling experiment needs to be optimised to 

increase the number of matched reads, including by varying experimental conditions, in 

particular the length of time during which the mRNA is exposed to MNase nuclease, and 

increasing the amount of mycelium initially collected. The difference in results between the 

two experimental techniques, polysome and ribosome profiling, should also be investigated. 

A cold-shock experiment should be carried out, and the two techniques applied to the 

samples from the same cultures, to remove any possible effects of differences in 

experimental conditions.  

 

CspA, the main E. coli cold shock protein, is regulated in part by changes in the conformation 

of its mRNA at low temperature. At 10°C, cspA mRNA is far more stable than at 37°C, and 

more efficiently translated (Brandi et al., 1996; Giuliodori et al., 2010). It would be possible to 

use the overexpression of sco5921 in E. coli to provide some initial feedback as to whether 

this is also the case with sco5921 mRNA. Two cultures of the E. coli T7 Express strain 

containing the pET22b-sco5921 plasmid (Appendix 1) could be induced with the same 

concentration of IPTG, one culture being at 37°C and the other at 10°C. As the sco5921 

gene is under control of the IPTG activated T7 promoter, transcription should be cold-shock 

response independent, and any changes in the amount of protein expressed by the two 

cultures should be due to a combination of enhanced mRNA stability and / or translational 

efficiency at low temperatures. A control would be needed using a pET22b overexpression 

construct of a gene not thought to be involved in the cold-shock response, to account for any 

non-specific differences in protein production rate caused by the low temperature. 
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A more direct investigation of any change in conformation of sco5921 mRNA conformation 

with temperature would be to use temperature gradient gel electrophoresis (TGGE) (Riesner 

& Steger, 2005). sco5921 mRNA could be created in-vitro using the techniques outlined in 

Appendix 2. This mRNA, and mRNA prepared from a suitable control gene, would then be 

placed at the top of an electrophoretic gel across which a temperature gradient has been 

created, from 30°C to 10°C. Once the electric field is applied, the RNA will migrate at different 

speeds for each different conformation it adapts and could then be visualised using a nucleic 

acid stain. Whether any observed change in conformation leads to an increase in mRNA 

stability could then be tested. An antibiotic such as rifampicin would be used to halt 

transcription in growing S. coelicolor cultures, then samples taken at various time points both 

following cold-shock and in control cultures. The change in proportion of mRNA versus stable 

RNAs such as rnpB and ssrA could then be used to calculate the half-life of each mRNA 

under both cold-shock and control conditions (Chen et al., 2015; Steglich et al., 2010). 

 

If a conformational change is indeed observed at low temperature, this could be investigated 

further using DMS-MaPseq (Zubradt et al., 2017). This technique exploits the ability of 

Dimethyl Sulfate (DMS) to modify unpaired adenines and cytosines in-vivo. A thermostable 

group II reverse transcriptase can then be used to convert DMS-treated mRNA into cDNA, 

and each modified adenine or cytosine causes a mutation. This cDNA can then be 

sequenced, and analysis of these mismatches can be used to detect unpaired adenines or 

cytosines, and any conformational change will be reflected in changes in these unpaired 

nucleotides. 

 

Changes in transcription and translation following cold-shock have been explored. It would 

be useful to study changes in the proteome. Regulation could also be occurring post-

translation via selective degradation of proteins. The cold-shock experiment could be 

repeated and 6-plex tandem mass tagging (TMT) used to label  a ‘time=0’ reference sample, 

and cold-shock and control samples taken at various time points, and mass spectrometry 

used to quantify the relative changes in the proteome (Hesketh et al., 2015). 

 

The ribosome profiling experiment revealed two interesting features which should be further 

explored, apparent ribosomal attachment outside of ORFs, and an abundance of tRNA 

halves. These should be explored further to establish whether they are experimental 

artefacts, or indicative of biological processes. 
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7.3 Gene deletion, phenotype observation and complementation 

 

E. coli does not become cold sensitive until four of its nine CSP-encoding genes are deleted 

(Xia et al., 2001), so it is not surprising that deletion of the sco5921 operon in isolation does 

not result in a cold-sensitive phenotype in S. coelicolor. Further deletions should take place 

until cold-sensitivity is acquired, firstly of the sco4684 operon, then the sco3731 operon. If 

cold-sensitivity has still not been acquired, then the other six CSP-encoding genes could be 

deleted in turn. Once a cold-sensitive phenotype has been produced, complementation by 

replacing a deleted operon or by inserting a plasmid containing the deleted operon could 

take place to confirm the result. In addition to the techniques used in Chapter 6, other 

CRISPR-based gene deletion systems have been developed which may be of use, notably 

the CRISPR-BEST system which is capable of multiple simultaneous gene deletions 

(Whitford et al., 2023). 

 

As these further deletion mutants are produced, it would be interesting to expose them to 

cold-shock and carry out RNA-seq analysis, to discover if deletion of one or more cold-shock 

operons leads to increased induction of other CSP genes or operons, which would imply that 

the deleted CSP(s) act as repressor of other CSP genes or operons. Morphological 

examination and antibiotic assay should be carried out on the deletion mutants, with the 

improvements already discussed – the number of colonies for gross morphological 

observation should be limited to one per plate to avoid any interference between adjacent 

colonies; the antibiotic production assay should be repeated with more replicates, and a 

correctly functioning incubator that is able to maintain a temperature of 10°C for the entire 

course of the experiment should be used. 

 

7.4 Protein overexpression 

 

The purified overexpressed proteins produced as described in Appendix 1 need to be 

renatured by dialysis before use. A cell-free protein expression system could then be used 

to produce S. coelicolor proteins with a range of %G+C content, and the effect of adding 

various concentrations of CSP-operon proteins to this system assessed. Commercial cell-

free protein expression systems based on E. coli are available, such as the NEBExpress 
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cell-free E. coli protein synthesis system (NEB #E5360), or a native S. coelicolor based 

system could be used as described by Li et al. (2017). It would be expected that CSP addition 

may increase protein production, particularly at low temperatures, and that this effect may 

be more potent with higher G+C content genes. Interestingly, a similar attempt to enhance 

cell-free protein production in an E. coli-based cell free protein expression system to express 

the H-Ras human protein at 37°C using CSPs from B. subtilis, Bacillus caldolyticus and 

Thermotoga maritima found the opposite effect, that the CSPs repressed both transcription 

and translation (Hofweber et al., 2005). 

 

Overexpressed protein could also be used to explore specificity of binding of the sco5921 

operon proteins. The his-tagged proteins could be mixed with total RNA extracted from S. 

coelicolor, crosslinked with formaldehyde or UV light, and Ni-NTA resin used to extract the 

protein bound to the mRNA. A protease could then remove the protein, and the remaining 

mRNA could be sequenced and identified. Alternatively an antibody to the proteins could be 

purchased and used to extract the protein-mRNA complexes from the total RNA. 

 

7.5 RNA-binding proteins 

 

The experiment described in Appendix 2 which attempted to identify proteins which bound 

to mRNA from the sco5921 cold-shock operon was not successful. It could perhaps be 

optimised by the use of formaldehyde to crosslink the protein and RNA so that they remain 

bound together during the wash stages, and possibly to then increase the stringency of the 

washes.  

 

Further information on RNA-binding proteins may be gathered using a different technique, 

Orthogonal Organic Phase Separation (OOPS), to investigate RNA-protein interaction at a 

global level (Villanueva et al., 2020). OOPS uses UV cross-linking to preserve the RNA-

protein connection, then a series of Trizol extractions to enrich the RNA-protein complexes. 

In each extraction, RNA is dissolved in the upper aqueous phase, and protein in the lower 

organic phase, whilst RNA-protein complexes remain trapped in the interface between the 

two. Repeatedly discarding the upper and lower phases whilst retaining the interface results 

in an enriched sample of RNA-protein complexes. These can then be disrupted either with 



 342 

an RNAse and the remaining proteins identified by mass spectrometry, or with a protease 

and the remaining RNA identified by conversion to cDNA followed by sequencing. 

 

Interesting protein or mRNA candidates from the global analyses could then be investigated 

further using modifications of the techniques from Appendix 2 to identify protein-RNA pairs. 

 

7.6 Cold-shock induced protein production in S. coelicolor 

 

The ability of E. coli to produce CspA in large quantities following cold-shock has been 

exploited to develop a series of cold-induced plasmids, the pCold vector system, where the 

gene coding for any desired protein replaces the cspA sequence, whilst retaining the cspA 

5′ and 3′ UTRs (Qing et al., 2004). An additional lac operator sequence is engineered 

immediately upstream of the cspA transcription start site, and a constitutively expressed lacI 

gene prevents any leaky expression before protein overexpression is induced by both a shift 

to cold temperature and the addition of IPTG.  

 

A similar system should be implementable in S. coelicolor by inserting a desired gene 

sequence downstream of the sco5921 5′ UTR sequence. This could be done using a 

plasmid or be implemented directly in the chromosome using the CRISPR-Cas9 techniques 

described in Section 6.2. As sco5921 is abundant during the mid-exponential growth phase 

(Figure 4.43), the same system of constitutively expressed lacI and a lac operator adjacent 

to the TSS could be used to prevent premature expression of the recombinant protein. A 

combination of cold-shock and IPTG could then be used to induce recombinant protein 

expression. 
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8 General discussion and conclusions 

 

Bioinformatic exploration of the S. coelicolor genome identified nine genes homologous to 

the canonical cold shock protein in E. coli CspA (Section 3). Possible protein structures were 

calculated, confirming that seven of the nine (SCO5921, SCO4684, SCO3731, SCO4505, 

SCO3748, SCO0527 and SCO4295) were very close homologues of CspA. The other two 

(SCO4325 and SCO6439) had a similar structure to CspA except for the addition of two ⍺-

helices.  

 

Potential operonic structures containing three of these cold-shock protein-encoding genes 

(sco5921, sco4684, and sco3731) were identified. The other members of the potential 

operons were identified as coding for possible DEAD-box helicases - sco5920, sco4684, 

sco3732; proteins of unknown function containing a nucleic acid binding cystathionine-β-

synthase domain - sco5919 and sco4686, with SCO4686 appearing to be a truncated 

version of SCO5919, lacking two ⍺-helices and two β-sheets ; and coding for proteins of 

unknown function - sco5918 and sco3733.  A fourth cold-shock protein-encoding gene, 

sco4505 was initially identified as possibly belonging to a two-member operon with a putative 

methyltransferase-encoding gene, sco4504 (Section 3). Analysis of the transcriptome 

following cold-shock and in control cultures in a range of media showed a high level of co-

transcription between the genes making up the three operons with CSPs sco5921, sco4684 

and sco3731, providing supporting evidence for their operonic structure. sco4505 and 

sco4504 did not show a high level of co-transcription, weakening the case for their potential 

operonic structure (Section 4). 

 

The transcriptional cold-shock response of S. coelicolor was characterised for the first time, 

and proved to be extensive and hard to summarise, with many genes from many biological 

pathways being induced and/or repressed (Section 4). There were also significant 

differences between the CSR in and on the different media tested. Broadly, there was 

significant induction of all gene members of the sco5921 and sco4684 cold-shock operons 

and a lower level of induction of the members of the sco3731 cold-shock operon.  

 

Many genes related to translation were DE following cold-shock, and it seems likely that both 

components of the ribosome itself and other proteins related to translation were differentially 
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expressed, either to adjust selectivity or increase efficiency following cold-shock. A number 

of pairs of paralogous genes have been previously identified in S coelicolor, one member of 

each pair being expressed under normal physiological conditions and its partner when 

translation targeting antibiotics are present, and there was significant activation of this system 

in response to cold-stress induced translational inhibition. One of the expected results of 

cold-shock is an inhibition of translation caused by increased mRNA secondary structure, a 

problem which is even greater in S. coelicolor than in E. coli due to its high G+C content. 

Other elements of translational machinery, chaperone and aminoacyl-tRNA synthetase-

encoding genes were repressed, possibly due to a reduced demand for their products 

following a cold-induced slow-down in translation. 

 

Many genes coding for regulatory proteins such as specific transcriptional repressors and 

activators, alternative sigma factors, anti-sigma factors and anti anti-sigma factors were 

differentially expressed, including those associated with differentiation and secondary 

metabolism, though it is likely that in many cases this effect on differentiation or secondary 

metabolism may be secondary to the primary function of the differentially expressed genes. 

Many transporter genes were also differentially expressed following cold-shock. As 965 

genes (12.3% of the total) are predicted to have a regulatory function, 65 to code for sigma 

factors, and 614 (7.8%) to code for transport proteins (Bentley et al., 2002), it is perhaps not 

surprising that these categories of genes are so well represented in the CSR. Similarly, the 

high number of probable TCSs identified in the S. coelicolor genome - 110 histidine kinases 

and 87 response regulators (Sánchez de la Nieta et al., 2022) – is consistent with the high 

number of TCS coding genes involved in the CSR. 

 

An expected result of cold-shock is a reduction in membrane fluidity, and the fatty acid 

desaturase-encoding gene des was induced to counteract this. There was also evidence of 

a more general remodelling of the cell-wall with changes in the expression of glycan and 

peptidoglycan biosynthesis related genes and those coding for cell wall hydrolases. 

 

Changes in the general stress response formed part of the CSR, in particular the induction 

of oxidative stress response related genes such as the pqrA / pqrB pair and the conditional 

induction of the redox stress response cluster (sco0161 – 0181 and sco0197 – 0220). 

Conversely, the mycothiol biosynthesis system which is also involved in maintenance of the 

redox environment was repressed. There were also changes to osmotic stress related 
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genes, in particular an induction of the sco1087 – 9 operon. Genes encoding antibiotic efflux 

pumps were induced. It is suggested that this is perhaps an evolved response to translation 

inhibition in case it is due to translation targeting antibiotics, though this system is not effective 

in countering cold-stress induced translation inhibition. 

 

Six genes encoding nucleoid associated proteins were conditionally DE, indicating a role for 

changes to chromosomal topology in regulation of the CSR. Though S. coelicolor is not 

resistant to tellurite, nine ‘TerD’ tellurite resistance domain containing genes were DE 

following cold-shock. The role that they play is an avenue for future research. A sizable 

component of the CSR was made up of genes related to central physiological functions, 

possibly ‘contingency’ versions which code for proteins that can function under stress or take 

part in alternative pathways to enable the bacterium to survive. Changes in purine 

metabolism may be representative of this phenomenon, or indicative of fine-tuning of 

guanosine metabolism, a component of cyclic di-GMP and (p)ppGppp used for intracellular 

signalling. 

 

It was demonstrated that the NEB core depletion kit when coupled with suitable DNA probes 

was an efficient and adaptable method of depleting unwanted S. coelicolor RNA, including 

both rRNA and the abundant RNAs rnpB, srp and ssrA (Sections 4.1.2.1 and 4.2.2.1), and 

in ribosome profiling experiments to remove unwanted tRNA sequences (Section 5.2.2.2).  

Two methods for assessing post-transcriptional regulation were explored, and they differed 

in their results (Sections 5.1 and 5.2). More experimentation is required to improve these 

techniques and to explore the differences in their results. There was clear evidence from 

both techniques that there is at least some post-transcriptional regulation of members of the 

sco5921 operon. The use of ribosome profiling techniques revealed some unexpected 

regions of RNA outside of the ORFs which were protected against the RNAse used, either 

by their interaction with the ribosome or with some other RNA binding protein, and further 

experimentation is necessary to investigate this further (Sections 5.2.2.2.1 to 5.2.2.2.6). A 

large quantity of tRNA halves were also observed, and further investigation should take place 

to establish if they are also present in the total RNA samples, and if their abundance and 

composition is different between cold-shocked and control samples, and if this has a 

biological significance. 
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An HDR / CRISPR-Cas9 based deletion technique was shown to be effective in removing 

the sco5921 operon with minimal unwanted off-target effects (Section 6.2). The deletion of 

this operon did not produce a mutant phenotype, assumed due to the presence of 

compensatory paralogues (Section 6.2.5). Further deletions and subsequent 

complementation are required to demonstrate the essential nature of the cold-shock operons 

to the CSR. 

 

Two proteins from the sco5921 operon, SCO5921 and SCO5920, were heterologously 

expressed in E. coli with his-tags to allow purification for use in future work (Appendix 1). 

 

This work represents a small contribution towards the ongoing effort to understand the 

function of the genes encoded in the S. coelicolor chromosome, and the many levels upon 

which they are regulated. A greater understanding of these pathways may help to unlock the 

‘cryptic’ BGCs which encode proteins for the production of secondary metabolites, many of 

which may be vital in the ongoing fight against antibiotic resistance. It is hoped that these 

cryptic BGCs may encode antimicrobial secondary metabolites. Most antibiotics come from 

actinomycetes, and the majority of these from Streptomyces, but the pace of antibiotic 

discovery has lessened in recent years (Donald et al., 2022; Hopwood, 2019). In addition, 

production of existing antimicrobials might be enhanced by co-opting the regulatory systems 

explored here, placing genes for commercially useful products in a similar genomic context 

to the cold-shock operon genes so they can benefit from cold-shock related induction. The 

cold-shock proteins themselves could also be of use to improve the efficiency and yield of 

Streptomyces based protein production systems. 
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Appendix 1 

Overexpression of cold-shock proteins 

A1.1 The experiments 

 

A1.1.1 Small-scale protein overexpression 

 

Three genes were selected for protein overexpression. Genes sco5920 and sco5921 are 

the first two genes from one of the cold-shock operons of interest, and sco3668 (a heat shock 

protein regulator hspR) was used as a control in this experiment, as it had previously been 

successfully overexpressed in S. coelicolor by Dr Giselda Bucca (personal communication). 

The three genes were PCR amplified from S. coelicolor M145 and inserted into Novagen 

plasmids pET-15b and pET-22b(+) (Merckmillipore #69661 and #69744), between the NdeI 

and XhoI sites (Section 0). In this way the genes would be expressible under a T7 promoter 

which is itself repressed by endogenously produced LacI in the absence of IPTG, and the 

resulting expressed protein would acquire an N-terminal (pET-15b) or C-terminal (pET-22b) 

His-tag, a row of six histidine residues. This His-tag allows the protein to be separated from 

the other proteins in the cell due to its affinity for nickel. The plasmids were heat shocked 

transformed into E. coli DH5, grown, extracted and sequenced by Eurofins to verify correct 

insertion, then heat shocked into E. coli T7 Express lysY (NEB #C3010) (Section 2.2.3). T7 

Express lysY is a commercially available derivative of the BL21 E. coli strain, optimised for 

protein expression. It produces the LysY inhibitor protein which binds to and inhibits any T7 

polymerase which is produced prior to induction to prevent any ‘leakage’, is deficient in two 

proteases which may otherwise degrade the overexpressed protein and is deficient in two 

endonucleases which may otherwise degrade the inserted plasmids. Empty pET-15b and 

pET-22b plasmids, with no inserted gene, and pET15-nhishspR and pET22-chishspR 

plasmids containing the sco3668 gene supplied by Dr G. Bucca were also heat shocked into 

E. coli T7 Express lysY to act as controls. 

 

The E. coli T7 Express cells containing pET-15b and pET-22b plasmids with sco3668, 

sco5921 or sco5920 inserted and the two supplied plasmids pET-15b and pET-22b with the 

sco3668 gene inserted (pET15-chspR and pET22-chishspR) were grown overnight at 37°C 

on LB agar plates with 50 µg / ml ampicillin. A single colony from each plate was 

resuspended in 10 ml LB broth containing 100 µg / ml ampicillin in a 50 ml centrifuge tube 
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and placed in a shaking incubator at 37°C and 250 rpm until the OD600 exceeded 0.4 (270 

min), at which point IPTG was added to a concentration of 0.4 mM to induce protein 

overexpression. After 120 min, the OD600 of the samples was measured and the cells were 

extracted by centrifugation, resuspended in 1 ml of RO water, and stored at -20°C (Section 

2.2.11).  

 

The OD600 values of the cultures at the point the cells were extracted were used to calculate 

volumes of samples containing approximately equal numbers of cells, and these were made 

up to 100µl with RO water, then mixed 1:1 with 2x Laemmli buffer containing 5% -

mercaptoethanol and boiled for 5 min. The protein samples were separated by weight using 

electrophoresis with 4% - 12% Bis-Tris polyacrylamide gels in Nupage MES SDS running 

buffer at 200V, stained with InstantBlue Coomassie protein stain and imaged using a Vilber 

Lourmat Fusion FX imaging system (Section 2.4.3). 

 

A1.1.2 Larger-scale protein overexpression 

 

Proteins which had been successfully overexpressed at small-scale were overexpressed in 

larger cultures and purified with Ni-NTA resin as follows. E. coli T7 Express cells containing 

pET22-sco5920, pET15-sco5920, pET15-sco3668 and pET22-sco5921 plasmids were 

overexpressed and T7 Express cells containing empty pET-15b and empty pET-22b (no 

inserted protein expression gene) plasmids used as controls as follows. 

 

Cells from frozen glycerol stocks were scraped with a pipette tip which was then placed in a 

50 ml centrifuge tube containing 5 ml of LB broth with 50 µg / ml ampicillin and placed in a 

shaking incubator overnight at 37°C and 250 rpm. 500 µl of the overnight cultures was then 

used to inoculate 50 ml of antibiotic-free LB broth in a 500 ml conical flask which was then 

placed in a shaking incubator at 37°C and 250 rpm until the OD600 of the culture exceeded 

0.4, at which point 1 ml pre-induction samples were taken, IPTG added to a concentration 

of 0.4 mM and the cultures returned to the incubator. After 210 – 240 min the cells were 

extracted by centrifugation, resuspended in 1 ml of RO water and stored at -20°C (Section 

2.2.12). 
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The frozen cell pellets were thawed and disrupted by sonication in reducing-conditions 

sonication buffer (Section 2.4.1). The His-tagged proteins were then purified with Ni-NTA 

resin using a protocol based on protocol 17 in ‘The QIAexpressionist - A handbook for high-

level expression and purification of 6xHis-tagged proteins’ (Qiagen, 2003) (Section 2.4.2), 

then separated by weight by SDS-PAGE and imaged (Section 2.4.3). 

 

The Ni-NTA purification is based on changes in pH. At basic pH, the histidine residues 

possess an unbonded electron pair which binds to Ni2+. At lower pH values, H+ competes 

with the Ni2+ for these electrons, and the histidine residues become increasingly protonated 

as the pH reduces and disassociate from the Ni-NTA resin. 

 

A1.2 Results and immediate discussion 

 

A1.2.1 Small-scale protein overexpression 

 

The expected weights of the overexpressed proteins were approximately 55 kDa for  

SCO5920, 8 kDa for SCO5921 and 17 kDa for SCO3668 (HspR). Bands are visible at the 

correct weight for pET22-sco5920, pET15-sco5920, pET15-sco3668, pET22-sco5921, and 

the two controls pET15-chspR and pET22-chishspR, circled in red in Figure A1.1. 
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Figure A1.1 SDS-PAGE gel of proteins from small-scale protein overexpression experiment. 

Ladder shows protein weights in kDA. Successfully overexpressed proteins are circled in 

red. 

 

A1.2.2 Larger-scale protein overexpression 

 

Figure A1.2 shows the results of the Ni-NTA purification of the larger-scale protein 

overexpression. The overexpressed proteins are circled in red. Note the wash was 

performed twice for all samples, but only results from the first wash are shown for pET22-

sco5920 and pET22-sco5921. The elution took place at two pH values, pH 5.9 and pH 4.5, 

and the majority of the target protein has eluted in this second elution step. Though the final 

elution is greatly enriched in the target protein, many other proteins have remained albeit at 

greatly reduced concentrations. Any proteins with exposed histidine, cysteine or tryptophan 

residues will be bound to the Ni-NTA resin to some extent and some will persist in the elutions 

as a result. 
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Figure A1.2 SDS-PAGE gels of the products of Ni-NTA purification of overexpressed protein 

samples. Panel A shows results for plasmids pET22-sco5920 and pET22-sco5921. Panel 

B shows results for plasmid pET15-sco5920. Ladder shows protein weights in kDa.  

 

A 

B 
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Figure A1.3 shows the results of the Ni-NTA purification of the control cultures containing the 

‘empty’ pET-15b and pET-22b plasmids. No overexpressed protein is visible in the elution 

lanes. There is a background of proteins which have a natural affinity for Ni-NTA resin. 

 

 

Figure A1.3 SDS-PAGE gels of the products of Ni-NTA purification of overexpressed protein 

control samples. 

A1.3 Further discussion 

 

Overexpression of the SCO5920 and SCO5921 proteins from S. coelicolor in E. coli was not 

a simple process. It was first attempted using the pET47b plasmid (Merck Millipore #71461) 

and this was not successful. Expression under native conditions was also unsuccessful (data 

not shown). Expression under reducing conditions using the pET-15b and pET-22b plasmids 

was successful, but no attempt has yet been made to renature the protein. It is not known 

how successfully the proteins will re-fold on the removal of the urea in the absence of 

molecular chaperones. 

 

Depending on future use, the purified proteins expressed using the pET22-sco5920, pET22-

sco5921 and pET15-sco5920 plasmids could be further purified, either by repeated 

application of the Ni-NTA resin method, or by excising the relevant band from the gel and 

extracting the protein from it.   
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Appendix 2  

Attempted identification of RNA-binding proteins 

A2.1 The experiment 

 

As described in more detail in the following sections, ‘bait’ RNA was prepared with 

sequences from parts of the sco5921 operon and four streptavidin-binding aptamers and 

attached to streptavidin Sepharose beads. These were exposed to S. coelicolor cell contents 

to allow proteins to bind to them, then isolated, washed and the proteins eluted and analysed 

by mass spectrometry. The experiment was performed twice to produce data for two 

biological replicates. 

 

 

Figure A2.1 RNA bait sequences used in the RNA binding protein experiment. Scale shows 

position on the S. coelicolor chromosome NCBI reference sequence NC_003888.3 (O’Leary 

et al., 2016). Chromosomal features illustrated are gene sco5921 (blue arrow), the start of 

the sco5921 5 UTR (TSS), the stem loop which follows sco5921, and the beginning of gene 

sco5920. The three RNA baits transcribed from the DNA are shown in orange. 

 

Four baits were used in the first run of the experiment, two of which are illustrated in Figure 

A2.1 - a sequence for sco5921 including 5 UTR plus streptavidin-binding aptamers (Bait A), 

a sequence for sco5921 including 5  UTR and the following stem loop plus the aptamers 

(Bait B), a sequence of just aptamers as a control (Bait C), and a control containing no RNA 

to detect proteins which bound to the beads themselves (Bait D). The second experiment 

used the four baits from the first replicate, plus a fifth being the sequence from immediately 

after the stem loop until 50 bases into the start of the subsequent gene sco5920 (Bait E).  

 



 415 

Proteins present in the samples using RNA baits transcribed from the sco5921 operon (Baits 

A, B and E) which were not present in the controls (Baits C and D) were assumed to have 

bound the RNA bait. 

 

A2.1.1 Plasmids for producing mRNA tagged with streptavidin affinity tags 

 

Researchers at Heidelberg University created a plasmid, pSP73-4xS1m, in order to produce 

mRNA with a four-fold repeating streptavidin-binding aptamer at its 3 end (Leppek & 

Stoecklin, 2014). This plasmid could be used to produce mRNA in-vitro using an SP6 RNA 

polymerase, which was then exposed to whole cell protein extracts, isolated and washed to 

reveal which proteins remained bound to the mRNA. Dr Giselda Bucca and MRes student 

Shafagh Moradian at Brighton University derived a further plasmid from pSP73-4xS1m in 

which the aptamer sequence was reversed, allowing a T7 RNA polymerase to be used in-

vitro to generate 3  streptavidin-binding tagged mRNA. This was done by cutting the plasmid 

with the restriction enzyme BglII which targets two restriction sites, one at each end of the 

streptavidin binding aptamer sequence, re-ligating the products, and sequencing the 

resulting plasmids to identify those that had the sequence re-inserted in the desired direction 

(plasmid pSP73-4xS1m-rev). The sequence for sco5921 including its 5 UTR (bases 

6,489,982 to 6,489,617) was then inserted between the HindIII and EcoRI restriction sites, 

also by Dr Bucca and Ms Moradian (plasmid pSP73-4xS1m-rev-sco5921). 

 

A second plasmid was prepared to produce streptavidin-binding mRNA corresponding to 

the sequence for sco5921 including its 5 UTR as above, and to include the bases which 

follow sco5921 and are predicted to form a stem loop structure. An insert was amplified using 

PCR from S. coelicolor M145 genomic DNA, covering sco5921 with its 5 UTR, and the 

following stem loop (bases 6,489,982 to 6,489,555), and the plasmid modified with this 

(Section 0). The completed plasmid (pSP73-4xS1m-rev-sco5921_plus_stem_loop) is 

shown in Figure A2.2. 
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Figure A2.2 Map of plasmid pSP73-4xS1m-rev-SCO5921_plus_stem_loop. Under control 

of a T7 promoter are the sequences for sco5921 including its 5 UTR and proceeding stem 

loop, and four aptamers which will bind to streptavidin. 

 

A third plasmid was also produced, pSP73-4xS1m-rev-null, in which no sequence was 

inserted between the EcoRI and HindIII restriction sites. This was to allow the identification 

of proteins which are binding either non-specifically, that is will bind any RNA sequence, or 

that bind specifically to the aptamer sequences rather than to the mRNA sequences of 

interest. 
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A fourth plasmid was produced (pSP73-4xS1m-rev-sco5920) with the inserted sequence 

running from immediately after the stem loop to 50 bases into the following gene, sco5920.  

 

The modified plasmids were verified by sequencing by Eurofins Genomics and transformed 

into competent E. coli DH5 (Section 2.2.3), cultures grown overnight at 37°C in 5 ml LB 

broth with 50 µg / ml ampicillin, and the plasmid DNA extracted and purified using the NEB 

Monarch plasmid miniprep kit. Concentration and purity were then measured using a 

NanoDrop One C spectrophotometer.  

 

A2.1.2 Preparation of bait RNA 

 

The plasmids produced as described above were linearised by restriction with NdeI, DNA 

purified using the MinElute PCR purification kit, and used as DNA templates for in vitro 

transcription of bait RNA using the Ambion Megascript T7 kit. DNA was then removed using 

a DNAse and the RNA purified by centrifugation through a size exclusion column. (Section 

2.3.10). RNA quality was verified on an Agilent 4200 TapeStation and quantified using a 

Qubit fluorometer. 

 

A2.1.3 Preparation of whole cell protein extracts 

 

A supplemented minimal solid medium cold-shock experiment was carried out (Section 

2.2.6), and samples taken at time zero, before any interventions (sample 1); at 120 min 

following cold-shock (sample 2); and at 120 min for control samples treated in the same way 

as the cold-shock samples whilst being maintained at 30°C (sample 3). Protein was 

extracted from these samples by sonication in SA-RNP lysis buffer (Section 2.4.1), the 

extracts were spun in a centrifuge at 22,000 RCF for 15 minutes and the supernatant 

retained. 

 

A2.1.4 Extraction of proteins bound to the test RNAs 

 

The bait RNAs were bound by their aptamers to streptavidin Sepharose beads. The bead-

bound RNAs, plus a control consisting of just beads with no bound RNA, were then mixed 



 418 

with the protein extracts for four hours, to give the proteins the opportunity to bind to the RNA. 

They beads were then washed to remove all unbound proteins, and RNAse A used to elute 

the RNAs and their attached proteins from the beads (Section 2.4.4).  

 

A2.1.5 Mass spectrometry of the eluted proteins 

 

The extracted proteins were prepared and then separated by reverse-phase 

chromatography, whereby they were concentrated onto a hydrophobic column containing a 

static phase which binds all but the most hydrophilic proteins. Then an increasing 

concentration of acetonitrile was added in the mobile phase, releasing the proteins from the 

static phase in order of increasing hydrophobicity. They were then injected into a hybrid 

quadrupole Orbitrap mass spectrometer. The results were analysed with MaxQuant 

software (Cox & Mann, 2008) (Sections 2.4.5 and 2.5.7). 

 

A2.2 Results 

 

A2.2.1 RNA binding to the beads 

 

Samples were taken from the bait RNA solution prior to and following being bound to the 

beads and analysed with a TapeStation 4200 to verify that RNA had bound to the beads, 

and as a result less remained in solution (Figure A2.3). There is a significant reduction in the 

density of the band in the samples following binding in all samples except E3, indicating that 

the majority of the RNA has been successfully bound. Also shown is the control sample (D) 

confirming that no RNA is present both before and after the binding step. The protein 

samples were labelled sample 1 – time=0 reference; sample 2 – 120 min following cold-

shock and sample 3 – control sample at 120 min. The RNA baits were labelled A to E as 

follows :- 

A pSP73-4xS1m-rev-sco5921 

B pSP73-4xS1m-rev-sco5921_plus_stem_loop 

C pSP73-4xS1m-rev-null 

D No RNA control 

E pSP73-4xS1m-rev-sco5920 
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The lanes in the TapeStation analysis are labelled according to their combination of RNA 

bait and protein extract. 

 

 

First replicate 

 

 

 

 

 

 

 

 

Second replicate 

 

 

 

 

 

 

Figure A2.3 TapeStation analysis of RNA before and after being bound to streptavidin 

Sepharose beads. A significant reduction in band intensity can be observed, confirming 

successful binding of the majority of the RNA.  
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A2.2.2 Mass spectrometry analysis 

 

1,321 proteins were detected in replicate one, and 694 in replicate two. Any proteins that 

were present in samples C (bait RNA just aptamers) and D (just beads, no bait RNA) are 

assumed to have bound non-specifically, either to the beads themselves or to the aptamer 

section of the RNA baits. These have been designated the ‘common background’ proteins, 

and they will be removed from the analysis. The Venn diagram in Figure A2.4 shows how 

similar these common background proteins were between the two replicates. The second 

replicate is almost a subset of the first replicate - 467 (81%) of the background proteins found 

in replicate 2 were also present in replicate 1. 

 

Figure A2.4 Comparison of ‘common background’ proteins, those that bound non-

specifically, from the two replicates of the RNA-binding protein experiment. 81% of ‘common 

background’ proteins found in the smaller second replicate were also present in the first. 
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There were 1,418 proteins in total which were detected in the common backgrounds of either 

replicate and these have been excluded from the subsequent analysis. The remaining 

proteins were detected in either the A or B samples (or both), implying that they had bound 

to either the sco5921 excluding stem loop RNA (bait ‘A’), or the sco5921 including stem loop 

RNA (bait ‘B’). 12 proteins were detected in the first replicate, and five in the second – but no 

proteins were found in both replicates (Table A2.1). 

Table A2.1 List of proteins found in the RNA bait samples under three experimental 

conditions. 

 

Conditions are ‘time=0’ reference (‘Reference’); 2 hours following a cold-shock from 30°C to 

10°C (‘Cold-shock’); and a control maintained at 30°C for 2 hours (‘Control’). Black circles 

mark which proteins were found in each group.  

The second replicate also included an extra RNA bait (bait ‘E’), being the section of mRNA 

immediately following the stem-loop to 50bp into the start of the following gene sco5920. 24 

proteins were identified in the reference sample, none of which were present in the cold-

shock or control samples. Three of these proteins were identified in the control sample 

apparently bound to the sco5921 excluding the stem-loop RNA bait (bait ‘A’) (Table A2.2). 

 

Replicate ID Protein description

sco5921 Ex. 

Stem loop

sco5921 Inc. 

Stem loop

sco5921 Ex. 

Stem loop

sco5921 Inc. 

Stem loop

sco5921 Ex. 

Stem loop

sco5921 Inc. 

Stem loop

Replicate 1 SCO0332 transcriptional regulator • •
SCO0840 MarR family transcriptional regulator •
SCO1576 arginine repressor •
SCO2104 thiamine-phosphate pyrophosphorylase •
SCO3153 hypothetical protein • •
SCO4313 regulatory protein •
SCO5622 transcriptional regulator •
SCO5734 ATP/GTP binding protein membrane protein •
SCO6092 hypothetical protein •
SCO6649 hypothetical protein •
SCO7054 hypothetical protein • • •
SCO7782 IS110 transposase •

Replicate 2 SCO1553 uroporphyrin-III methyltransferase •
SCO2010 branched-chain amino acid ABC transporter permease •
SCO3053 esterase • •
SCO4352 oxidoreductase •
SCO5777 glutamate uptake system ATP-binding protein •

Reference Cold-shock Control
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Table A2.2 List of proteins found in the ‘E’ bait samples, RNA from just after the stem-loop 

to 50bp into the following gene sco5920, under the three experimental conditions in biological 

replicate two. 

 

Three proteins were also present in the control sample of the sco5921 excluding stem loop 

RNA bait (bait ‘A’). 

What is immediately apparent is the absence of CSPs and their operon members. CSPs in 

other organisms have been found to bind RNA in great quantities when under cold stress, 

and CspA does so non-specifically (Horn et al., 2007). Even if S. coelicolor CSPs were more 

selective, it would be a reasonable expectation that they would bind their own mRNA, its 

efficient translation being of fundamental importance during cold-shock. Some non-CSP 

protein products of the members of both the sco5921 and sco4684 operons are believed to 

also be nucleic acid binding, and it is also surprising not to see them in these datasets.  

 

A2.3 Discussion 

 

Though there was a good correspondence between the background proteins bound non-

specifically between the two replicates, no common proteins bound to the mRNAs of interest 

were found between the two replicates. This along with the absence of CSPs implies that 

the techniques as used have not been sufficiently effective. It is hypothesized that the RNA-

protein association is not sufficiently strong to endure through the wash sequence. 

 

ID Protein description

sco5921 Ex. 

Stem loop

sco5921 Inc. 

Stem loop

From stem 

loop to 

sco5920

sco5921 Ex. 

Stem loop

sco5921 Inc. 

Stem loop

From stem 

loop to 

sco5920

sco5921 Ex. 

Stem loop

sco5921 Inc. 

Stem loop

From stem 

loop to 

sco5920

SCO0477 hypothetical protein •
SCO0957 oxidoreductase •
SCO1074 hypothetical protein •
SCO1424 hypothetical protein •
SCO1443 riboflavin synthase subunit alpha •
SCO1522 glutamine amidotransferase subunit PdxT •
SCO1553 uroporphyrin-III methyltransferase • •
SCO1638 peptidyl-prolyl cis-trans isomerase •
SCO1871 aldehyde dehydrogenase •
SCO2266 methionine aminopeptidase •
SCO2627 ribose-5-phosphate isomerase B •
SCO2630 biotin synthase •
SCO2771 hypothetical protein •
SCO3079 acetyl-CoA acetyltransferase •
SCO3181 molybdopterin biosynthesis protein •
SCO3198 DeoR family transcriptional regulator •
SCO4151 acetyltransferase •
SCO4352 oxidoreductase • •
SCO4926 propionyl-CoA carboxylase complex B subunit •
SCO5361 methylase •
SCO5777 glutamate uptake system ATP-binding protein • •
SCO6445 inositol monophosphatase •
SCO6756 glycosyltransferase •
SCO7655 oxidoreductase •

Reference Cold-shock Control
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A possible next step would be to increase the strength with which the protein is bound to the 

RNA by crosslinking it with formaldehyde, and potentially to then increase the stringency of 

the washes. Alternatively, a radically different approach such as Orthogonal Organic Phase 

Separation (OOPS), discussed further in Section 7, could be used (Villanueva et al., 2020) 
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Appendix 3  

Detailed characterisation of the cold-shock response 

 

A3.1 Characterisation of the cold-shock response in liquid media  

 

The following section considers genes which were differentially expressed (DE) at any time 

point following cold-shock in the liquid media, but which were either not significantly altered 

in the control cultures at the latest time point sampled (60 min for the rich liquid media, 120 

min for the supplemented minimal liquid media), or show the opposite change in expression, 

that is genes which are induced following cold-shock and repressed in the control cultures 

or vice versa. Many gene products are involved in more than one pathway and could be 

listed in more than one of the following categorisations. Where genes have been 

characterised in published papers, the papers are cited. Genes for which no published 

papers were identified have been categorised according to the KEGG database where 

possible (Kanehisa & Goto, 2000), otherwise according to their NCBI annotation (O’Leary et 

al., 2016) as at April 2023. Many genes remain uncharacterised.  

 

A3.1.1 Genes encoding transcriptional regulators and proteins involved in differentiation and 

/ or secondary metabolism 

 

The largest group of cold-shock DE genes were those involved in transcriptional regulation. 

One hundred and ninety-four of which were identified as DE in the rich liquid medium, and 

139 in SMM. Of these, 81 were DE in both media. The heat maps in Figure A3.1 show their 

log2-fold change in differential expression relative to the “time=0” reference samples, and the 

genes are listed in Appendix 8. Table A8.4 lists 81 genes which were DE in both rich and 

SMM  media, Table A8.5 lists 113 genes which were DE in rich and not in SMM medium, 

and Table A8.6 lists 58 genes DE in SMM and not in rich medium. Many of these 

transcriptional regulators are poorly characterised. Almost all the previously characterised 

regulators had a predicted or known role in morphological differentiation and / or secondary 

metabolism. A number of genes which are not transcriptional regulators but which are 

involved in development were also DE (Table A8.7, Table A8.8, Table A8.9) and are also 

discussed below. 
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Figure A3.1 Log2-fold heat map of differential expression following cold-shock vs “time=0” 

reference samples of 194 genes identified as encoding transcriptional regulators, at three 

time points following cold-shock in rich liquid medium (Panel A) and 139 genes identified as 

encoding transcriptional regulators at four time points following cold-shock in SMM (Panel 

B). 

A 

B 
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The heatmap below (Figure A3.2) shows 18 characterised genes which were DE following 

cold-shock in both rich and SMM media. 

 

Figure A3.2 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and SMM media at various time 

points shown in min for eighteen genes encoding transcriptional regulators and proteins 

involved in differentiation and secondary metabolism. Results are the average of two 

biological replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured 

grey. 

Eleven transcriptional regulator genes show a fast response to cold-shock and were 

differentially expressed at 15 min in rich liquid medium, nine induced and two repressed, and 

none in SMM. Of these, two are characterised. rho (sco7051) (labelled rho(2) in the heatmap 

to differentiate it from rho gene sco5357) encoding a transcription termination factor  (O’Leary 

et al., 2016) was induced and crp (sco3571) was repressed. crp codes for the Cyclic AMP 

Receptor Protein, and its deletion has been shown to affect morphological development. 

cAMP levels correlate with actinorhodin production though if and how regulation is occurring 

is as yet unclear (Derouaux et al., 2004; Nitta et al., 2020). A second gene also characterised 

as encoding transcription termination factor Rho, sco5357, (labelled rho(1) in the heatmap) 

is also induced, but at later time points than the other rho gene (O’Leary et al., 2016). 
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Regulation of genes whose products are involved in aerial hyphae development and / or 

sporulation took place in a manner that would suggest an inhibition of development. The 

important transcriptional repressor-encoding dasR (sco5231) was induced. dasR responds 

to extracellular levels of N-acetylglucosamine, a common component of both chitin and cell 

walls, including the cell walls of S. coelicolor itself. It is possible that changes in 

concentrations of N-acetylglucosamine due to autolysis of the substrate mycelium influences 

DasR activity and hence aerial hyphal formation and sporulation. When the substrate 

mycelium is being broken down to provide nutrients for aerial hyphal development and 

sporulation, this is detected via DasR, which then activates pathways associated with aerial 

hyphal development and sporulation. (Świątek-Połatyńska et al., 2015). The inoY (sco3897) 

gene (repressed) is part of an operon whose products produce inositol, which is required for 

sporulation and also for production of cell wall phospholipids and mycothiol which is used to 

counter oxidative stress (Zhang et al., 2012). The cutR (sco5862) gene (induced) forms part 

of a two-component system that represses antibiotic production (Chang et al., 1996). 

 

A number of the DE genes are regulated in a way that would possibly stimulate 

differentiation. The transcriptional regulator-encoding devA (sco4190) was induced along 

with the co-transcribed devB (sco4191) which is less well characterised but appears to be 

important developmentally. Deletion of devA prevents normal development of aerial hyphae 

and spore chains and devB deletion mutants show media dependent developmental defects 

(Hoskisson et al., 2006). whiJ (sco4543) (repressed) encodes a member of the ‘Whi-

cascade’, a regulatory cascade responsible for sporulation. Its exact function is unclear but 

it has been suggested that its product is a repressor of differentiation, possibly in association 

with the adjacent sco4542 gene product (McCormick & Flärdh, 2012). 

 

It is less clear whether other DE genes are regulated in a way likely to stimulate or inhibit 

differentiation. The product of the wblE (sco5240) gene is a ‘Whi-B like’ regulator and was 

induced in rich liquid medium and repressed in SMM. It is likely to be involved in 

differentiation, but its deletion does not produce a mutant phenotype (Homerová et al., 2003). 

pkaI (sco4778) (induced) codes for a putative serine / threonine kinase involved in the 

regulation of spore wall synthesis, and it has been suggested that protein phosphorylation is 

an important element in the regulation of the spore cell wall synthesising complex (Ladwig et 

al., 2015). Another gene coding for a post-transcriptional modifying protein which was 

induced was sco5461, encoding an ADP-ribosyltransferase whose deletion mutant displays 
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abnormal morphological development on some media, indicating that protein-ADP 

ribosylation is also a component of the regulation of differentiation (Szirák et al., 2012). The 

gene sco1588, described by Botas et al. (2018) as ‘related to differentiation and secondary 

metabolism’, but not further characterised, was induced.  

 

Some regulators not directly involved in differentiation and secondary metabolism were also 

DE. Three genes related to alternative carbon sources were DE in both rich and SMM media. 

The regulator encoded by pcaV (sco6704) negatively regulates the -ketoadipate pathway, 

part of the system for consuming lignin-derived aromatic compounds for use in carbon 

metabolism. It was induced along with the adjacent genes pcaI (sco6703) and pcaJ 

(sco6702) (also categorised for their role in the degradation of leucine, isoleucine and valine 

below) (Davis et al., 2013). 

 

Two genes possibly involved in a general response to stress were induced. The gene tamR 

(sco3133), encodes a regulator that responds to oxidative stress (Clara et al., 2022). The 

gene coding for a regulator involved in iron transport, cchN (sco0485) was repressed 

(Barona-Gómez et al., 2006).  

 

The heatmap below (Figure A3.3) illustrates log2-fold changes following cold-shock and in 

the control cultures for 16 characterised genes which were DE in rich liquid medium but not 

in SMM. 
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Figure A3.3 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich liquid medium at various time 

points shown in min for sixteen genes encoding transcriptional regulators and proteins 

involved in differentiation and secondary metabolism. Results are the average of two 

biological replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured 

grey. 

Just three genes were DE at 15 min in the rich medium and only one has been characterised, 

glnRII (sco2213) (induced), the transcriptional activator of glnII (sco2210) which codes for a 

glutamine synthetase whose expression correlates with actinorhodin production. glnRII itself 

is regulated by the antibiotic regulator encoded by afsS (sco4425), though this regulator 

shows no significant change in expression following cold-shock (Lian et al., 2008).  

 

As with the genes DE in both rich and SMM media, several genes are regulated in such a 

way as to imply an inhibition of differentiation. Two genes coding for ‘SsgA-like proteins’ were 

repressed, ssgR (sco3925) which encodes the activator of ssgA whose product is involved 

in septum formation initation and ssgD (sco6722) whose product is involved in hyphal cell 

wall construction (Noens et al., 2005); gcs (sco7221) (induced) encodes germicidin, a 

repressor of spore germination but also of hyphal elongation (Aoki et al., 2011); cmdD 

(sco4129) (repressed) encodes a membrane protein forming part of an operon implicated in 

early aerial hyphal formation and correct chromosome segregation (Xie et al., 2009); the 

AfsQ1-AfsQ2 two-component system regulates antibiotic production and differentiation, 

including via ActII-IV, and the afsQ1 (sco4907) gene was repressed at 30 min, and returned 

to basal levels at 60 min (Shu et al., 2009). 
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Some genes are regulated in a way that could result in stimulation of differentiation. The 

gene coding for the activator of actinorhodin biosynthesis actII-4 (sco5085) is induced; whiB 

(sco3034) (induced) encodes a transcription factor that is non-conditionally required at the 

start of the spore forming ‘Whi-cascade’; wblA (sco3579) (induced) encodes a whiB-like 

regulator whose deletion mutant has reduced spore production and shows early production 

of antibiotics, though it has also been implicated as a repressor of antibiotic synthesis 

(McCormick & Flärdh, 2012) 

 

For other DE genes, it is not clear how their altered expression would influence differentiation. 

The gene copZ (sco2730) was repressed. Its product has a role in copper export, and copper 

has been shown to be a modulator of differentiation and secondary metabolism (González-

Quiñónez et al., 2019). pkaD (sco4777) (induced) is similar to pkaI, encoding a putative 

serine / threonine kinase involved in spore wall synthesis regulation (Ladwig et al., 2015); 

cchL (sco0487) (repressed) encodes an iron transport regulator (Barona-Gómez et al., 

2006). Three genes whose products form parts of the ATP-dependent protease Clp were 

DE, clpX (sco2617) was induced and clpP1 and clpP2 (sco2619 and sco2618) were 

repressed. Developmental regulation can occur due to the degradation of regulatory proteins 

by proteases such as Clp, and it has been shown that changes in the level of clpP1 and 

clpP2 affect the development of the aerial mycelium (de Crecy-Lagard et al., 1999). However 

the ClpP and ClpX proteins are chaperones and proteases that are essential for general 

growth and metabolism – not just secondary metabolism and development (C. P. Smith, 

personal communication). 

 

One gene whose product is involved in utilisation of alternative carbon sources, hypR 

(sco6294), is induced. It controls a regulon involved in the degradation and utilisation of L-

hydroxyproline (Kotowska et al., 2019).  
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Twenty-six genes which are DE following cold-shock in just SMM and not rich liquid medium 

are illustrated in the heatmap below (Figure A3.4). 

 

Figure A3.4 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in SMM at various time points shown in 

min for 26 genes encoding transcriptional regulators and proteins involved in 

differentiation and secondary metabolism. Results are the average of two biological 

replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured grey. 

 

Genes which encode proteins involved in the stimulation of differentiation and secondary 

metabolism, especially antibiotic production, were DE. abeB (sco3288) and abeC (sco3289) 

were both induced and form part of a cluster which activates actinorhodin production (Hindra 

et al., 2010); three genes from a transporter complex areA (sco3956), areB (sco3957) and 

areC (sco3958) were induced. Deletion of areA reduces production of actinorhodin and 

prodigiosin, and prevents increased production following stimulation by the presence of 

extracellular S-adenosylmethionine, a molecule present in all living organisms (Lee et al., 

2012b). The gene cyc1 (sco5222) (induced) codes for part of the pathway that synthesises 

the antibiotic albaflavenone (Zhao et al., 2008); rdlA (sco2718) (induced) produces a 
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hydrophobic rodlin that coats aerial hyphae (Claessen et al., 2006); and sflA (sco1749) 

(induced) produces a protein required for sporulation (Zhang et al., 2023). The major 

regulator PhoP is encoded by phoP (sco4230) and responds to phosphate starvation 

through the regulation of a large and diverse regulon including many genes involved in 

antibiotic production and differentiation (Allenby et al., 2012), and was found here to be 

repressed following cold-shock. 

 

Genes which encode proteins which may inhibit differentiation were also DE. Gene sco4189, 

which is adjacent to the developmental regulators devA and devB which are induced in both 

rich and SMM media, was induced. It has been suggested that this gene might encode an 

ncRNA which acts on devA mRNA, decreasing its level (D’Alia et al., 2011); rok7B7 

(sco6008) (induced) encodes a regulator that pleiotropically represses antibiotic production, 

and the utilisation of xylose (Świątek et al., 2013); spaA (sco7629), a homologue of a 

starvation sensing protein gene whose deletion delays production of actinorhodin and 

prodigiosin was repressed (Schneider et al., 1996); hpdA (sco2928) (repressed) is an 

activator of tyrosine degradation, which produces inter alia important precursors for calcium-

dependent antibiotic biosynthesis (Yang et al., 2007); afsR (sco4426) codes for a regulator 

of antibiotic production and was repressed (Floriano & Bibb, 1996);  abaA (sco0701) 

(repressed) is an activator of actinorhodin production (Fernández-Moreno et al., 1992); bldB 

(sco5723) (repressed) is part of the ‘bald’ cascade that triggers aerial mycelium formation 

and antibiotic production (McCormick & Flärdh, 2012); parA2 (sco1772) (repressed) codes 

for an ATP driven motor protein responsible for chromosome separation, of particular 

relevance during sporulation (Chandra & Chater, 2014); inoA (sco3899) (repressed) is a 

member of the same operon as inoY (repressed in both rich and SMM media) whose 

products produce inositol, which is required for sporulation (Zhang et al., 2012); and cpkO 

(sco6280) (repressed) is required for the production of the secondary metabolite coelimycin 

(Bednarz et al., 2021). 

 

Several genes whose products form parts of antibiotic production clusters are DE, including 

four genes which are part of the actinorhodin biosynthetic cluster, two induced (actIII / 

sco5086 and actIV / sco5091) and two repressed (actII-2 / sco5083  and actII-3 / sco5084) 

(Zhang et al., 2020); cdaPSII (sco3231) (induced) is a member of the calcium dependent 

antibiotic biosynthetic gene cluster (Hojati et al., 2002). Two further genes whose products 

are associated with antibiotic synthesis were DE, though it is less clear whether the change 
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in gene expression would lead to an increase or a decrease in antibiotic production. cprA 

(sco6312), (repressed) is a -butyrolactone receptor. -butyrolactones are small signalling 

molecules that regulate antibiotic production and differentiation (Takano, 2006); and pkaJ 

(sco4779) (repressed) codes for a sporulation related kinase, similar to those encoded by 

pkaD and pkaI (Ladwig et al., 2015).  

 

A3.1.2 DE genes encoding alternative sigma factors 

 

Transcription is regulated not only by transcription factors but also by alternative sigma 

factors. Eight sigma, anti-sigma or anti anti-sigma factors were DE following cold-shock in 

both rich and SMM liquid media (Figure A3.5, Table A8.10). 

 

Figure A3.5 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and SMM media at various time 

points shown in min for eight genes encoding sigma, anti-sigma and anti anti-sigma 

factors. Results are the average of two biological replicates. Results that were not significant 

(adjusted p-val >= 0.05) are coloured grey. 

This set of genes is poorly characterised. Gene sigI (sco3068) (repressed) codes for a 

homologue of the sigB stress response sigma factor and is associated with osmotic stress, 

and whiG (sco5621) (induced) encodes the sporulation sigma factor essential for 

development from the aerial hyphae stage to the sporulation stage. Five induced sigma 

factor-encoding genes (sco0942, sco4005, sco4409, sco5147 and sco4895) are identified 

as ECF sigma factors but have yet to be further characterised (Kormanec et al., 2016). The 

NCBI have annotated sco4027 (induced) as an anti-sigma factor but it currently awaits 

further characterisation (O’Leary et al., 2016). 
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Ten sigma, anti-sigma or anti anti-sigma factor-encoding genes were DE in the rich medium 

cultures, but not in SMM (Figure A3.6, Table A8.11). 

 

Figure A3.6 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich liquid media at various time 

points shown in min for ten genes encoding sigma, anti-sigma and anti anti-sigma 

factors. Results are the average of two biological replicates. Results that were not significant 

(adjusted p-val >= 0.05) are coloured grey. 

Gene sigH (sco5243) (repressed) is similar to sigI, a sigB-like stress response sigma factor 

homologue associated with osmotic stress, and also believed to play a role in differentiation. 

prsH (sco5244) encoding an anti-sigma factor was also repressed, and arsI (sco3067) 

encoding an anti anti sigma factor was induced. hrdB (sco5820) is considered the main 

housekeeping sigma factor, which is also induced following thiol-oxidative stress, and was 

repressed, whilst sigE (sco3356), a sigma factor associated with cell wall stress, was 

repressed at 30 min before returning to basal levels. The induced gene sco4864 encodes 

an ECF sigma factor homologue and the two repressed  genes sco3715 and sco7112 are 

also identified as ECF sigma factor homologues but have yet to be further characterised 

(Kormanec et al., 2016). The NCBI have annotated sco0037 as a sigma factor-encoding 

gene and sco0869 as an anti-sigma factor-encoding gene but they are not yet further 

characterised (O’Leary et al., 2016). 

 

Seven sigma, anti-sigma or anti anti-sigma factor-encoding genes were DE in SMM cultures 

and not in rich liquid medium cultures (Figure A3.7, Table A8.12). 
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Figure A3.7 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in SMM at various time points shown in 

min for seven genes encoding sigma, anti-sigma and anti anti-sigma factors. Results are 

the average of two biological replicates. Results that were not significant (adjusted p-val >= 

0.05) are coloured grey. 

Some of the alternative sigma factors coded for by these genes are involved in differentiation. 

The gene sigQ (sco4908) (induced) is regulated by the two-component system AfsQ1 and 

AfsQ2 and codes for a sigma factor conditionally required for secondary metabolism and 

differentiation (as described above, afsQ1 was transiently repressed in the rich liquid 

medium); sigJ (sco1276) (induced) codes for a sigma factor with a poorly defined role in 

development, and sigK (sco6520) (induced) for an inhibitor of development. rstA (sco3891) 

(induced) codes for an anti-sigma factor for SigT, a negative regulator of differentiation and 

antibiotic production. The only other characterised gene in this category was housekeeping 

sigma factor gene hrdA (sco2465) (induced), although its regulatory role is not yet clear 

(Kormanec et al., 2016). Genes sco3692 and sco7619 (induced) have been annotated by 

the NCBI as anti-sigma factors but are not yet further characterised (O’Leary et al., 2016). 

 

A3.1.3 DE genes encoding transporters 

 

Ten genes encoding transporters were DE in both the rich and SMM liquid cultures, of which 

two have been characterised (Figure A3.8, Table A8.13), msmE (sco6231) and msmF 

(sco6230) (both induced) code for proteins involved in the transport of the sugars raffinose, 

stachyose and melibiose (Kanehisa & Goto, 2000).  
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 Figure A3.8 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and SMM liquid media at 

various time points shown in min for two genes encoding transporters. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

Fifty-three genes encoding transporters are DE in the rich liquid medium but not in SMM 

(Figure A3.9, Table A8.14). 

 

Figure A3.9 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich liquid media at various time 

points shown in min for thirteen genes encoding transporters. Results are the average of 

two biological replicates. Results that were not significant (adjusted p-val >= 0.05) are 

coloured grey. 

The rhaS (sco0449) gene (induced) codes for a transporter of the sugar rhamnose. Four 

amino acid transporter-encoding genes are DE, metN (sco1559) and metI (sco1558) 

encode methionine transporters and are induced, whilst the glutamate transporter-encoding 

genes gluB (sco5776) and gluC (sco5775) were repressed. Genes encoding a biotin 

transporter bioY (sco2630) and a cobalt transporter cbiN (sco5960) were also repressed.  

 

Three transporter genes whose products are involved in protein export were also DE. ftsY 

(sco5580) which codes for the SRP receptor and tatC (sco1632) which codes for a 
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component of the twin arginine translocation system were repressed, and sip3 (sco5598) a 

component of a signal peptidase was induced. SRP, the signal recognition particle, was 

discussed earlier in Section 4.2.2.1. It detects proteins that contain a signal peptide and 

targets them to the membrane for export. 

 

Three ‘transporter’ genes implicated in differentiation were also DE. Two genes which are 

ABC transporter-like but with a non-transport function were induced in this group, ftsX and 

ftsE (sco2968 and sco2969) whose products are involved in (but not essential for) 

sporulation (McCormick, 2009). ragA (sco4075) was also induced – it is not known what 

cargo it transports, but it does so under the control of the ragR gene during the production of 

aerial hyphae (Paolo et al., 2006). 

 

Thirty-one genes encoding transporters were DE in SMM and not rich liquid medium (Figure 

A3.10, Table A8.15). Two genes coding for phosphate transporters, pstC (sco4141) and 

pstS (sco4142) were induced, and malE (sco2231) a maltose-binding protein-encoding 

gene and tatB (sco5150) a twin arginine translocation-encoding gene were repressed 

(Kanehisa & Goto, 2000). 

 

 

Figure A3.10 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in SMM at various time points shown in 

min for four genes encoding transporters. Results are the average of two biological 

replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured grey. 

A3.1.4 DE genes encoding two-component systems (TCSs) 

 

Fifteen genes encoding TCSs were DE in both rich and SMM liquid media (Figure A3.11, 

Table A8.16). Just two have been characterised, cutR (5862) (induced) codes for part of a 

two-component system that represses antibiotic production (Chang et al., 1996) and narG 

(sco6535) (induced) encodes a nitrate reductase (Kanehisa & Goto, 2000). 
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Figure A3.11 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and SMM liquid media at 

various time points shown in min for two genes encoding TCSs. Results are the average of 

two biological replicates. Results that were not significant (adjusted p-val >= 0.05) are 

coloured grey. 

Thirty-four genes encoding TCSs were DE following cold-shock in rich but not in SMM 

(Figure A3.12, Table A8.17). 

 

 

Figure A3.12 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich liquid media at various time 

points shown in min for 13 genes encoding TCSs. Results are the average of two biological 

replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured grey. 

Four further nitrate reductases in addition to narG are induced, narG2 (sco0216), narH2 

(sco0217), narJ2 (sco0218) and narH (sco6534). These are expected to lie downstream of 

a nitrate sensing TCS homologous to NarX / NarL in E. coli, though this TCS has yet to be 

identifed in S. coelicolor (Kanehisa & Goto, 2000). Genes that encode parts of TCSs 

associated with development were DE – ragK (sco4073) (repressed) is part of the ragABKR 

locus which is under the control of RamR and regulates aerial hyphae formation (Paolo et 

al., 2006); aor1 (sco2281) (also repressed) is an orphan response regulator which positively 
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regulates antibiotic production and is involved in protein secretion, the osmotic stress 

response and sporulation (Sánchez de la Nieta et al., 2022); whiI (sco6029) (induced at 30 

min then returned to basal levels at 60 min) is under control of the sporulation sigma factor 

WhiG and involved in differentiation (McCormick & Flärdh, 2012); ohkA (sco1596), a 

regulator of antibiotic production, aerial mycelium formation and sporulation, was also 

transiently DE, repressed at 30 min then returned to basal levels at 60 min (Sánchez de la 

Nieta et al., 2022). The two-component sensor-encoding osdK (sco0203) was induced along 

with its associated response regulator-encoding osdR (sco0204). Its regulon includes genes 

relating to cell dormancy, nitric oxide metabolism and actinorhodin production (Daigle et al., 

2015; Urem et al., 2016). 

 

macR (sco2120), which codes for a regulator of proteins involved in cell wall integrity, carbon 

metabolism and zinc homeostasis, was repressed (Clara et al., 2022), as were cvnA6 

(sco1402) and cvnA4 (sco1402), which encode parts of the ‘conservon’. S. coelicolor has 13 

copies of the four genes that code for this poorly understood membrane associated 

signalling complex which has been shown to be involved in aerial mycelium development 

and antibiotic production (Takano et al., 2011). 

 

Twenty-three genes encoding TCSs were DE following cold-shock in SMM and not rich 

liquid medium (Figure A3.13, Table A8.18).  

 

Figure A3.13 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in SMM at various time points shown in 

min for 11 genes encoding TCSs. Results are the average of two biological replicates. 

Results that were not significant (adjusted p-val >= 0.05) are coloured grey. 
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Many of these TCSs are involved in antibiotic production. The redZ (sco5881) gene 

(induced) encodes an orphan response regulator that positively regulates RedD which 

activates the cluster that produces the antibiotic prodigiosin (van Wezel & McDowall, 2011); 

cutS (sco5863) (induced) codes for the histidine kinase of a repressor of actinorhodin 

production (its related response regulator, cutR, was induced in both media). abrB2 

(sco2166) (induced) encodes the kinase from a TCS which both represses antibiotic 

production and confers resistance to vancomycin; mtrA (sco3013) (repressed) encodes a 

positive regulator of differentiation and regulator of antibiotic production which also plays a 

role in nitrogen metabolism as a cross-regulator with PhoP (Sánchez de la Nieta et al., 2022). 

The gene dnaA (sco3879), that encodes the chromosomal replication initiator DnaA, is 

regulated by the mtrA regulator, and is also repressed (Kanehisa & Goto, 2000; Łebkowski 

et al., 2020). The gene abrC1 (sco4598) (induced) encodes a kinase from an unusual TCS 

which has two kinases and a response regulator and is also involved in antibiotic production 

(Rodríguez et al., 2015). 

 

Three genes associated with differentiation rather than directly in antibiotic production were 

DE. The ragR (sco4072) gene (repressed) codes for the regulator of ragA (which was 

induced in the rich liquid medium), a transporter of unknown cargo involved in aerial 

mycelium formation (Paolo et al., 2006) and the genes coding for both parts of a TCS 

regulating sporulation, satR (sco3389) and satK (sco3390)  were induced (Sánchez de la 

Nieta et al., 2022).  

 

Two more genes encoding parts of the conservon were also DE, cvnA11 (sco0588) induced 

and cvnA1 (sco5544) repressed (Takano et al., 2011) 

 

A3.1.5 DE genes involved in conferring antibiotic resistance 

 

Seven genes whose products are involved in conferring antibiotic resistance were DE 

following cold-shock in both rich and SMM media (Figure A3.14, Table A8.19). 
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Figure A3.14 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and SMM liquid media at 

various time points shown in min for seven genes involved in conferring antibiotic 

resistance. Results are the average of two biological replicates. Results that were not 

significant (adjusted p-val >= 0.05) are coloured grey. 

The S. coelicolor genome contains a number of pairs of paralogous genes which are 

discussed in Section 4.2.2.5.2. Three paralogues which confer tetracycline resistance are 

encoded in genes which were induced following cold-shock in both the rich and SMM liquid 

media – alaS2 (sco7600) which encodes an alanyl tRNA synthetase, rsgA (sco6149 ) 

encoding a ribosome biogenesis GTPase and tuf3 (sco1321) encoding elongation factor Tu. 

The tetracycline resistant encoding trpS used in the example above was induced in rich liquid 

medium, and its non-tetracycline resistant paralogue trpS2 (sco4839) was repressed in both 

rich and SMM liquid media (Lee et al., 2020a).  

 

Two other genes which encode products conferring antibiotic resistance were also induced, 

sco3366 which encodes an efflux pump that provides resistance to ciproflaxin, 

chloramphenicol, ethidium bromide and especially rifampicin, as well as increasing tolerance 

to oxidative stress (Nag & Mehra, 2022); and vanJ (sco3592) whose product is involved in 

resistance to the cell wall targeting antibiotic vancomycin (Hesketh et al., 2021). The sco6777 

gene is annotated by the NCBI as a beta-lactamase, and was repressed (O’Leary et al., 

2016).  

 

More members of the tetracycline resistant paralogues are in the group of eleven genes DE 

in just the rich liquid medium (Figure A3.15, Table A8.20). 
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Figure A3.15 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich liquid media at various time 

points shown in min for 11 genes involved in conferring antibiotic resistance. Results are 

the average of two biological replicates. Results that were not significant (adjusted p-val >= 

0.05) are coloured grey. 

Five were induced - trpS (sco3334) which encodes the tetracycline-resistant paralogue of 

trpS2; fusB (sco6589) and fusA (sco1528) which both encode resistant versions of 

elongation factor G; hflX (sco5796) and helY (sco1631) which encode ribosome associated 

proteins. The WhiB-like regulator of these tetracycline resistant genes, wblC (sco5190) was 

also induced. One other half of a paralogue pair, prfB (sco2972) which encodes a release 

factor, was also induced, though in contrast to the other genes in this category, this is the 

non-resistant half of the pair (Lee et al., 2020a). 

 

Two more genes whose products confer resistance to vancomycin were induced, vanX 

(sco3596) and vanK (sco3593) (Hesketh et al., 2021), as was the beta-lactamase-encoding 

sco0130 and tcmA (sco2373) which codes for a tetracenomycin C efflux protein was 

repressed (O’Leary et al., 2016). 

 

Five genes whose products are involved in conferring antibiotic resistance were DE in just 

SMM (Figure A3.16, Table A8.21). 
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Figure A3.16 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in SMM at various time points shown in 

min for five genes involved in conferring antibiotic resistance. Results are the average of 

two biological replicates. Results that were not significant (adjusted p-val >= 0.05) are 

coloured grey. 

Gene lrm (sco6089) (induced) codes for an rRNA methyltransferase which confers 

tetracycline resistance and tuf1 (sco4662) (repressed) encodes the non-tetracycline 

resistant elongation factor Tu. Both form part of the WblC regulon, along with cmlR2 

(sco7662) (induced) which codes for a major facilitator superfamily (MFS) protein likely to 

transport tetracycline out of the cell (Lee et al., 2020a). Gene sco4121 (induced) also 

encodes an MFS protein which provides resistance to ciproflaxin and chloramphenicol, and 

also increases oxidative stress tolerance (Nag & Mehra, 2021). Gene sco3774 (repressed) 

encodes a beta-lactamase (O’Leary et al., 2016). 
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A3.1.6 DE genes involved in stress responses 

 

Five genes whose products are involved in adaptation to stress were DE in both liquid media 

(Figure A3.17, Table A8.22). 

 

Figure A3.17 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and SMM liquid media at 

various time points shown in min for six genes involved in stress response. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

The ‘paraquat resistance regulator’ pqrA (sco1568) whose product responds to reactive 

oxygen species was strongly induced, as was its regulated partner pqrB (sco1567). These 

genes are discussed in Section 4.2.2.5.4. A ‘redox stress response cluster’ consisting of two 

loci, sco0161 to sco0181 and sco0197 to sco0220 (Daigle et al., 2015) is discussed in the 

same section. One gene from this locus, sco0166, was induced in both media – many more 

were induced in just one of the two media, discussed below. The induced gene sco1087 is 

part of an osmotic stress response operon under the control of the general stress sigma 

factor SigB (SCO0600) (Sevcikova et al., 2021), and mshD (sco4151), coding for a mycothiol 

synthesis protein, was repressed, as was inoY (sco3897) which is a member of an operon 

encoding enzymes which produce the mycothiol precursor inositol (Zhang et al., 2012). 

Mycothiol is used by S. coelicolor to deal with potentially harmful reactive oxygen species 

(Newton et al., 2008). 

 

Thirty genes in this category were DE just in the rich liquid medium (Figure A3.18, Table 

A8.23). Interestingly, most of the genes in this category were also induced at 15 min in the 

control samples, and then either returned to basal levels or were repressed in comparison 

with the ‘time=0’ reference samples by 60 min. 
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Figure A3.18 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich liquid media at various time 

points shown in min for 30 genes involved in stress response. Results are the average of 

two biological replicates. Results that were not significant (adjusted p-val >= 0.05) are 

coloured grey. 

Fourteen of the 21 genes in the sco161-sco181 redox stress locus and nine of the 24 genes 

in the sco0197 – sco0220 redox stress locus were induced. Three of the induced members 

of this second locus code for nitrate reductases (narG2, narH2, and narJ2), which are also 

categorised for their involvement in TCSs above. Three ‘tellurite-resistance’ domain 

containing tdd genes, tdd2 (sco1020), tdd10 (sco3727) and tdd12 (sco3939) were repressed 

in rich liquid media. These genes were named for their role in conferring resistance to tellurite 

but given the lack of tellurite resistance in S. coelicolor, they are presumably playing a 

different role in this organism. 

 

Two genes involved in nitric oxide sensing and response were also induced. Gene nsrR 

(sco7427) encodes a transcription factor that responds to nitric oxide and the adjacent 
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hmpA1 (sco7428) encodes a flavohemoprotein which forms part of its regulon (Crack et al., 

2015). The induced gene ectA (sco1864) encodes a protein involved in ectoine biosynthesis 

likely to be involved in osmotic regulation (Waldvogel et al., 2011), and sco1545 is a second 

copy of mshD encoding a mycothiol synthesis protein, repressed in this sample as was the 

first copy (sco4151) in both media (Newton et al., 2008).  

 

Ten stress response genes were DE just in SMM liquid medium cultures (Figure A3.19, 

Table A8.24). 

 

Figure A3.19 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in SMM at various time points shown in 

min for ten genes involved in stress response. Results are the average of two biological 

replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured grey. 

Three genes involved in osmotic stress response were DE. Two, sco1088 and sco1089, 

were induced, and are part of a SigB-induced four gene operon that codes for osmotic stress 

response proteins (another member of this operon sco1087 was induced in both media) 

(Sevcikova et al., 2021). The third, ectC (sco1866) encodes an ectoine synthase and was 

repressed, in contrast to another member of the ectioine biosynthesis cluster, ectA 

(sco1864), which was transiently induced at 30 min in the rich liquid medium.  

 

Five ‘tellurium resistance’ genes were DE – tdd9 (sco2641) was induced, and tdd15 

(sco5806), tdd13 (sco4277), sco7481 and sco3767 were repressed (Millan-Oropeza et al., 

2020; Sanssouci et al., 2011). Two superoxide dismutase-encoding genes, sodN (sco5254) 

and sodF2 (sco0999) were also repressed.  
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A3.1.7 DE genes involved in translation 

 

Four genes whose products are involved in translation were DE following cold-shock in both 

rich and SMM media (Figure A3.20, Table A8.25). 

 

 

Figure A3.20 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and SMM liquid media at 

various time points shown in min for four genes involved in translation. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

Molecular chaperones are discussed in Section 4.2.2.5.2. htpG (sco7516) is translated into 

a chaperone, heat shock protein 90 (Hsp90) (Wickner et al., 2021). This gene was repressed 

in both media, as was sco1510 which encodes a peptidyl-prolyl cis-trans isomerase that 

facilitates the cis-trans isomerisation of prolyl peptide bonds and the formation of disulphide 

bridges, both being slow processes during protein folding (Schönbrunner & Schmid, 1992). 

Gene sco7652 (repressed) encodes a ribosomal protein modification factor and sco5166 

(induced) encodes a helicase.  

 

Eight genes whose products are involved in translation were DE in just the rich liquid medium 

(Figure A3.21, Table A8.26). 
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Figure A3.21 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich liquid media at various time 

points shown in min for eight genes involved in translation. Results are the average of two 

biological replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured 

grey. 

Two genes coding for proteins which form parts of the ribosome itself were induced, rpmG3 

(sco0570) and rpmJ2 (sco0569). Three genes coding for ribosomal modification factors 

were also induced, rbfA (sco5708), sco2577 and sco2533, as were two genes coding for 

rRNA modification factors, sco1782 and sco5645 (Kanehisa & Goto, 2000). RbfA is 

important for the maturation of the 30S sub unit, and has been identified as a cold-shock 

responsive protein that aids the resumption of translation by increasing the supply of active 

30S sub units in Thermus thermophilus (Datta et al., 2007). Additionally, a gene encoding a 

helicase, sco2952, was repressed. 

 

Nine genes were DE in SMM and not in rich liquid medium (Figure A3.22, Table A8.27). 

 

Figure A3.22 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in SMM at various time points shown in 

min for nine genes involved in translation. Results are the average of two biological 

replicates. Results that were not significant (adjusted p-val >= 0.05) are coloured grey. 
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Two elements of the ribosomal machinery were DE, a ribosomal protein-encoding gene rpsB 

(sco5624) and a ribosomal modification protein-encoding sco4751, both repressed. Another 

set of molecular chaperone genes were also repressed, those forming the well conserved 

‘DnaK machine’ discussed in Section 4.2.2.5.2. Genes encoding all three components of the 

DnaK machine - dnaJ (sco3669), dnaJ2 (sco2554), grpE (sco3670) and dnaK (sco3671) 

were repressed, as was fkbP (sco1638), encoding another peptidyl-prolyl cis-trans-

isomerase that assists protein folding. Two putative helicases, sco5183 and sco6262, were 

induced (O’Leary et al., 2016). 

 

Eleven genes encoding aminoacyl-tRNA synthetases were DE, five in both media, four in 

just the rich medium and two only in SMM (Figure A3.23, Table A8.28, Table A8.29, Table 

A8.30). All were repressed with the exception of trpS (sco3334). 

 

 

Figure A3.23 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and / or SMM liquid media at 

various time points shown in min for 11 genes involved in aminoacyl-tRNA synthetase 

biosynthesis. Results are the average of two biological replicates. Results that were not 

significant (adjusted p-val >= 0.05) are coloured grey. 

A3.1.8 DE genes involved in cell wall and membrane biosynthesis 

 

Three genes involved in cell wall and membrane biosynthesis were DE following cold-shock 

in both rich and SMM liquid media, one in the rich medium alone and three in the SMM alone 

(Figure A3.24, Table A8.31, Table A8.32, Table A8.33). 
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Figure A3.24 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in rich and / or SMM liquid media at 

various time points shown in min for seven genes involved in cell wall and membrane 

biosynthesis. Results are the average of two biological replicates. Results that were not 

significant (adjusted p-val >= 0.05) are coloured grey. 

des (sco3682), induced in both media, encodes a delta fatty acid desaturase which acts to 

increase membrane fluidity as described for B. subtilis in Section 1.3.2.1. The gene cwgA 

(sco6179), the first gene in an operon regulated by SigE, believed to encode proteins for the 

biosynthesis of a cell wall glycan (Hong et al., 2002), was induced in both media, as was 

pspA (sco2168) which codes for phage shock protein A, an effector of a stress-response 

system that responds to cell wall stress (Ravi et al., 2018). 

 

The gene encoding the cell wall stress alternative sigma factor SigE, sigE (sco3356), showed 

a surprising lack of change in differential expression, being transiently repressed at 30 min 

in just the rich medium before returning to basal levels at 60 min.   

 

The second member of the cell wall glycan biosynthesis operon, cwgB (sco6180) was 

induced in just SMM, as was olsA (sco0920) which codes for an acyltransferase involved in 

the production of ornithine lipids which are synthesised to replace phospholipids in the cell 

membrane in cases of phosphate scarcity (Lejeune et al., 2021). sco4877 is also part of a 

cluster responsible for the biosynthesis of phosphate-free cell wall polymers, and was also 

induced (Allenby et al., 2012). Three genes associated with peptidoglycan biosynthesis were 

DE in both media, eight in just the rich medium and two in just SMM (Table A8.34, Table 

A8.35, Table A8.36), the majority repressed (Kanehisa & Goto, 2000).  Twenty genes 

associated with cell wall hydrolases which participate in cell wall remodelling (Haiser et al., 
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2009) were DE, four in both media, ten in just the rich medium and six in just SMM (Table 

A8.37, Table A8.38, Table A8.39).  

 

Central metabolic pathways 

 

A3.1.9 DE genes involved in energy and carbon metabolism 

 

Several pathways associated with central metabolic functions were also DE following cold-

shock, in particular energy producing pathways, including oxidative phosphorylation, 

glycolysis, galactose metabolism, pyruvate metabolism, the pentose phosphate pathway, 

the TCA cycle, glyoxylate bypass (Kanehisa & Goto, 2000; Thomas et al., 2012) and 

gluconate metabolism (Tsypik et al., 2017) . Genes are listed in Table A8.40 to Table A8.59, 

and numbers induced or repressed in each category and medium summarised below (Table 

A3.1).  

 

Table A3.1 Number of genes differentially expressed following cold-shock relative to ‘time=0’ 

reference samples by energy producing pathway category and culture media.  

 

Six genes whose products are involved in accessing alternative carbon sources were DE. 

chb (sco2833) and chiJ (sco2503) (induced, SMM only) encode proteins involved in chitin 

metabolism (Colson et al., 2007); and xysA (sco0674), xlnA (sco5931) and xlnB (sco2292) 

(induced, both media) and xylB (sco1170) (repressed, rich medium only),  have been 

identified as encoding possible xylanases (Enkhbaatar et al., 2016; Świątek et al., 2013; 

Wang et al., 2013). 

 

 

 

Induced Repressed Induced Repressed Induced Repressed

Oxidative phosphorylation 2 4 2 6 5 2

Glycolysis 4 4 5 5 2

Galactose metabolism 5 2 3 1

Pyruvate metabolism 1 5 4 4 3

Pentose phosphate pathway 1 3 3 3 1

TCA cycle 1 1 1 4

Glyoxylate metabolism 3 4 1 3

Gluconate metabolism 2

Both media Just rich Just SMM
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A3.1.10 DE genes involved in purine metabolism 

 

Five genes encoding products involved in purine metabolism were DE following cold-shock 

(two induced, three repressed) in both media, eight were DE in just the rich media (one 

induced, seven repressed) and six were DE in just SMM (two induced, four repressed) 

(Table A8.60, Table A8.61, Table A8.62) (Kanehisa & Goto, 2000; Pornbanlualap & 

Chalopagorn, 2011). Guanosine containing chemicals such as cyclic di-GMP and 

(p)ppGppp are used for signalling within the cell, and it is possible that these changes in 

purine metabolism are associated with fine tuning of guanosine levels (Bush et al., 2015; 

Hesketh et al., 2007). 

 

A3.1.11 DE genes involved in amino acid and fatty acid metabolism 

 

Twenty-one genes whose products are involved in amino acid metabolism were DE 

following cold-shock in both rich and SMM liquid media, 46 genes were DE in just the rich 

medium and 18 in SMM (Table A8.63,Table A8.64, Table A8.65) (Kanehisa & Goto, 2000). 

Genes from the paa operons (paaA, paaB, paaC, paaD, paaE, paaI and paaK / sco7471, 

sco7472, sco7473, sco7474, sco7475, sco7470 and sco7469), considered to be involved in 

phenylalanine degradation were all strongly induced.  

 

Seven genes whose products are involved in fatty acid biosynthesis, beta oxidation or fatty 

acid degradation were DE following cold-shock in both the rich and SMM media, twenty were 

DE in rich and not SMM medium and nine were DE in SMM and not in rich medium (Table 

A8.66, Table A8.67, Table A8.68) (Kanehisa & Goto, 2000). 

 

A3.1.12 DE genes involved in B Vitamin and porphyrin metabolism 

 

Three genes whose products are involved in B vitamin metabolism were DE following cold-

shock in both rich and SMM liquid media, five genes were DE in just the rich medium and 

nine in just SMM (Table A8.69, Table A8.70, Table A8.71). Two genes encoding proteins 

involved in porphyrin metabolism were DE in both media, four genes were DE in just the rich 

medium and three were DE in the just SMM (Table A8.72, Table A8.73, Table A8.74) 

(Kanehisa & Goto, 2000).  
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A3.1.13 Other DE genes 

 

The rest of the characterised DE genes have various functions which are not easily grouped 

functionally and are listed in Table A8.75, Table A8.76, Table A8.77. Genes sco6013 

(repressed, both media),  ispD (sco4233) (induced, rich medium only), ispH (sco5058) 

(repressed, rich medium only) and sco3079 (repressed, SMM only) encode terpenoid 

backbone related products; sco4326, sco4327, sco4491 and sco4506 (repressed, rich not 

SMM medium), and hppD (sco2927)  (induced, SMM only), sco4490 and sco4550 

(repressed, SMM only) encode ubiquinone and terpenoid quinone biosynthesis proteins (the 

product of hppD is also characterised as a tyrosine degradation enzyme (Yang et al., 2007)); 

glgX2 (sco5456) (induced, both media) and glgX3 (sco6082) (induced, rich medium only) 

encode products involved in starch, sucrose and secondary metabolism; nagB (sco5236) 

(induced, rich medium only) codes for a protein involved in amino and nucleotide sugar 

metabolism (Kanehisa & Goto, 2000); and the products of three genes induced in both 

media, mbl (sco2451), sco3285 and sco3286 have been characterised in a doctoral thesis 

as cytoskeletal proteins with a role in sporulation (Celler, 2013). 

 

The genes sco6339 (repressed, just rich medium) and sco1308 (repressed, both media) 

encode proteins which are involved in benzoate degradation; sco5559 (repressed, rich 

medium only) codes for a protein categorised as part of glycerophospholipid metabolism; 

sco2194 (repressed, both media) codes for a lipoic acid metabolism protein (Kanehisa & 

Goto, 2000); and sco6273 (induced, rich media only) codes for a polyketide synthase 

(Świątek-Połatyńska et al., 2015). 

 

A3.2 Attempted characterisation of the cold shock response on SMMS solid media 

 

Far fewer genes showed statistically significant changes in expression on SMMS solid 

medium than in either of the two liquid media. Further research is required to ascertain 

whether the cold-shock response is not being fully induced and if changes to experimental 

conditions can rectify this; if it is happening more slowly than in the liquid cultures, and at later 

time points more genes would have become differentially expressed; or if the cold-shock 

response on solid medium simply involves far fewer genes than that observed in the two 
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liquid media. It is worth noting that the cold-shock protocol with liquid media promotes 

essentially instantaneous cold-shock with the liquid directly contacting the dispersed 

mycelium. Heat transfer will be slower and more uneven through compacted mycelium at 

an air/cellophane disc interface and it is probably not surprising that the results are different. 

 

A3.2.1 Genes DE on supplemented minimal solid medium and DE in both liquid media 

following cold-shock 

 

In total, 29 genes were DE in all three media tested (Table A9.1). These genes and their 

component pathways are central to the core cold-shock response and are therefore 

unconditionally differentially expressed following cold-shock in all conditions tested.  

 

Six of the seven genes forming the ‘sco5921’ and ‘sco4684’ cold-shock operons were 

strongly induced in all three media (Figure A3.25). Three of them (sco4684, sco5921 and 

sco5920) were also differentially expressed at 15 min in the rich liquid medium control, but  

returned to basal levels by 60 min. 

 

 

Figure A3.25 Heatmap of log2-fold changes in gene expression relative to ‘time=0’ reference 

samples following cold-shock and in control cultures in all three media at various time points 

shown in min for six genes forming parts of putative cold-shock operons. Results are the 

average of two biological replicates. Results that were not significant (adjusted p-val >= 0.05) 

are coloured grey. 

Three characterised regulatory genes were induced consistently in all three media. rho 

(sco7051) encodes a transcription termination factor, and pcaV (sco6704) encodes the 

negative regulator of the -ketoadipate pathway, part of the system for consuming lignin-

derived aromatic compounds for use in carbon metabolism. The TetR-family transcriptional 

regulator product of sco3367 (induced) has been identified as a negative regulator of 
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sco3366, which putatively codes for a rifampicin efflux pump that confers resistance to 

rifampicin, increased oxidative stress tolerance and decreased cell-wall permeability (Nag & 

Mehra, 2022). Its regulated gene, sco3366, was induced in both of the liquid culture 

experiments following cold-shock, though not in the cultures grown on solid medium, nor in 

the controls.  

 

The uncharacterised anti-sigma factor antagonist-encoding sco4027 was induced in the 

liquid media and repressed on the solid medium, and the MarR family transcriptional 

regulator-encoding sco1145 and the TetR family transcriptional regulator-encoding sco3167 

were induced in all three media (O’Leary et al., 2016). Both members of the paraquat 

resistance operon pqrA and pqrB were induced, as was the tetracycline resistant paralogue 

alanyl-tRNA synthetase encoded by alaS2. The fatty acid desaturase des was induced 

along with the adjacent (possibly operonic) sco3681. The genes sco3834 and sco6475 

(induced) are identified as being involved in fatty acid degradation and phenylalanine 

metabolism, and paaA (induced) is also involved in phenylalanine degradation. The lon-like 

protease-encoding sco5202 was induced, and the beta-lactamase-encoding sco0677 was 

repressed in the liquid media and induced on the solid medium.  

 

It is likely the functions of some of these universally DE genes have broader and more pivotal 

importance than the names ascribed to some of them. Many of the gene names are historic 

based on how their genes were identified phenotypically – such as ‘paraquat resistance’. 

 

A3.2.2 Genes DE on supplemented minimal solid medium and DE in rich liquid medium but 

not in supplemented minimal liquid medium following cold-shock 

 

Thirteen genes were DE in both SMMS solid and rich liquid media but not in the SMM liquid 

medium (Table A9.2). Two fatty acid degradation pathway genes, acdH2 (sco2774) and 

fadA1(sco6027) were induced, as were penicillin-binding protein-encoding sco3156 and the 

gene coding for a synthase of the tryptophan precursor anthranilate, sco2117. trpS, the 

tetracyline resistant paralogue tryptophanyl-tRNA synthase was also induced, as were the 

poorly characterised TetR family transcriptional regulator-encoding sco4940 and membrane 

transport protein-encoding sco3166. 
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A3.2.3 Genes DE on supplemented minimal solid medium and DE in supplemented 

minimal liquid medium but not in rich liquid medium following cold-shock 

 

Seventeen genes were DE in both SMMS solid and SMM liquid media but not in the rich 

liquid medium. Putative cold-shock operon gene methyltransferase-encoding sco4504 was 

induced. This gene is not classed as DE in rich liquid medium following cold-shock because 

it is also DE in the control cultures and assumed to be a product of the fresh medium addition 

rather than of the cold-shock, suggesting that it is only conditionally required for the CSR. 

The gene encoding sigma factor SigQ, which is conditionally required for differentiation and 

secondary metabolism, sigQ (sco4908), was induced, as were two poorly characterised 

transcriptional regulator-encoding genes sco7014 and sco4640, along with the adjacent 

transmembrane efflux protein-encoding sco4641. The uncharacterised transcriptional 

regulator-encoding sco6778 was repressed in the liquid medium and induced on the solid. 

The gyrB (sco3874) (induced) gene encodes a DNA gyrase subunit that generates negative 

DNA supercoiling and is thought to have a resulting regulatory function (Szafran et al., 2016) 

and yjqA (sco3793) (induced) has tentatively been identified as a nucleoid associated protein 

of unknown function (Bradshaw et al., 2013).  

 

A3.2.4 Genes DE on supplemented minimal solid medium and not DE in liquid media 

following cold-shock 

 

Twenty-two genes were DE on SMMS solid medium and not DE in either of the liquid media 

tested (Table A9.4). The light induced transcription regulator gene litR (sco0193) which 

regulates a gene cluster that produces carotenoids was induced. litA (sco0195), a putative 

lipoprotein of unknown function whose transcription is light sensitive (Takano et al., 2005b) 

was also induced. Light levels were not explicitly monitored, but it should be noted that light 

levels are likely to have varied between cultures. The solid medium control samples were 

grown in darkness; the solid medium cold-shock cultures were grown in an incubator with a 

window in one vertical side in a lab with no external windows but with artificial lighting some 

of the time; the liquid medium control culture incubator had windows on all sides and the 

liquid medium cold-shock incubator had a window in its top surface, and the lab the liquid 

cultures were in had an external window and would have also been artificially lit some of the 

time. abrC2 (sco4597) (induced) codes for a kinase in an unusual two-component system 
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which has two kinases and a response regulator involved in antibiotic production – the gene 

coding for the other kinase in the system, abrC1, was induced in just the SMM liquid medium 

(Rodríguez et al., 2015). Gene sco4983 (induced) is under control of the iron-homeostasis 

regulator CatR but is otherwise uncharacterised (Kim et al., 2021). Gene sco1965 (tdd5) 

(induced) encodes a tellurium resistance protein – three tellurium resistance genes were DE 

in the rich liquid medium alone (tdd2, tdd10 and tdd12) and five were DE in the SMM liquid 

medium alone (tdd9, tdd13, tdd15, sco3767 and sco7481) whilst none were DE in more than 

one medium. Uncharacterised transcriptional regulator-encoding genes sco6121, and 

sco0428 were induced along with the adjacent hydrolase-encoding gene sco0427. The 

transcriptional regulator-encoding sco4336 was induced. It is known to be induced by ppGpp 

and its disruption has been reported to reduce production of actinorhodin on some media 

(Hesketh et al., 2007). The adjacent transporter-encoding gene sco4337 was also induced. 

Uncharacterised transporter-encoding genes sco4359 and sco5035 were also induced, as 

was adjacent hypothetical protein-encoding gene sco5036. Transporter-encoding gene 

sco3503, and cellulase-encoding gene cel1 (sco0765) were repressed. 
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Appendix 4 

Bash script used to generate AlphaFold 2 protein models 

 

Format of bash script command used : 

 

bash run_alphafold.sh -d <path to directory of supporting data> -o <path to directory to store 

results> -m model_1 -f <path to input FASTA file> -t 2020-05-14 

 

Options used are 

-m  Use model_1, monomer model 

-t Maximum template release date to consider 14/5/2020 

 

run_alphafold.sh script used 

 

#!/bin/bash 

# Description: AlphaFold non-docker version 

# Author: Sanjay Kumar Srikakulam 

 

usage() { 

        echo "" 

        echo "Please make sure all required parameters are given" 

        echo "Usage: $0 <OPTIONS>" 

        echo "Required Parameters:" 

        echo "-d <data_dir>     Path to directory of supporting 

data" 

        echo "-o <output_dir>   Path to a directory that will 

store the results." 

        echo "-m <model_names>  Names of models to use (a comma 

separated list)" 

        echo "-f <fasta_path>   Path to a FASTA file containing 

one sequence" 
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        echo "-t <max_template_date> Maximum template release 

date to consider (ISO-8601 format - i.e. YYYY-MM-DD). Important 

if folding historical test sets" 

        echo "Optional Parameters:" 

        echo "-b <benchmark>    Run multiple JAX model 

evaluations to obtain a timing that excludes the compilation 

time, which should be more indicative of the time required for 

inferencing many 

    proteins (default: 'False')" 

        echo "-g <use_gpu>      Enable NVIDIA runtime to run with 

GPUs (default: True)" 

        echo "-a <gpu_devices>  Comma separated list of devices 

to pass to 'CUDA_VISIBLE_DEVICES' (default: 0)" 

        echo "-p <preset>       Choose preset model configuration 

- no ensembling (full_dbs) or 8 model ensemblings (casp14) 

(default: 'full_dbs')" 

        echo "" 

        exit 1 

} 

 

while getopts ":d:o:m:f:t:a:p:g:b" i; do 

        case "${i}" in 

        d) 

                data_dir=$OPTARG 

        ;; 

        o) 

                output_dir=$OPTARG 

        ;; 

        m) 

                model_names=$OPTARG 

        ;; 

        f) 

                fasta_path=$OPTARG 

        ;; 
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        t) 

                max_template_date=$OPTARG 

        ;; 

        b) 

                benchmark=true 

        ;; 

        g) 

                use_gpu=$OPTARG 

        ;; 

        a) 

                gpu_devices=$OPTARG 

        ;; 

        p) 

                preset=$OPTARG 

        ;; 

        esac 

done 

 

# Parse input and set defaults 

if [[ "$data_dir" == "" || "$output_dir" == "" || "$model_names" 

== "" || "$fasta_path" == "" || "$max_template_date" == "" ]] ; 

then 

    usage 

fi 

 

if [[ "$benchmark" == "" ]] ; then 

    benchmark=false 

fi 

 

if [[ "$use_gpu" == "" ]] ; then 

    use_gpu=true 

fi 

 

if [[ "$gpu_devices" == "" ]] ; then 
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    gpu_devices=0 

fi 

 

if [[ "$preset" == "" ]] ; then 

    preset="full_dbs" 

fi 

 

if [[ "$preset" != "full_dbs" && "$preset" != "casp14" ]] ; then 

    echo "Unknown preset! Using default ('full_dbs')" 

    preset="full_dbs" 

fi 

 

# This bash script looks for the run_alphafold.py script in its 

current working directory, if it does not exist then exits 

current_working_dir=$(pwd) 

alphafold_script="$current_working_dir/run_alphafold.py" 

 

if [ ! -f "$alphafold_script" ]; then 

    echo "Alphafold python script $alphafold_script does not 

exist." 

    exit 1 

fi 

 

# Export ENVIRONMENT variables and set CUDA devices for use 

export CUDA_VISIBLE_DEVICES=-1 

if [[ "$use_gpu" == true ]] ; then 

    export CUDA_VISIBLE_DEVICES=0 

 

    if [[ "$gpu_devices" ]] ; then 

        export CUDA_VISIBLE_DEVICES=$gpu_devices 

    fi 

fi 

 

export TF_FORCE_UNIFIED_MEMORY='1' 
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export XLA_PYTHON_CLIENT_MEM_FRACTION='4.0' 

 

# Path and user config (change me if required) 

bfd_database_path="$data_dir/bfd/bfd_metaclust_clu_complete_id30_

c90_final_seq.sorted_opt" 

mgnify_database_path="$data_dir/mgnify/mgy_clusters.fa" 

template_mmcif_dir="$data_dir/pdb_mmcif/mmcif_files" 

obsolete_pdbs_path="$data_dir/pdb_mmcif/obsolete.dat" 

pdb70_database_path="$data_dir/pdb70/pdb70" 

uniclust30_database_path="$data_dir/uniclust30/uniclust30_2018_08

/uniclust30_2018_08" 

uniref90_database_path="$data_dir/uniref90/uniref90.fasta" 

 

# Binary path (change me if required) 

hhblits_binary_path=$(which hhblits) 

hhsearch_binary_path=$(which hhsearch) 

jackhmmer_binary_path=$(which jackhmmer) 

kalign_binary_path=$(which kalign) 

 

# Run AlphaFold with required parameters 

$(python $alphafold_script --

hhblits_binary_path=$hhblits_binary_path --

hhsearch_binary_path=$hhsearch_binary_path --

jackhmmer_binary_path=$jackhmmer_binary_path --

kalign_binary_path=$kalign_binary_path --

bfd_database_path=$bfd_database_path --

mgnify_database_path=$mgnify_database_path --

template_mmcif_dir=$template_mmcif_dir --

obsolete_pdbs_path=$obsolete_pdbs_path --

pdb70_database_path=$pdb70_database_path --

uniclust30_database_path=$uniclust30_database_path --

uniref90_database_path=$uniref90_database_path --

data_dir=$data_dir --output_dir=$output_dir --

fasta_paths=$fasta_path --model_names=$model_names --
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max_template_date=$max_template_date --preset=$preset --

benchmark=$benchmark --logtostderr) 
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Appendix 5 

Bash scripts used to process RNA-seq data sets 

 

Hisat2 / Samtools 

Hisat 2 version # 2.1.0. (Kim et al., 2015) 

Samtools version # 1.7 (Danecek et al., 2021) with openssl version # 1.0.2u 

Hisat2 indexes were built from the NCBI reference sequence from genome assembly 

ASM20383v1 using the command : 

 

hisat2-build GCF_000203835.1_ASM20383v1_genomic.fna 

Hisat/SCO_hisat 

 

An array identifying each sample was created in the variable ‘array’, and a ‘for’ loop with 

index variable i was used. Each pair of data files were assigned in turn to variables R1files 

and R2files and the following command used to align them to the reference sequence : 

 

hisat2 -p 4 --no-spliced-alignment --rna-strandness RF --un-conc-

gz unmapped_hisat --no-unal \ 

--new-summary --summary-file ${array[$i-1]}_hisatMap_Summary \ 

-x ../../Reference/Hisat/SCO_hisat \ 

-1  $R1Files \ 

-2  $R2Files | \ 

samtools view -buh -@ 4 - | \ 

samtools sort -O BAM -@ 4 - | \ 

tee genome_mapped_ht.bam | \ 

samtools index -@ 4 - genome_mapped_ht.bam.bai 

 

The following Hisat2 options were specified : 

 

p 4 Use 4 processors / cores 

--no-spliced-alignment Disabled spliced alignments, as 

prokaryotic genomes do not exhibit 

gene splicing. 
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--rna-strandness RF Identifies the input files as paired 

reads and specifies their strand 

direction 

--un-conc-gz unmapped_hisat Write unmapped reads to files 

named unmapped_hisat in gz 

compressed format 

--no-unal   Suppress SAM records for reads 

that do not align 

--new-summary  Use new summary format 

--summary_file ${array[$i-

1]}_hisatMap_Summary 

Create summary file named 

[sample 

name]_hisatMap_Summary 

x ../../Reference/Hisat/SCO_hisat Use the reference indices created 

above 

 

The following samtools view options have been specified : 

b Output in BAM format 

u Output uncompressed 

h Include header in output 

@ 4 Use 4 processors / cores 

 

The following samtools sort options have been specified: 

 

O BAM Output in BAM format 

 

The tee command creates a .bam file whilst also piping the data forward into the samtools 

index command. 

 

samtools index has then been used to create an index for the BAM file. 

 

samtools has also been used to calculate read lengths for use in the mean and standard 

deviation parameters used in kallisto below, as follows. 
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samtools view genome-mapped-ht.bam | cut -f 10 | perl -ne 

'chomp;print length($_) . "\n"' | sort | uniq -c >lengths 

 

Kallisto 

Version # 0.46.2 (Bray et al., 2016) 

The following command was used to create a Kallisto index from a fasta file containing 

sequences for all genes from NCBI S. coelicolor assembly 

GCF_000203835.1_ASM20383v1  and sRNAs identified by Jeong et al. (2016): 

 

kallisto index -k 31 -i all.SCO_transcripts_startStop.idx 

all.SCO_transcripts_startStop.fa 

 

Kallisto indices were also prepared with just genes for the polysome profiling analysis, and 

with genes and abundant intergenic RPFs for the ribosome profiling analysis. 

 

The paired reads for total RNA and polysome profiling monosome and polysome-associated 

fractions were processed as follows: An array identifying each sample was created in the 

variable ‘array’, and a ‘for’ loop with index variable i was used. Each pair of data files were 

assigned in turn to variable R1R2files and the following command used to calculate the 

Kallisto pseudo-alignments : 

 

kallisto quant -t 4 --bias --rf-stranded -i 

../../Reference/kallisto_out/all.SCO_transcripts_startStop.idx -o 

kallisto -b 100 ${R1R2Files} 

 

The following options have been specified 

 

t 4 Use 4 threads 

--bias  Perform sequence based bias 

correction 

--rf-stranded  Reads are strand specific, first read 

reverse 
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i 

all.SCO_transcripts_startStop.idx  

Use specified index 

o kallisto  Output directory 

b 100  Number of bootstrap samples 100 

${R1R2Files} Files containing the sample reads 

 

The single end reads for the ribsosome profiling experiment were processed with the 

following code : 

 

kallisto quant -t 8 --bias  --single --single-overhang -l 28 -s 4 

-i /ssd/Bioinformatics/Reference/all.SCO_transcripts_inc_wRNA.idx 

-o kallisto -b 100 ${R1R2Files} 

 

Additional options specified are  

--single    Reads are unpaired  

--single-overhang  Include reads where the end overhangs the transcript 

-l 27.7    Mean fragment length 

-s 4.75   Standard deviation of fragment length 

 

Mean and standard deviation calculated from the output of the samtools statement described 

above.  

 

Picard  

Version # 2.25.7 (Broad Institute, 2019) 

 

A ‘refFlat’ format file was prepared from the reference assembly using the gff3ToGenePred 

package (Kent, 2022)  and the following command : 

 

gff3ToGenePred GCF_000203835.1_ASM20383v1_genomic.gff 

GCF_000203835.1_ASM20383v1_genomic.gff.refFlat 

 

The awk command was used to rearrange the columns to be suitable for use by the Picard 

package as follows : 
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awk 'BEGIN {FS="\t"; OFS="\t"} {print $12, $1, $2, $3, $4, $5, 

$6, $7, $8, $9, $10}' 

GCF_000203835.1_ASM20383v1_genomic.gff.refFlat > 

GCF_000203835.1_ASM20383v1_genomic.gff.Final.refFlat 

 

The paired reads for total RNA and polysome profiling monosome and polysome-

associated fractions were processed as follows: An array identifying each sample was 

created in the variable ‘array’, and a ‘for’ loop with index variable i was used to loop through 

every folder created by the Hisat2 command and collect alignment metrics using the picard 

package as follows : 

 

picard  CollectRnaSeqMetrics \ 

      I=genome_mapped_ht.bam \ 

      O=${array[$i-1]}_picard.RNA_Metrics_gff \      

REF_FLAT=../../Reference/GCF_000203835.1_ASM20383v1_genomic.gff.F

inal.refFlat \ 

      STRAND=SECOND_READ_TRANSCRIPTION_STRAND \ 

   VALIDATION_STRINGENCY=SILENT \ 

   TMP_DIR=../../Temp 

 

The following options were selected : 

 

CollectRnaSeqMetrics Produces RNA alignment metrics from a 

BAM file. 

I=genome_mapped_ht.bam Sets the input filename 

O=${array[$i-

1]}_picard.RNA_Metrics_gff 

Write the metrics to a file called 

[sample_name]_picard.RNA_metrics_gff 

REF_FLAT=../../GCF_000203835.1_A

SM20383v1_genomic.gff.Final.refF

lat 

Specifies the reference file created above 

STRAND=SECOND_READ_TRANSCRIPTION

_STRAND 

Sets strand specificity to the second 

(Forward) strand 
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VALIDATION_STRINGENCY=SILENT Improves performance as variable length 

data (read, qualities, tags) does not need 

to be decoded. 

TMP_DIR=../../Temp 

 

Location of a temporary folder used during 

processing 

 

Further quantification of rRNA and other RNA of interest was achieved using the additional  

RIBOSOMAL_INTERVALS=  

option with a file containing an interval list of RNA to be separately enumerated. 

 

The unpaired reads for the ribosome profiling RPFs were processed as above except the 

STRAND option used was 

STRAND=FIRST_READ_TRANSCRIPTION_STRAND 

 

Cutadapt 

Version #1.18 (Martin, 2011) 

 

Cutadapt was used in conjunction with the native Ubuntu functions zgrep and sed to remove 

adapters from the RPF data used in ribosome profiling, with the following options – 

 

zgrep -A 2 -B 1  "AGATCGGAAGAG" ${file} | sed "/^--$/d" | cutadapt 

-O 6 -q 20,20 --minimum-length 18 -a AGATCGGAAGAG -  > $outfile 

 

zgrep finds all occurences of the specified adapter sequence “AGATCGGAAGAG" and 

retains two lines previous and one following to preserve the fastq format. The output from 

this command is piped to sed which removes extraneous lines which have been added by 

the grep command, and cutadapt then removes the adapter sequence. 
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Appendix 6  

Description of R packages used 

 

R version # 4.1.1 for platform x86_64-pc-linux-gnu (R Core Team, 2017). 

 

Tidyverse (Wickham et al., 2019) 

Version # 1.3.2 

Tidyverse is a collection of packages designed to address the repeated tasks common to all 

data science projects, “data import, tidying, manipulation, visualisation and programming”. 

This includes inter alia ggplot2 for drawing graphs and dplyr for manipulating data. 

 

reshape2 (Wickham, 2007) 

Version # 1.4.4 

The reshape2 package allows data shaping and aggregation. Conceptually it ‘melts’ the 

input data to its simplest form of measured and identifier variables, essentially what is being 

measured and the different groups from which the measurements are taken. This ‘melted’ 

data can then be ‘cast’ into a format suitable for later processing. 

 

openxlsx (Schauberger & Walker, 2021) 

Version # 4.2.5 

The openxlsx package outputs R datasets in a format readable by Microsoft Excel. 

 

gtools (Warnes et al., 2018) 

Version # 3.9.3 

The gtools package contains a number of useful functions. The package used in this study 

was ‘mixedorder’ which sorts character strings with numbers embedded in them so that the 

numbers are sorted in numerical rather than alphabetical order. 

 

viridis (Garnier et al., 2021) 

Version # 0.6.2 

The viridis package produces colour schemes which are easily readable by colour-blind 

people. 
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RColorBrewer (Neuwirth, 2014) 

Version # 1.1-3 

RColorBrewer produces a range of colour schemes designed by Cynthia Brewer. 

 

tximport (Soneson et al., 2016) 

Version # 1.20.0 

tximport imports the transcript level read counts from Kallisto and summarises them into a 

structure that can be used downstream by the DESeq2 package. 

 

DESeq2 (Love et al., 2014) 

Version # 1.32.0 

The DESeq2 package is used to test differential expression using negative binomial 

generalised linear models. Differential expression is the statistically significant difference in 

read counts between two or more samples, usually implying that under different 

experimental conditions the identified transcripts are being expressed to a greater or lesser 

degree. A generalised linear model is a statistical method to quantify the effect on a response 

variable of each of a combination of control variables, in this case the effect on transcript 

expression of each element of experimental condition (time, temperature, replicate etc.). The 

negative binomial distribution has been chosen as it is appropriate for positive whole 

numbers where the variance is not assumed to be equal to the mean. Read count datasets 

are typically positive whole numbers whose variance is not equal to the mean. Kallisto 

estimates are non-integer and are rounded either by tximport or explicitly before input to 

DESeq2. 

 

The design used with the DESeq command was ~condition, where condition is a string 

encoding the experimental conditions (medium, time point, cold-shock or control). Shrunken 

log2-fold changes have been calculated using the type=ashr option for the RNA-seq 

analyses in chapter 4 with the syntax 

  lfcShrink(dds, contrast = c("Condition","[Condition1]", 

"[Condition2]"), type="ashr") 

where dds is the DESeqDataSet object from the DESeq2 function, [Condition1] and 

[Condition2] are the two experimental conditions to be compared. 
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The DESeq2 package also contains the rlog function which applies a regularised log 

transformation to a dataset. It has been used to normalise the data before Principal 

Component Analysis, to minimise the differences between the datasets caused by the 

differences in total counts for each sample and allow them to be directly compared with one 

another. 

 

pcaMethods (Stacklies et al., 2007) 

Version # 1.84.0 

pcaMethods provides a number of Principal Component Analysis (PCA) tools. The ‘prep’ 

and ‘pca’ functions have been used to perform PCA using the Singular Value Decomposition 

method. 

 

data.table (Dowle & Srinivasan, 2021) 

Version # 1.14.2 

The data.table package allows the fast aggregation of large datasets. 

 

flextable (Gohel & Skintzos, 2022) 

Version # 0.8.3 

flextable allows for the creation and formatting of tables.  

 

officer (Gohel, 2022) 

Version # 0.4.4 

officer allows the creation and export of tables in a format suitable for Microsoft Word. 

 

GO.db (Carlson et al., 2021) 

Version # 3.13.0 

GO.db is a set of annotation maps describing the entire Gene Ontology. 

 

VennDiagram  (Chen, 2022) 

Version # 1.7.3 

VennDiagram allows the production of Venn Diagrams. 
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pheatmap (Kolde, 2019) 

Version # 1.0.12 

pheatmap allows the production of heatmaps. 

 

cowplot  (Wilke, 2020) 

Version # 1.1.1 

cowplot allows the formatting of multiple graphs on one figure. 

 

clusterProfiler ((Wu et al., 2021) 

Version # 4.0.5 

clusterProfiler allows gene set enrichment analysis. Function gseKEGG was used to carry 

out gene set enrichment analysis with KEGG database annotation, and function GSEA was 

used to carry out enrichment analysis using gene ontology (GO).  
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Appendix 7  

Concentrations and RIN numbers of RNA extractions 

 

RNA concentration was assessed using a NanoDrop ONE C spectrophotometer. RNA 

integrity numbers (RIN) were assessed using an Agilent TapeStation 4200. 

 

Cold-shock experiment to establish the conditions required to initiate the cold-shock 

response (Section 4.1.1.3). 

Table A7.1 RNA concentrations and RIN numbers from the cold-shock experiment to 

establish the conditions required to initiate the cold-shock response. 

 

 

 

Medium Replicate

Cold shock 

or control Time point Conc (ng/µl) RIN

Liquid YEME A Control 5 655.4 9.2

Control 60 639.3 9.1

Cold-shock 5 558.8 9.1

Cold-shock 15 671.9 6.7

Cold-shock 30 697.5 7.2

Cold-shock 60 499.8 9.0

B Control 5 446.4 7.5

Control 60 985.5 6.9

Cold-shock 5 430.8 7.7

Cold-shock 15 469.2 7.7

Cold-shock 30 445.3 7.6

Cold-shock 60 544.6 7.6

Solid SMMS A Control 5 91.2 7.6

Control 60 127.6 7.8

Cold-shock 5 84.2 7.5

Cold-shock 15 79.4 8.1

Cold-shock 30 301.6 7.1

Cold-shock 60 418.0 7.0

B Control 5 268.7 5.4

Control 60 584.2 8.5

Cold-shock 5 372.7 7.2

Cold-shock 15 419.3 7.6

Cold-shock 30 717.1 6.2

Cold-shock 60 268.3 5.8
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Cold-shock experiment for RNA-seq in rich liquid medium (Section 4.2.1.1). 

Table A7.2 RNA concentrations and RIN numbers from the cold-shock experiment for RNA-

seq in rich liquid medium. 

 

Cold-shock experiment for RNA-seq in SMMS solid medium (Section 4.2.1.1) 

Table A7.3 RNA concentrations and RIN numbers for the cold-shock experiment for RNA-

seq on solid SMMS medium. 

 

  

Replicate

Cold shock 

or control Time point Conc (ng/µl) RIN

A Control 0 188.3 7.6

Control 15 181.1 7.3

Control 60 461.5 6.8

Cold-shock 15 369.8 6.2

Cold-shock 30 287.2 7.3

Cold-shock 60 442.5 7.1

B Control 0 470.6 6.6

Control 15 603.3 7.3

Control 60 590.1 6.9

Cold-shock 15 550.0 7.5

Cold-shock 30 491.5 7.1

Cold-shock 60 287.1 7.1

Replicate

Cold shock 

or control Time point Conc (ng/µl) RIN

A Control 0 106.1 8.3

Control 120 89.2 8.2

Cold-shock 15 118.1 8.1

Cold-shock 30 139.6 8.3

Cold-shock 60 258.0 2.2

Cold-shock 120 117.5 8.1

B Control 0 113.1 7.8

Control 120 112.8 8.8

Cold-shock 15 123.4 7.7

Cold-shock 30 123.2 8.1

Cold-shock 60 434.0 8.1

Cold-shock 120 107.0 7.5
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Cold-shock experiment for RNA-seq in SMM liquid medium (Section 4.2.1.1). 

Table A7.4 RNA concentrations and RIN numbers for the cold-shock experiment for RNA-

seq in SMM liquid medium. 

 

  

Replicate

Cold shock 

or control Time point Conc (ng/µl) RIN

A Control 0 144.7 8.0

Control 120 469.4 5.8

Cold-shock 15 259.6 5.9

Cold-shock 30 247.4 8.1

Cold-shock 60 132.9 6.4

Cold-shock 120 237.8 8.1

B Control 0 227.3 8.0

Control 120 235.6 8.2

Cold-shock 15 206.6 8.0

Cold-shock 30 750.6 8.0

Cold-shock 60 247.0 8.0

Cold-shock 120 103.3 8.0
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Cold-shock experiment for polysome profiling in SMM liquid medium (Section 5.1.1) 

Table A7.5 RNA concentrations and RIN numbers for the cold-shock experiment for 

polysome profiling in liquid SMM medium. 

 

  

Cold shock 

or control Time point Fraction Replicate Conc (ng/µl) RIN

Control 0 Total 1 343.0 7.5

2 182.8 8.6

3 142.3 7.5

Mono 1 139.6 8.4

2 39.6 8.8

3 498.0 5.7

Poly 1 48.5 8.2

2 20.8 7.7

3 159.5 8.5

Cold-shock 120 Total 1 247.1 7.8

2 139.4 7.8

4 234.3 8.7

Mono 1 312.0 8.5

2 324.0 7.8

4 428.0 7.0

Poly 1 122.8 8.1

2 54.2 8.5

4 114.6 7.8

Control 120 Total 2 239.7 7.1

3 516.0 6.5

4 499.0 6.6

Mono 2 461.0 6.8

3 498.0 7.9

4 446.0 7.4

Poly 2 156.3 6.7

3 159.5 7.8

4 147.0 8.0
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Cold-shock experiment for ribosome profiling in SMM liquid medium (Section 5.2.1) 

Table A7.6 RNA concentrations and RIN numbers for total RNA in the cold-shock 

experiment for ribosome profiling in liquid SMM media. 

 

Table A7.7 Concentrations of RNA in the ribosome profiling samples taken for ribosome-

protected fragment (RPF) analysis 

 

  

Cold shock 

or control Time point Replicate Conc (ng/µl) RIN

Control 0 A 258.9 7.2

B 524.0 6.9

120 A 416.0 6.8

B 306.7 6.0

Cold-shock 120 A 181.5 7.3

B 169.8 7.7

Cold shock 

or control Time point Replicate Sample Conc (ng/µl)

Control 0 A 1 60.7

2 260.4

B 1 244.6

2 148.8

120 A 1 114.4

2 6.5

B 1 160.3

2 90.6

Cold-shock 120 A 1 213.6

2 58.9

B 1 99.7

2 97.2
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Appendix 8 

 

Genes differentially expressed (DE) following cold-shock in liquid media by 

categorisation. 

 

Where genes have been characterised in a published paper this has been used for 

categorisation. Genes for which no published paper has been identified have been 

categorised based on their KEGG database entry (Kanehisa & Goto, 2000) or if no KEGG 

entry exists categorisation has been by NCBI annotation (O’Leary et al., 2016). Many genes 

remain uncategorised (Table A8.75, Table A8.76, Table A8.77). Genes are defined as DE if 

they are significantly different following cold-shock (adjusted p-val<0.05) and either not 

significantly different in the control cultures at last time point (60 min for rich medium, 120 min 

for supplemented minimal medium) or show the opposite fold change i.e. are induced in the 

cold-shock cultures and repressed in the controls or vice-versa. 

 

Table A8.1 Log2-fold changes in expression of eight genes forming parts of putative cold-

shock operons relative to ‘time=0’ reference samples for genes DE in both rich and SMM 

liquid media following cold-shock. 

Cold-shock operons - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 

Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5920 DEAD/DEAH box helicase 6.94 11.20 11.80   2.01 3.70 2.30   
sco4685 DEAD/DEAH box helicase 6.45 9.99 10.47  6.25 8.47 9.59    
sco5919 hypothetical protein  6.48 9.13   3.13 4.90    
sco5921 cold-shock domain-containing protein 6.22 6.82 8.87  3.49 4.72 5.65 1.15   
sco4684 cold shock protein 5.73 6.47 8.43  3.20 4.54 5.44 1.34   
sco5918 hypothetical protein  3.22 8.04   1.77 4.61    
sco4686 hypothetical protein  5.11 6.74   5.42 7.16    
sco3731 cold-shock protein   1.89    0.86    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.2 Log2-fold changes in expression of one gene forming a part of a putative cold-

shock operon relative to ‘time=0’ reference samples for genes DE in rich liquid medium and 

not DE in SMM liquid medium following cold-shock. 

Cold-shock operons - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4505 cold shock protein   0.89        

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.3 Log2-fold changes in expression of three genes forming parts of putative cold-

shock operons relative to ‘time=0’ reference samples for genes DE in SMM liquid medium 

and not DE in rich liquid medium following cold-shock. 

Cold-shock operons - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco3732 DEAD/DEAH box helicase  4.17 4.12   2.71 3.18 2.14 1.41  
sco4504 methyltransferase 2.10 3.49 4.25  1.36 2.41 2.95 2.04 1.10  
sco3733 hypothetical protein  1.70 2.65   0.81 1.99 1.28 1.17  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.4 Log2-fold changes in expression of 81 genes encoding transcriptional 

regulators relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid 

media following cold-shock. 

Regulatory - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
rho (sco7051) transcription termination factor Rho 1.85 3.90 4.75  2.74 4.83 6.20 1.21   
sco1145 MarR family regulatory protein 1.58 2.02 3.37  0.99 1.65 2.05    
sco5418 transcriptional regulator 1.08 1.68 3.07    0.88    
sco4308 transcriptional regulator 1.24 2.48 2.85   1.31 1.82    
sco3167 TetR family transcriptional regulator 1.44 1.66 2.72    0.91    
pcaV (sco6704) transcriptional regulator  1.13 2.58   1.06 2.24   -1.50 

sco1458 transcription regulator AsnC 1.32 1.75 2.43  1.65 2.23 2.53 1.50   
sco5351 regulatory protein   2.16    1.45  -2.00  
sco7794 TetR family transcriptional regulator  1.09 2.03   0.84 1.69    
sco0800 TetR family transcriptional regulator   1.87   0.94 1.56    
sco6781 regulatory protein   1.87   1.29 1.92    
sco6474 transcriptional regulator 0.89 1.29 1.82   1.05 1.39   -0.83 

sco3367 TetR family transcriptional regulator   1.66   0.78 1.47    
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Regulatory - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco7364 TetR family transcriptional regulator   1.50   2.30 2.40    
sco5460 AbaA-like regulatory protein   1.47   0.53 0.70    
sco0844 DNA-binding protein   1.44    0.94    
sco4215 GntR family transcriptional regulator   1.43   0.55 0.92    
sco6823 transcription regulator ArsR   1.39   0.58 1.05    
sco2319 TetR family transcriptional regulator   1.34   0.61 1.20    
sco4628 regulator   1.29    0.57    
rho (sco5357) transcription termination factor Rho  0.75 1.26    0.96    
sco0946 regulatory protein  0.65 1.24   1.46 1.93    
sco5517 transcriptional regulator  0.74 1.24   0.66 1.04    
sco4871 TetR family transcriptional regulator   1.23    0.91    
sco5103 regulatory protein 1.33 0.66 1.22    0.97    
devA (sco4190) GntR family transcriptional regulator  0.84 1.18   0.91 1.31 -0.74   
sco6802 DNA-binding protein   1.18   1.12 2.05  -1.14  
wblE (sco5240) hypothetical protein   1.16   -0.81 -1.17 1.42   
sco4977 TetR family transcriptional regulator  0.59 1.15    0.63    
sco1295 transcription regulator AsnC  0.69 1.11   0.96 1.28 -1.41 -2.43 -0.70 

sco0166 regulator   1.10   0.59 1.18    
sco0250 transcriptional regulator   1.09    0.72    
dasR (sco5231) GntR family transcriptional regulator   1.08    0.74    
tamR (sco3133) MarR family regulatory protein   1.07    1.15    
sco5906 transcriptional regulator   1.01   0.64 1.09  -0.73  
sco6986 DNA-binding protein   1.00   0.72 1.25 -1.35 -3.10  
sco5296 TetR family transcriptional regulator  0.65 0.98   0.78 1.18    
sco0430 tetR family transcriptional regulator   0.96   0.87 0.99    
sco1366 hypothetical protein   0.87    0.78    
sco6792 TetR family transcriptional regulator   0.73    0.65    
sco5678 regulatory protein   0.71   0.54 0.76    
sco5692 transcriptional regulator 0.62 0.50 0.66   0.60 0.80    
sco3859 DNA-binding protein  -0.82 -0.74    -1.11  0.90  
sco0275 transcriptional repressor protein  -0.71 -0.75   -0.71 -0.89    
sco5747 regulatory protein   -0.85   -0.63 -0.97    
sco7809 TetR family transcriptional regulator   -0.88   -0.96 -1.27    
sco2140 transcriptional regulator  -1.29 -0.88   -0.96 -1.07 -0.74   
sco4445 transcriptional regulator  -0.93 -0.94    -0.93  0.84  
sco0047 transcriptional regulator  -1.45 -0.96   -0.63 -0.84    
sco4450 TetR family transcriptional regulator   -1.01    -0.78    
sco2811 regulator  -1.35 -1.04   -0.74 -0.96   0.84 

sco6193 transcriptional regulator  -0.60 -1.11    -0.76 -0.46   
sco1691 TetR family transcriptional regulator -0.57 -0.95 -1.13    -0.76 0.97 1.49  
sco3606 regulator  -0.96 -1.19    -0.79  1.16  
sco7696 MarR family transcriptional regulator   -1.20    -0.91    
sco7585 MerR family transcriptional regulator  -2.92 -1.27   -1.04 -1.25    



 482 

Regulatory - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco3275 MerR family transcriptional regulator  -1.27 -1.28   -0.88 -1.39  0.90  
sco2840 LysR family transcriptional regulator   -1.30    -0.63   0.72 

sco2440 transcriptional regulator   -1.36    -0.64    
sco7733 transcriptional regulator  -0.56 -1.38    -1.04 -0.70   
sco0296 transcriptional regulator   -1.42    -0.82    
sco4898 TetR family transcriptional regulator  -1.14 -1.42   -0.91 -1.12    
sco3346 transcriptional regulator   -1.49    -0.76    
sco4942 regulatory protein  -1.42 -1.50    -0.85    
crp (sco3571) transcriptional regulator -0.46 -1.41 -1.55   -0.68 -0.77  0.67  
sco7719 TetR family transcriptional regulator  -1.14 -1.60   -0.64 -0.82    
sco3335 AraC family transcription regulator  -0.94 -1.72    -1.12  0.95  
sco6003 DNA-binding protein  -1.31 -1.74    -0.94    
sco0116 TetR family transcriptional regulator  -1.63 -1.91   -0.83 -1.12    
sco6448 AraC-like transcriptional regulator  -1.21 -1.96   -0.65 -1.23 -0.62   
sco7709 MarR family transcriptional regulator  -1.38 -2.04    -0.97 -0.72   
sco7303 TetR family transcriptional regulator  -1.25 -2.06   -0.69 -1.20    
sco3864 transcriptional regulator  -1.16 -2.19    -0.93 -0.75   
sco5068 TetR family transcriptional regulator  -1.55 -2.95   -0.98 -1.26    
sco4223 AraC family transcription regulator  0.99    0.70     
whiJ (sco4543) hypothetical protein  -0.68    -0.67 -0.97   0.99 

sco5951 transcriptional regulator  -0.70     -0.81    
sco5532 transcriptional regulator  -0.79    -0.60     
sco0345 IclR family regulatory protein  -0.80     -0.80 0.86   
cchN (sco0485) TetR family transcriptional regulator  -0.83     -0.73    
sco3315 transcriptional regulator  -1.02     0.96    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.5 Log2-fold changes in expression of 113 genes encoding transcriptional 

regulators relative to ‘time=0’ reference samples for genes DE in rich liquid medium and not 

DE in SMM liquid medium following cold-shock. 

Regulatory - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco0174 DNA-binding protein 3.69 4.16 4.26     5.42   
glnRII (sco2213) regulatory protein 1.84 3.46 3.57        
sco2398 MarR family transcriptonal regulator  1.61 3.43     1.76   
sco5656 transcriptional regulator  1.23 2.63        
wblA (sco3579) regulatory protein   2.60   0.57 1.25 -1.16 -1.03 0.85 

sco6770 DNA-binding protein  1.22 2.49     2.18   
sco6694 transcriptional regulator   2.12        
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Regulatory - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1430 TetR family transcriptional regulator 1.05 1.50 2.02     -0.93   
sco4032 marR regulatory protein   2.01        
sco4214 AbaA-like regulatory protein   1.93        
sco1813 GntR family transcriptional regulator   1.83        
hypR (sco6294) GntR family transcriptional regulator  0.59 1.79      -0.67 -0.98 

sco0622 TetR family transcriptional regulator   1.66        
sco7579 DNA-binding protein   1.59    0.88 1.30  0.93 

sco5095 DNA-binding protein  0.81 1.42       -0.94 

sco0734 transcriptional repressor   1.41        
sco1069 MarR family transcriptional regulator  0.99 1.37     1.43   
sco6992 regulatory protein   1.36     1.06   
sco4940 TetR family transcriptional regulator   1.35       -0.67 

sco0610 GntR family transcriptional regulator   1.35     1.18   
sco7759 DNA-binding protein   1.22        
sco1043 transcriptional regulator   1.21     0.88   
sco3447 transcriptional regulator   1.13     0.84   
sco0376 transcriptional regulator   1.12       -0.53 

sco2647 MarR family regulatory protein   1.09        
sco4188 GntR family transcriptional regulator   1.08     -0.88 -0.92  
sco4008 tetR family regulatory protein   1.08        
sco4766 transcriptional regulator   1.05     1.51   
whiB (sco3034) sporulation regulatory protein   1.02        
sco1593 transcriptional regulator  0.98 1.02        
sco0155 transcriptional regulator   1.02        
sco5209 TetR family transcriptional regulator   1.02        
sco7270 transcriptional regulator   0.97        
sco6144 transcriptional regulator   0.96        
sco2875 MerR family transcriptional regulator   0.92        
sco2182 GntR family transcriptional regulator   0.92        
sco4412 regulatory protein   0.87     0.90   
sco5855 DNA-binding protein   0.86        
sco6784 regulatory protein   0.85        
sco4197 MarR family regulatory protein   0.83        
sco6105 regulatory protein   0.82        
sco7042 MarR family transcriptional regulator   0.82        
korSA (sco5636) transcriptional regulator   0.81        
sco1026 transcriptional regulator   0.77        
sco4158 LacI-family regulatory protein   0.77        
sco0806 LacI family transcriptional regulator   0.76        
sco2757 LysR family transcriptional regulator   0.75        
sco0971 LysR family transcriptional regulator   0.74        
sco2987 regulatory protein   0.74       -0.71 

sco3066 regulator of Sig15   0.70        
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Regulatory - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1376 LacI family transcriptional regulator   0.69        
sco7033 regulatory protein   0.63        
sco7134 transcriptional regulator   0.61      -0.84  
sco7785 transcriptional regulator   0.55        
sco4421 TetR family transcriptional regulator   -0.60     -0.55   
sco7168 GntR family transcriptional regulator  -0.64 -0.73     -1.13   
sco1360 GntR family transcriptional regulator  -0.61 -0.73        
sco0433 transcriptional regulator  -1.09 -0.74     0.96 1.16  
sco7767 DNA-binding protein   -0.75        
sco7603 LysR family transcriptional regulator   -0.78       -0.78 

sco2815 TetR family transcriptional regulator  -0.85 -0.78     0.70 0.74  
sco3173 MerR family transcriptional regulator  -0.69 -0.80        
sco5437 MerR family transcriptional regulator   -0.81        
sco1718 regulator   -0.83        
sco7704 TetR family transcriptional regulator  -0.96 -0.84        
sco0264 transcriptional regulator  -0.55 -0.85        
ssgR (sco3925) transcriptional regulator   -0.85        
cchL (sco0487) MarR family transcriptional regulator   -0.87        
sco7694 TetR family transcriptional regulator  -1.09 -0.90        
sco0794 transcriptional regulator  -1.04 -0.91        
sco0822 DNA-binding protein   -0.91        
sco1003 TetR family transcriptional regulator  -1.57 -0.94     1.17   
sco4303 transcriptional regulator  -1.20 -0.97       0.70 

sco4198 DNA-binding protein  -0.72 -0.97       0.80 

sco4897 transcriptional regulator   -0.98        
sco1220 regulatory protein   -1.06        
sco4836 GntR family transcriptional regulator   -1.08        
sco4989 IclR family transcriptional regulator   -1.08        
sco1242 DNA-binding protein  -0.75 -1.09     -0.54   
sco7624 TetR family transcriptional regulator  -1.12 -1.13     0.80   
sco0886 LacI family transcriptional regulator   -1.15        
sco7173 transcriptional regulator   -1.19     -0.98   
sco4413 AraC family transcription regulator  -0.77 -1.19        
sco3702 DNA-binding protein   -1.21        
sco5096 LysR family transcriptional regulator   -1.22        
sco2442 GntR family transcriptional regulator  -0.96 -1.24     -0.72  0.57 

sco7778 transcriptional regulator  -1.11 -1.31     -0.86   
sco0089 transcriptional regulator  -0.92 -1.33        
sco5982 regulator  -1.45 -1.33        
sco2058 transcriptional regulator  -0.89 -1.41        
sco0062 LacI family transcriptional regulator  -0.98 -1.63     0.95 1.24  
ssgD (sco6722) regulator  -0.95 -1.63   -1.20 -1.79 -0.77  -1.40 

sco1642 LacI family regulator   -1.76        
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Regulatory - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco7651 TetR family transcriptional regulator   -2.06        
sco7351 AraC family transcription regulator  -1.36 -2.47        
sco0266 transcriptional regulator   -4.74        
sco0508 tetR family transcriptional regulator  1.00         
sco2047 DNA-binding protein  0.80         
afsQ1 (sco4907) transcriptional regulator  -0.52         
sco7554 LacI family transcriptional regulator  -0.54         
sco1872 IclR family transcriptional regulator  -0.67         
sco2152 response regulator  -0.68      -1.10   
sco5413 MarR-transcriptional regulator  -0.70         
sco0772 regulatory protein  -0.71         
sco0452 SIR2-like regulatory protein  -0.71         
sco7441 transcriptional regulator  -0.75         
sco2475 LysR family transcriptional regulator  -0.79         
sco5323 transcription regulator AsnC  -0.80         
sco2644 LysR family transcriptional regulator  -0.82         
sco0466 AraC family transcription regulator  -0.88         
sco3198 DeoR family transcriptional regulator  -1.02     1.19   0.90 

sco7146 regulatory protein  -1.03        -0.88 

sco1614 transcriptional regulator  -1.29         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

 

Table A8.6 Log2-fold changes in expression of 58 genes encoding transcriptional 

regulators relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and 

not DE in rich liquid medium following cold-shock. 

Regulatory - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4189 hypothetical protein      3.52 3.61    
sco3691 regulatory protein  1.36 2.65   2.51 3.25  1.05  
sco4640 TetR family transcriptional regulator 5.28 5.90 6.59   2.53 2.98  0.80  
sco1587 transcriptional regulator      1.96 2.96    
sco7014 LacI family transcriptional regulator     1.50 2.37 2.94 -3.78 -3.57  
sco3694 transcriptional regulator       2.59    
sco4122 MarR family transcriptional regulator 1.82 2.30 3.05  1.56 2.03 2.31 3.11 0.88  
sco4301 DNA-binding protein      1.28 1.94 -1.66 -2.14  
sco6924 DNA-binding protein       1.59    
sco1658 glycerol operon regulatory protein       1.51 1.56 2.06  
sco4920 DeoR family transcriptional regulator       1.19 -2.79 -3.26  
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Regulatory - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4920 DeoR family transcriptional regulator       1.19 -2.79 -3.26  
sco6600 transcriptional regulator       1.18    
sco6812 transcription regulator ArsR       1.17    
sco6129 DNA-binding protein       1.09 -1.49 -2.66  
sco6150 ADA-like regulatory protein       0.97    
sco1616 transcriptional regulator       0.88    
sco1703 transcriptional regulator       0.88    
sco6323 TetR family transcriptional regulator      0.69 0.87    
sco7361 DNA-binding protein       0.84    
sco3833 transcriptional regulator  1.29 2.34    0.83 0.78 0.80  
sco7201 transcriptional regulator  -0.66     0.83 -0.68 -0.66  
sco2568 DNA-binding protein  1.16 0.88    0.75  0.93  
tdd9 (sco2641) resistance protein       0.74  -1.32  
sco7599 transcriptional regulator  -1.44 -1.57  0.97  0.69 -1.15 -1.34  
rok7B7 (sco6008) transcriptional repressor protein       0.67 -1.80   
sco3361 transcription regulator AsnC       0.67    
sco7093 transcriptional regulator       -0.41    
sco4116 AfsR-like regulatory protein       -0.50    
sco0471 AraC family transcription regulator       -0.64    

iclR / allR(sco6246) transcriptional regulator for glyoxylate 
bypass   0.87    -0.65 0.79 0.83  

sco0332 transcriptional regulator       -0.68    
cprA (sco6312) transcriptional regulator       -0.73 -0.93 -0.81  
phoP (sco4230) response regulator  -0.47 -1.14    -0.74 -3.30 -3.37  
sco7486 transcriptional regulator       -0.77    
sco0230 TetR family transcriptional regulator       -0.77 -1.61 -1.90  
sco4025 TetR family transcriptional regulator      -0.73 -0.78    
hpdA (sco2928) transcription regulator AsnC       -0.79    
cpkO (sco6280) regulatory protein      -0.77 -0.81    
afsR (sco4426) regulatory protein       -0.81    
sco4480 TetR family transcriptional regulator       -0.82    
sco6565 transcriptional regulator       -0.82    
sco7645 TetR family transcriptional regulator       -0.84    
ragR (sco4072) LuxR family transcripitonal regulator       -0.86  1.09  
sco4454 transcriptional regulator  -0.65    -0.92 -0.86  0.73  
sco1108 regulatory protein       -0.86    
sco1034 TetR family transcriptional regulator       -0.87  1.11  
sco0703 regulator       -0.88    
sco3981 GntR family transcriptional regulator      -0.60 -0.88 -1.16   
sco3664 regulatory protein       -0.90  0.74  
sco6554 transcriptional regulator       -0.94 1.40 1.38  
sco4952 TetR family transcriptional regulator      -0.66 -0.95  -1.18  
sco4059 transcriptional regulator      -0.68 -0.99    
sco6309 LysR family transcriptional regulator       -1.01 1.73 1.88  
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Regulatory - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco6778 transcriptional regulator      -0.79 -1.04 -1.08 -1.08  
sco2845 GntR family transcriptional regulator      1.96     
ssgF (sco7175) regulator      1.13     
sco5483 transcriptional regulator     0.83 0.61     

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.7 Log2-fold changes in expression of eight genes encoding proteins involved in 

differentiation and / or secondary metabolism relative to ‘time=0’ reference samples for 

genes DE in both rich and SMM liquid media following cold-shock. 

Differentiation and secondary metabolism - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1588 hypothetical protein  1.17 3.05  1.61 2.94 3.97    

pcaI (sco6703) 3-oxoadipate CoA-transferase subunit 
A   2.66   0.88 2.87    

pkaI (sco4778) Ser/Thr protein kinase  0.79 2.10    0.83    
sco5461 hypothetical protein  2.19 2.08   2.22 2.40    

pcaJ (sco6702) 3-oxoadipate CoA-transferase subunit 
B   1.68    1.51    

cutR (sco5862) two-component regulator CutR   1.08   1.11 1.84 -1.17 -1.86  
devB (sco4191) hydrolase  0.69 0.81    0.95    
inoY (sco3897) hypothetical protein  -0.64 -0.65   -0.59 -0.95 0.98 2.78 0.66 

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.8 Log2-fold changes in expression of eight genes encoding proteins involved in 

differentiation and / or secondary metabolism relative to ‘time=0’ reference samples for 

genes DE in rich liquid medium and not DE in SMM liquid medium following cold-shock. 

Differentiation and secondary metabolism - DE following cold-shock in rich liquid medium and not in SMM 
liquid medium 

  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
gcs (sco7221) polyketide synthase  1.66 2.41        
actII-4 (sco5085) actinorhodin operon activator protein   1.36     -0.89 -3.15  
pkaD (sco4777) protein Ser/Thr kinase  0.52 0.65        

clpX (sco2617) ATP-dependent protease ATP-binding 
subunit ClpX  0.50 0.58        

clpP1 (sco2619) ATP-dependent Clp protease 
proteolytic subunit   -0.91        

cmdD (sco4129) hypothetical protein   -0.94        

clpP2 (sco2618) ATP-dependent Clp protease 
proteolytic subunit   -0.96        



 488 

Differentiation and secondary metabolism - DE following cold-shock in rich liquid medium and not in SMM 
liquid medium 

  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
copZ (sco2730) regulator   -1.25        

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

 

Table A8.9 Log2-fold changes in expression of 19 genes encoding proteins involved in 

differentiation and / or secondary metabolism relative to ‘time=0’ reference samples for 

genes DE in SMM liquid medium and not DE in rich liquid medium following cold-shock. 

Differentiation and secondary metabolism - DE following cold-shock in SMM liquid medium and not in rich 
liquid medium 

  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
abeC (sco3289) large membrane protein      1.80 2.27    
areA (sco3956) ABC transporter ATP-binding protein      0.82 2.23 -1.72 -1.06 -1.22 

areB (sco3957) hypothetical protein       2.02   -1.35 

abeB (sco3288) hypothetical protein       1.63    
areC (sco3958) ABC transporter ATP-binding protein       1.30 -1.20  -1.04 

rdlA (sco2718) hypothetical protein       1.29    
actIV (sco5091) cyclase       1.25    
cyc1 (sco5222) lyase       1.19 -2.07 -2.86  
sflA (sco1749) hypothetical protein      0.69 1.16    
actIII (sco5086) ketoacyl reductase       1.03  -1.05  
pkaJ (sco4779) Ser/Thr protein kinase       0.99    
cdaPSII (sco3231) CDA peptide synthetase II       0.66  -1.48  
parA2 (sco1772) partitioning or sporulation protein       -0.61    
actII-2 (sco5083) actinorhodin transporter       -0.70  -2.11  
spaA (sco7629) starvation sensing protein       -0.77  0.88  
actII-3 (sco5084) hypothetical protein       -0.79  -1.86  
abaA (sco0701) hypothetical protein -0.59 -1.42 -1.94    -0.82 -1.16 -0.92  
bldB (sco5723) regulator, BldB      -0.65 -0.87   0.81 

inoA (sco3899) hypothetical protein      -0.97 -1.58  1.34  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.10 Log2-fold changes in expression of eight genes encoding sigma, anti-sigma 

or anti anti-sigma factors relative to ‘time=0’ reference samples for genes DE in both rich 

and SMM liquid media following cold-shock. 

Sigma, anti-sigma and anti anti-sigma factors - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco0942 RNA polymerase sigma factor SigL 1.60 1.88 3.14    0.89    
sco4027 anti sigma factor antagonist  0.97 2.76    0.87    
sco4409 RNA polymerase sigma factor   1.33    0.84    
sco5147 RNA polymerase sigma factor SigE   1.11   0.80 1.35 -1.21 -1.88 -0.86 

whiG (sco5621) RNA polymerase sigma factor WhiG   0.94    1.56 -1.91 -2.73  
sco4005 RNA polymerase sigma factor   0.94    1.88 -2.56 -2.54 -0.96 

sco4895 RNA polymerase factor sigma-70   0.91    0.76    
sigI (sco3068) RNA polymerase sigma factor   -0.88   -0.69 -1.16    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.11 Log2-fold changes in expression of ten genes encoding sigma, anti-sigma or 

anti anti-sigma factors relative to ‘time=0’ reference samples for genes DE in rich liquid 

medium and not DE in SMM liquid medium following cold-shock. 

Sigma, anti-sigma and anti anti-sigma factors - DE following cold-shock in rich liquid medium and not in SMM 
liquid medium 

  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4864 ECF sigma factor   1.55        
sco0037 sigma factor   1.41        
arsI (sco3067) anti anti sigma factor   1.24       1.35 

prsH (sco5244) anti-sigma factor   -0.49        
sigH (sco5243) RNA polymerase sigma factor   -0.53        
sco0869 anti-sigma factor antagonist  -0.97 -0.72     -0.89  -1.05 
hrdB/sigA 
(sco5820) RNA polymerase sigma factor   -0.73     1.22 1.32  

sco7112 ECF family RNA polymerase sigma 
factor   -0.95        

sigE (sco3356) ECF sigma factor  -0.66         
sco3715 ECF sigma factor  -0.70         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.12 Log2-fold changes in expression of seven genes encoding sigma, anti-sigma 

or anti anti-sigma factors relative to ‘time=0’ reference samples for genes DE in SMM liquid 

medium and not DE in rich liquid medium following cold-shock. 

Sigma, anti-sigma and anti anti-sigma factors - DE following cold-shock in SMM liquid medium and not in rich 
liquid medium 

  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sigQ (sco4908) RNA polymerase sigma factor  2.04 3.28 1.76 5.14 6.25 6.40 0.79 0.94  
sco3692 anti-sigma factor antagonist       2.78    
sigJ (sco1276) RNA polymerase ECF sigma factor      1.51 2.14    
hrdA (sco2465) RNA polymerase principal sigma factor       1.90    
sigK (sco6520) RNA polymerase sigma factor       1.08    
rstA (sco3891) hypothetical protein       0.97    
sco7619 anti sigma factor antagonist       0.93    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.13 Log2-fold changes in expression of ten genes encoding transporters relative 

to ‘time=0’ reference samples for genes DE in both rich and SMM liquid media following cold-

shock. 

Transporters - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
msmF (sco6230) sugar transport system permease  1.68 3.89  2.28 3.21 3.68 1.45   
sco0322 ABC transport ATP-binding subunit 1.15 2.60 3.31  1.43 3.04 3.46 0.67   
sco5502 integral membrane export protein  2.76 3.01   0.67 0.85    

msmE (sco6231) sugar transport system sugar-binding 
lipoprotein   2.41   0.84 1.17    

sco6720 ABC transporter  1.16 2.06   1.57 2.01 0.94   
sco6581 transmembrane transport protein   1.44    0.97    
sco1457 transporter   1.15   1.06 2.08  -0.79  
sco1928 ABC transporter ATP-binding protein  -0.77 -0.60    -0.69    
sco1929 integral membrane transport protein   -0.85    -0.76    
sco1448 transporter  1.00   1.21      

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.14 Log2-fold changes in expression of 53 genes encoding transporters relative to 

‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM liquid 

medium following cold-shock. 

Transporters - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
metN (sco1559) ABC transporter ATP-binding protein 2.49 3.99 3.53        
ragA (sco4075) ABC transporter ATP-binding protein 1.13 2.03 3.36        
sco0375 integral membrane transport protein 1.31 1.83 3.26     1.60   
metI (sco1558) ABC transporter permease  3.27 2.89        
sco3755 ABC transporter ATP-binding protein  0.94 1.74        
sco2541 transmembrane transport protein   1.66        
metQ (sco1557) lipoprotein   1.49        
sco1010 integral membrane transport protein   1.49     1.71   
sco3166 membrane transport protein   1.47        
sco1144 ABC transporter ATP-binding protein  0.94 1.37     1.06   
sco4053 transport integral membrane protein   1.12        

sco1743 ABC-transporter transmembrane 
protein   1.12        

sco6719 UvrA-like ABC transporter   1.11     1.36   
sco7395 membrane transport protein   1.11        
sco1812 integral membrane transporter   1.09       -0.94 

sco2305 ABC transporter ATP-binding protein   1.08        
sco5654 ABC transporter ATP-binding protein   1.06        
sco3602 transmembrane transport protein  0.93 1.05     1.34   
sco5130 ABC transporter   1.04       -1.15 

sco2965 transporter   1.04        
rhaS (sco0449) solute-binding lipoprotein   1.03        
sco6970 membrane transport protein  0.84 1.00        
sco1742 ABC transporter ATP-binding protein   0.97        
sco6822 integral membrane efflux protein   0.89        
sco2772 membrane transport protein   0.84        
sco4893 transport integral membrane protein   0.78        
ftsE (sco2969) cell division ATP-binding protein   0.77        
ftsX (sco2968) cell division protein   0.68        
sco6805 integral membrane efflux protein   0.62        
sip3 (sco5598) signal peptidase I  0.48 0.56        
ftsY (sco5580) docking protein  -0.60 -0.69     -0.68   
sco2060 integral membrane transport protein   -0.73        
sco6512 ABC transporter ATP-binding protein   -0.74     0.75 0.67  
sco1798 ABC transporter ATP-binding protein   -0.75     -0.66   
gluC (sco5775) glutamate permease   -0.79     0.98   
gluB (sco5776) glutamate binding protein   -0.80     0.80   
sco4451 export protein   -0.82        
cbiN (sco5960) cobalt transport protein CbiN   -0.85     2.37 2.00  
sco6739 BCCT family transporter   -0.90        
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Transporters - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 

sco2830 amino acid ABC transporter 
transmembrane protein   -0.96        

sco0317 transmembrane transport protein   -0.97        
sco3418 ABC transporter ATP-binding protein   -0.98      1.34  

proV (sco1621) glycine/betaine transport ATP-binding 
protein   -0.98        

tatC (sco1632) hypothetical protein   -1.00     -0.98   
sco6742 ABC transporter ATP-binding protein   -1.02     0.77 0.96  

sco2829 amino acid ABC transporter 
transmembrane protein   -1.05        

sco7217 iron ABC transporter ATP-binding 
protein   -1.05        

sco7596 integral membrane transport protein   -1.08     -1.08   
bioY (sco2630) biotin synthase   -1.10    -1.10   -1.25 

sco1806 ABC transporter ATP-binding protein   -1.23        

sco2828 amino acid ABC transporter substrate-
binding protein   -1.29        

sco6528 integral membrane transport protein  -1.01 -2.07     -1.87   
sco0581 transporter   -2.58     -1.11   

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.15 Log2-fold changes in expression of 31 genes encoding transporters relative to 

‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in rich liquid 

medium following cold-shock. 

Transporters - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4641 transmembrane efflux protein 5.62 9.08 9.63   3.64 4.74 1.57 1.34  
sco4401 lipoprotein  -1.22 -2.14   2.01 2.74 -4.49 -7.24  
sco2851 hypothetical protein  2.62 3.61   2.00 2.57 1.46 1.25  
sco0818 ABC transporter ATP-binding protein       1.86    
sco5452 ABC transporter ATP-binding protein       1.80    
sco3704 substrate-binding transport protein      0.81 1.71  1.66  
sco0819 transmembrane transport protein       1.54    
sco3705 ABC transporter membrane subunit       1.45  1.22  
sco0533 sugar transporter membrane protein      1.20 1.44    
sco4585 ABC transporter ATP-binding protein       1.29  -0.94  
sco6229 sugar transport system permease       1.28    
sco3199 transmembrane efflux protein       1.21    
pstC (sco4141) phosphate ABC transporter permease       1.14 -5.45 -7.44  
sco6809 integral membrane transport protein       1.13    
pstS (sco4142) phosphate-binding protein   -1.87    1.10 -4.69 -8.10  
sco5827 transmembrane transport protein      0.73 1.09  -2.40  
sco5516 integral membrane efflux protein       1.03    



 493 

Transporters - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1465 hypothetical protein       0.98 -1.18 -1.06  
sco2428 phosphate binding protein  -0.67 -1.62    0.95 -5.24 -7.43  
sco4963 ABC transporter ATP-binding protein       0.93 -0.79   
sco3024 transporter       -0.48    
sco2677 ABC transporter ATP-binding protein       -0.51  0.61  
sco4396 integral membrane transport protein       -0.59    
tatB (sco5150) sec-independent translocase       -0.65    
sco3276 integral membrane transporter       -0.77 1.97 1.32  
sco5782 transmembrane transport protein       -0.77    

sco2747 bifunctional carbohydrate binding and 
transport protein       -0.79    

sco6064 ABC transporter permease       -0.80  0.86  
sco3417 ABC transporter       -0.81  0.97  
malE (sco2231) maltose-binding protein   -1.39    -1.11 -0.91 -1.64  
sco5957 transporter  1.06    0.64  1.27 1.93  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.16 Log2-fold changes in expression of fifteen genes encoding two-component 

systems relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid 

media following cold-shock. 

Two-component systems - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 

sco3134 two-component system response 
regulator  1.22 2.62  1.26 1.67 2.32  -1.44  

sco5351 regulatory protein   2.16    1.45  -2.00  

sco5684 two-component system response 
regulator  0.80 1.96   0.84 1.77    

sco6930 hypothetical protein  0.98 1.62    1.36    
sco5460 AbaA-like regulatory protein   1.47   0.53 0.70    
cutR (sco5862) two-component regulator CutR   1.08   1.11 1.84 -1.17 -1.86  
sco6484 hypothetical protein   1.00    1.01 -1.29 -2.73  
narG (sco6535) nitrate reductase subunit alpha NarG  0.72 0.96    0.97    

sco7230 two-component system response 
regulator  0.67 0.86  0.70 1.39 1.56    

sco5683 two-component system sensor kinase   0.77    1.14  -0.68  

sco5283 two-component system response 
regulator  -0.56 -0.55    -0.79 0.49 0.79  

sco4009 bifunctional histidine kinase and 
regulator   -0.66    -0.89  0.66  

sco4362 two component system sensor kinase   -0.80    -0.81 1.41 1.70  
sco3796 hypothetical protein  -0.65 -0.87   -0.70 -0.97    

sco2308 two-component system response 
regulator  -0.77     -0.69    
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Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.17 Log2-fold changes in expression of 34 genes encoding two-component 

systems relative to ‘time=0’ reference samples for genes DE in rich liquid medium and not 

DE in SMM liquid medium following cold-shock. 

Two-component systems - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
narG2 (sco0216) nitrate reductase subunit alpha NarG2 1.93 2.91 2.10     6.78   
narH2 (sco0217) nitrate reductase subunit beta NarH2 2.21 3.35 2.05     7.11   
osdR (sco0204) LuxR family transcriptional regulator 1.62 2.07 1.79     1.63 -1.39  
sco0211 hypothetical protein 1.67 1.80 1.77     6.21   
narJ2 (sco0218) nitrate reductase subunit delta NarJ2  3.33 1.70     6.67   
sco7220 hypothetical protein   1.61     1.53   
sco2452 two-component sensor histidine kinase   1.50        
narH  (sco6534) nitrate reductase subunit beta NarH   1.10        
sco3948 two component sensor 1.24 1.30 1.04        
sco5829 two-component sensor   0.88        
osdK (sco0203) two-component sensor   0.80      -0.63  
sco1259 two-component system sensor kinase   0.79        

sco2013 two-component system response 
regulator   0.63        

sco5261 malate oxidoreductase   0.62        

sco7327 two-component system sensory 
histidine kinase   -0.61     1.19 1.23  

sco2838 endoglucanase   -0.64        
ragK (sco4073) sensor kinase  -0.87 -0.66      0.81 1.03 

aor1 (sco2281) two-component system response-
regulator   -0.68      0.69  

sco1369 two component system histidine kinase   -0.81        
macR (sco2120) two-component system regulator   -0.86        
sco1930 integral membrane transport protein   -0.92        

sco7712 two component system response 
regulator  -0.61 -0.94     -0.70   

sco0422 two-component sensor kinase   -1.00        
sco1220 regulatory protein   -1.06        
sco5454 two-component system sensor kinase   -1.06        
sco4667 two-component system sensor kinase   -1.08        
cvnA6 (sco6069) large hypothetical protein   -1.10     -1.14   

sco6254 two-component system response 
regulator  -0.73 -1.18        

sco6253 two-component sensor kinase   -1.32        
sco6139 sensor kinase  -1.19 -1.59     0.75 0.95  
cvnA4 (sco1402) large hypothetical protein  -0.74 -1.98      0.93  
whiI (sco6029) two-component regulator  0.82         
ohkA (sco1596) two-component sensor  -0.66         
sco2152 response regulator  -0.68      -1.10   
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Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.18 Log2-fold changes in expression of 23 genes encoding two-component 

systems relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and not 

DE in rich liquid medium following cold-shock. 

Two component systems - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 

sco7533 two-component system response 
regulator      1.40 2.07    

sco6548 cellulase       1.90    
redZ (sco5881) response regulator       1.77 -1.14 -2.02  
satK (sco3390) two component sensor kinase      0.72 1.42 -0.79  -0.80 

cutS (sco5863) two-component sensor (kinase)       1.28 -0.84 -1.68 -0.92 

sco7231 two-component system sensor kinase      1.24 1.20    

sco7534 two component system histidine 
kinase       1.20    

abrB2 (sco2166) two component sensor kinase       1.19    
sco2215 two-component system sensor kinase       1.15    

satR (sco3389) two component system response 
regulator       1.13    

abrC1 (sco4598) two-component system sensor kinase      0.66 1.09    
sco2428 phosphate binding protein  -0.67 -1.62    0.95 -5.24 -7.43  
sco5784 two-component sensor       0.89    
cvnA11 (sco0588) sensor kinase   -0.78    0.81 -1.29 -2.66  
kdepD (sco5871) turgor pressure sensor       0.73    

mtrA (sco3013) two-component system response 
regulator       -0.62    

cvnA1 (sco5544) hypothetical protein       -0.80    
sco3079 acetyl-CoA acetyltransferase       -0.85    
ragR (sco4072) LuxR family transcripitonal regulator       -0.86  1.09  

dnaA (sco3879) chromosomal replication initiation 
protein       -0.90 1.17 2.13  

sco4201 hypothetical protein       -0.97  1.06  
sco3653 two-component system regulator       -1.04    
sco3640 two-component system regulator       -1.13    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.19 Log2-fold changes in expression of seven genes encoding proteins which 

confer antibiotic resistance relative to ‘time=0’ reference samples for genes DE in both 

rich and SMM liquid media following cold-shock. 

Antibiotic resistance - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
alaS2 (sco7600) alanyl tRNA synthetase 1.77 3.07 4.25   2.51 3.87    
sco3366 exporter  1.03 2.58   0.82 2.77    
rsgA (sco6149) ribosome-associated GTPase 0.78 1.68 2.19   0.87 1.59    
tuf3 (sco1321) elongation factor Tu  1.07 2.12   1.13 2.75    
vanJ (sco3592) hypothetical protein   0.97    1.22    
sco6777 beta-lactamase   -0.99    -1.30 -1.05   
trpS2 (sco4839) tryptophanyl-tRNA synthetase   -1.03    -0.61    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.20 Log2-fold changes in expression of eleven genes encoding proteins which 

confer antibiotic resistance relative to ‘time=0’ reference samples for genes DE in rich 

liquid medium and not DE in SMM liquid medium following cold-shock. 

Antibiotic resistance - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
trpS (sco3334) tryptophanyl-tRNA synthetase 1.88 2.36 4.02        
fusA (sco1528) elongation factor G  0.81 2.36        
fusB (sco6589) elongation factor G  1.03 2.09     1.37   
sco0130 beta-lactamase   1.90        
vanX (sco3596) D-alanine:D-alanine dipeptidase   1.53        
vanK (sco3593) hypothetical protein   1.44        
wblC (sco5190) DNA-binding protein  0.94 1.15        
hflX (sco5796) hypothetical protein  0.68 1.12      -0.92  
helY (sco1631) helicase  0.87 0.99      -0.43  
prfB (sco2972) peptide chain release factor 2   0.60        
tcmA (sco2373) tetracenomycin C efflux protein   -0.71        

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.21 Log2-fold changes in expression of five genes encoding proteins which confer 

antibiotic resistance relative to ‘time=0’ reference samples for genes DE in SMM liquid 

medium and not DE in rich liquid medium following cold-shock. 

Antibiotic resistance - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4121 hypothetical protein  2.35 4.13  1.98 2.49 2.50 7.38 2.05  

lrm (sco6089) antibiotic resistance rRNA adenine 
methyltransferase       1.45    

cmlR2 (sco7662) chloramphenicol resistance protein  0.65 1.02    0.94 1.18 1.10  
tuf1 (sco4662) elongation factor Tu       -0.76    
sco3774 beta-lactamase       -0.85 -1.15 1.04  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.22 Log2-fold changes in expression of six genes involved in stress response 

relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid media 

following cold-shock. 

Stress response - DE following cold-shock in both rich and minimal liquid media 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
pqrA (sco1568) TetR family transcriptional regulator 4.68 5.09 5.50 2.25 3.39 4.48 5.13    
pqrB (sco1567) transmembrane-transport protein 1.82 4.56 4.73  2.32 4.27 5.21    
sco0166 regulator   1.10   0.59 1.18    
sco1087 aldolase   1.05    1.21 3.35   
inoY (sco3897) hypothetical protein  -0.64 -0.65   -0.59 -0.95 0.98 2.78 0.66 
mshD (2) 
(sco4151) acetyltransferase   -1.34    -0.61 -0.62   

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.23 Log2-fold changes in expression of 31 genes involved in stress response 

relative to ‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM 

liquid medium following cold-shock. 

Stress response - DE following cold-shock in rich liquid medium and not in minimal liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco0174 DNA-binding protein 3.69 4.16 4.26     5.42   
sco0214 hypothetical protein 3.41 3.93 4.10     4.49   
sco0167 hypothetical protein 2.18 3.07 3.63     5.06 -1.03  
sco0162 hypothetical protein 1.72 2.91 3.23     4.50   
sco0169 hypothetical protein 2.29 2.80 3.06     3.79 -1.58  
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Stress response - DE following cold-shock in rich liquid medium and not in minimal liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco0168 regulator protein 2.43 2.96 2.98     3.49 -1.86  
sco0215 hypothetical protein 2.21 3.56 2.93     3.98 -1.17  
sco0165 hypothetical protein  1.09 2.38     2.18   
sco0171 nicotinate phosphoribosyltransferase 2.24 2.64 2.27     4.09 -1.53  
narG2 (sco0216) nitrate reductase subunit alpha NarG2 1.93 2.91 2.10     6.78   
narH2 (sco0217) nitrate reductase subunit beta NarH2 2.21 3.35 2.05     7.11   
sco0180 hypothetical protein 1.50 1.84 2.05     4.74 -1.35  
sco0181 hypothetical protein 1.63 2.06 1.94     4.58 -0.87  
sco0211 hypothetical protein 1.67 1.80 1.77     6.21   
sco0173 hypothetical protein 0.82 0.96 1.73     2.34   
narJ2 (sco0218) nitrate reductase subunit delta NarJ2  3.33 1.70     6.67   
sco0175 hypothetical protein  0.92 1.67     1.06  -0.93 

nsrR (sco7427) hypothetical protein 1.03 0.89 1.57      -1.16  
sco0172 hypothetical protein   1.52     3.02   
pdk2 (sco0208) pyruvate phosphate dikinase 1.45 1.87 1.51     6.04   
sco0220 hypothetical protein  1.36 1.50     6.11 -1.90  
sco0170 hypothetical protein 0.80 1.06 1.49     2.57 -0.98  
hmpA1 (sco7428) flavohemoprotein  1.61 1.44        
sco0177 hypothetical protein 0.75 0.93 1.22     4.81   
tdd2 (sco1020) hypothetical protein   -0.71        
tdd10 (sco3727) stress response protein   -0.72     -0.68   
mshD (1) 
(sco1545) acetyltransferase   -0.73        

mshA (sco4204) glycosyltransferase   -0.82     1.10 1.58  
tdd12 (sco3939) hypothetical protein   -0.89        
sco0198 hypothetical protein  0.84      5.11   
ectA (sco1864) acetyltransferase  0.63      0.81  -0.89 

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.24 Log2-fold changes in expression of 11 genes involved in stress response 

relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in 

rich liquid medium following cold-shock. 

Stress response - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1089 hypothetical protein 2.71 4.67 4.88   2.67 3.10 5.93 1.47 -0.85 

sco1088 oxidoreductase  2.80 3.50   2.45 3.04 5.21 0.78  
tdd9 (sco2641) resistance protein       0.74  -1.32  
ectC (sco1866) L-ectoine synthase       -0.75    
sco7481 hypothetical protein  -0.90 -1.01    -0.75 -1.73 -3.45  
tdd15 (sco5806) hypothetical protein      -0.62 -0.77   0.73 
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Stress response - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
tdd13 (sco4277) tellurium resistance protein      -0.75 -1.01    
sodN (sco5254) superoxide dismutase      -0.61 -1.02    
terB (sco3767) hypothetical protein  -0.94 -1.46    -1.07 -1.21 -0.98  
sodF2 (sco0999) superoxide dismutase  -0.70 -0.82   -0.81 -1.26 -1.01 -4.97  
inoA (sco3899) hypothetical protein      -0.97 -1.58  1.34  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.25 Log2-fold changes in expression of four genes involved in translation relative 

to ‘time=0’ reference samples for genes DE in both rich and SMM liquid media following cold-

shock. 

Translation - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5166 helicase  1.01 1.72   1.00 2.36 0.99   
sco7652 acetyltransferase   -0.91    -0.92 -0.82   
htpG (sco7516) heat shock protein 90   -0.96    -0.69 -1.08   
sco1510 peptidyl-prolyl cis-trans isomerase  -0.74 -1.52    -0.77  0.57  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.26 Log2-fold changes in expression of eight genes involved in translation relative 

to ‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM liquid 

medium following cold-shock. 

Translation - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
rpmG3 (sco0570) 50S ribosomal protein L33   1.38     1.02   
rpmJ2 (sco0569) 50S ribosomal protein L36   1.37     1.24   
sco1782 hypothetical protein   0.72        
rbfA (sco5708) ribosome-binding factor A   0.69        
sco2577 hypothetical protein   0.68        
sco2533 metalloprotease   0.59        

sco5645 23S rRNA (adenine(2503)-C(2))-
methyltransferase RlmN   0.49        

sco2952 helicase   -0.69     2.18 2.08  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.27 Log2-fold changes in expression of nine genes involved in translation relative 

to ‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in rich liquid 

medium following cold-shock. 

Translation - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5183 ATP-dependent DNA helicase  1.21 1.27   0.77 1.11 1.06 0.98  
sco6262 helicase       0.77    
fkbP (sco1638) peptidyl-prolyl cis-trans isomerase       -0.71    
rpsB (sco5624) 30S ribosomal protein S2       -0.73  1.43  
sco4751 acetyltransferase       -0.76  0.65  
dnaJ2 (sco2554) chaperone protein DnaJ      -0.57 -0.81  0.41  
dnaJ (sco3669) chaperone protein DnaJ       -0.82    
grpE (sco3670) heat shock protein GrpE      -0.61 -0.96    
dnaK (sco3671) molecular chaperone DnaK      -0.67 -0.99    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.28 Log2-fold changes in expression of five genes involved in aminoacyl-tRNA 

synthetase biosynthesis relative to ‘time=0’ reference samples for genes DE in both rich 

and SMM liquid media following cold-shock. 

Aminoacyl-tRNA synthetase biosynthesis - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
serS (sco3961) seryl-tRNA synthetase   -0.59   -0.70 -1.18  0.98  
sco3792 methionyl-tRNA synthetase   -0.76   -0.71 -1.03  0.59  
lysK (sco3303) lysyl-tRNA synthetase   -0.84   -0.61 -0.96  0.70  
trpS2 (sco4839) tryptophanyl-tRNA synthetase   -1.03    -0.61    
tyrS (sco1818) tyrosyl-tRNA synthetase  -0.79     -1.15    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.29 Log2-fold changes in expression of four genes involved in aminoacyl-tRNA 

synthetase biosynthesis relative to ‘time=0’ reference samples for genes DE in rich liquid 

medium and not DE in SMM liquid medium following cold-shock. 

Aminoacyl-tRNA synthetase biosynthesis - DE following cold-shock in rich liquid medium and not in SMM 
liquid medium 

  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
trpS (sco3334) tryptophanyl-tRNA synthetase 1.88 2.36 4.02        
thrS (sco1531) threonyl-tRNA synthetase   -0.63        
valS (sco2615) valyl-tRNA synthetase   -0.77        

sco3397 integral membrane lysyl-tRNA 
synthetase   -1.43        

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.30 Log2-fold changes in expression of two genes involved in aminoacyl-tRNA 

synthetase biosynthesis relative to ‘time=0’ reference samples for genes DE in SMM liquid 

medium and not DE in rich liquid medium following cold-shock. 

Aminoacyl-tRNA synthetase biosynthesis - DE following cold-shock in SMM liquid medium and not in rich 
liquid medium 

  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
aspS (sco3795) aspartyl-tRNA synthetase       -0.55  0.87  
gltX (sco5547) glutamyl-tRNA synthetase       -0.66    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.31  Log2-fold changes in expression of three genes involved in cell wall relative to 

‘time=0’ reference samples for genes DE in both rich and SMM liquid media following cold-

shock. 

Cell wall - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
des (sco3682) delta fatty acid desaturase  3.71 5.08   4.48 6.33    
cwgA (sco6179) nucleotide-sugar dehydratase 0.93 1.70 2.99   1.73 2.43    
pspA (sco2168) hypothetical protein   1.69   1.03 2.08 -0.72 -0.83  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.32 Log2-fold changes in expression of one gene involved in cell wall relative to 

‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM liquid 

medium following cold-shock. 

Cell wall - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sigE (sco3356) ECF sigma factor  -0.66         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.33 Log2-fold changes in expression of three genes involved in cell wall relative to 

‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in rich liquid 

medium following cold-shock. 

Cell wall - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
cwgB (sco6180) transferase  0.90 1.74   3.39 4.20  1.28  
olsA (sco0920) acyltransferase       1.20 -3.25 -5.28  
sco4877 hypothetical protein   -0.93    1.18 -4.41 -7.81  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.34 Log2-fold changes in expression of three genes involved in peptidoglycan 

biosynthesis relative to ‘time=0’ reference samples for genes DE in both rich and SMM 

liquid media following cold-shock. 

Cell wall / peptidoglycan - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco7050 D-alanyl-D-alanine carboxypeptidase   2.33   0.98 3.30    
sco1213 hypothetical protein   -1.00    -0.82    

murG (sco2084) 
UDPdiphospho-
muramoylpentapeptide beta-N- 
acetylglucosaminyltransferase 

  -1.14    -0.75  0.49  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.35 Log2-fold changes in expression of eight genes involved in peptidoglycan 

biosynthesis relative to ‘time=0’ reference samples for genes DE in rich liquid medium and 

not DE in SMM liquid medium following cold-shock. 

Cell wall / peptidoglycan - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco3156 penicillin-binding protein  0.76 0.85        
sco4847 D-alanyl-D-alanine carboxypeptidase   -0.67     0.94 1.20  
sco4013 penicillin-binding protein   -0.73      0.93  

murC (sco6060) UDP-N-acetylmuramoyl-L-alanine 
ligase   -0.76        

sco5039 penicillin-binding protein   -0.82     1.67 1.38  
dacA (sco3811) D-alanyl-D-alanine carboxypeptidase   -0.85      0.88  

murE (sco2089) UDP-N-acetylmuramoylalanyl-D-
glutamate--2,6-diaminopimelate ligase   -1.11        

uppP (sco7047) UDP pyrophosphate phosphatase  -1.53 -1.69        

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.36 Log2-fold changes in expression of two genes involved in peptidoglycan 

biosynthesis relative to ‘time=0’ reference samples for genes DE in SMM liquid medium 

and not DE in rich liquid medium following cold-shock. 

Cell wall / peptidoglycan - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
pbp (sco3847) penicillin-binding protein       -0.60  0.94  
sco3901 penicillin-binding protein       -0.64  2.06  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.37 Log2-fold changes in expression of four genes encoding cell wall hydrolases 

relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid media 

following cold-shock. 

Cell wall - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
swlB (sco4582) hypothetical protein  2.60 3.29   1.58 2.91 2.44   
sco7050 D-alanyl-D-alanine carboxypeptidase   2.33   0.98 3.30    
sco5466 hydrolase  1.49 1.87   0.96 2.28 -1.08 -1.94  
sco2136 hypothetical protein  -0.70 -1.25    -0.75 0.79 1.03  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.38 Log2-fold changes in expression of ten genes encoding cell wall hydrolases 

relative to ‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM 

liquid medium following cold-shock. 

Cell wall - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco7607 hydrolase   2.96        
sco3150 hypothetical protein  1.26 1.52        
sco3949 peptidase  1.19 1.35        
sco0543 peptidase   1.06      -0.69  
sco4847 D-alanyl-D-alanine carboxypeptidase   -0.67     0.94 1.20  
sco5839 hypothetical protein   -0.78     4.10 2.75  
dacA (sco3811) D-alanyl-D-alanine carboxypeptidase   -0.85      0.88  
sco4820 Ser/Thr protein kinase   -0.96     -0.82   
sco0974 hypothetical protein   -1.03        
sco4798 peptidase  -1.61 -1.15        

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.39 Log2-fold changes in expression of six genes encoding cell wall hydrolases 

relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in 

rich liquid medium following cold-shock. 

Cell wall - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1805 hypothetical protein       1.18    
sco5286 hydrolase       1.03    
sco4082 peptidase  0.81 1.21    0.87  1.06  
sco5029 hypothetical protein       -0.76 1.44 1.47  
sco3774 beta-lactamase       -0.85 -1.15 1.04  
sco4561 hypothetical protein      -0.56 -1.18 1.38 1.49  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

 

 

 

 



 505 

Table A8.40 Log2-fold changes in expression of six genes involved in oxidative 

phosphorylation relative to ‘time=0’ reference samples for genes DE in both rich and SMM 

liquid media following cold-shock. 

Oxidative phosphorylation - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco7101 dehydrogenase   1.53    1.13    
sco0166 regulator   1.10   0.59 1.18    
cox (sco2156) cytochrome c oxidase subunit II   -1.06    -0.77    
nuoH2 (sco4602) NADH dehydrogenase subunit NuoH2   -1.07    -0.90    
nuoB2 (sco4600) NADH dehydrogenase subunit NuoB2   -1.22   -0.65 -1.14  1.27  
nuoA2 (sco4599) NADH dehydrogenase subunit NuoA2  -0.92 -2.21    -0.95  1.41  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.41 Log2-fold changes in expression of eight genes involved in oxidative 

phosphorylation relative to ‘time=0’ reference samples for genes DE in rich liquid medium 

and not DE in SMM liquid medium following cold-shock. 

Oxidative phosphorylation - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5106 fumarate reductase iron-sulfur subunit   1.13        
sco4119 NADH dehydrogenase   0.72        
sco3092 oxidoreductase   -0.64        
atpF (sco5369) F0F1 ATP synthase subunit B   -0.72        
sco1930 integral membrane transport protein   -0.92        
atpE (sco5368) ATP synthase subunit C   -0.93        
qcrC (sco2150) cytochrome C heme-binding subunit   -0.99        
cox3 (sco2151) cytochrome c oxidase subunit III   -1.54        

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.42 Log2-fold changes in expression of seven genes involved in oxidative 

phosphorylation relative to ‘time=0’ reference samples for genes DE in SMM liquid medium 

and not DE in rich liquid medium following cold-shock.  

Oxidative phosphorylation - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
nuoA (sco4562) NADH dehydrogenase subunit A      2.41 4.19    
nuoB (sco4563) NADH dehydrogenase subunit B       2.82    
nuoC (sco4564) NADH dehydrogenase subunit C       1.13    
nuoD (sco4565) NADH dehydrogenase subunit D       0.99    
sco7109 oxidoreductase       0.92    
ppa (sco3409) inorganic pyrophosphatase      -0.59 -1.01    

sco1082 electron transfer flavoprotein subunit 
beta       -1.01    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.43 Log2-fold changes in expression of four genes involved in glycolysis relative to 

‘time=0’ reference samples for genes DE in both rich and SMM liquid media following cold-

shock. 

Glycolysis - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 

gap1 (sco1947) glyceraldehyde-3-phosphate 
dehydrogenase   -0.72   -0.69 -1.09 -0.92   

fba (sco3649) fructose-bisphosphate aldolase   -0.76    -0.84    
pgm (sco7443) phosphoglucomutase   -0.93    -0.73    
pfkA2 (sco5426) 6-phosphofructokinase  -0.57 -1.00   -0.78 -1.14    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.44 Log2-fold changes in expression of nine genes involved in glycolysis relative 

to ‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM liquid 

medium following cold-shock.  

Glycolysis  - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1706 aldehyde dehydrogenase  1.47 1.73        
pdk2 (sco0208) pyruvate phosphate dikinase 1.45 1.87 1.51     6.04   
sco1705 alcohol dehydrogenase   1.28        

gap2 (sco7511) glyceraldehyde 3-phosphate 
dehydrogenase 1.74 1.89 0.73      -2.60 -1.23 

sco3651 hypothetical protein  -0.54 -0.68        
ppgK (sco5059) polyphosphate glucokinase  -0.46 -0.71        
sco6670 glucosidase  -0.76 -0.93        
sco6260 sugar kinase   -0.99     0.81 0.76  

gpmA (sco4209) 2,3-bisphosphoglycerate-dependent 
phosphoglycerate mutase   -1.20     -1.36   

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.45 Log2-fold changes in expression of seven genes involved in glycolysis relative 

to ‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in rich liquid 

medium following cold-shock. 

Glycolysis  - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4913 aldehyde dehydrogenase      1.65 1.11    
sco7362 oxidoreductase       0.89    
sco7139 aldehyde dehydrogenase       0.69    
pdk1 (sco2494) pyruvate phosphate dikinase       0.66    
eno (sco3096) phosphopyruvate hydratase   -0.95    -0.93 -0.74 -1.02  
sco4945 dehydrogenase     -0.87 -1.07 -1.52 -0.71 1.68 0.90 

malX (sco0434) 
bifunctional PTS system maltose and 
glucose-specific transporter subunits 
IICB 

    1.11      

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.46 Log2-fold changes in expression of five genes involved in galactose 

metabolism relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid 

media following cold-shock.  

Galactose metabolism - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
galE2 (sco2988) UDP-glucose 4-epimerase  -0.58 -0.67   -0.58 -0.75    
pgm (sco7443) phosphoglucomutase   -0.93    -0.73    
galK (sco3136) galactokinase   -0.93    -0.77    
pfkA2 (sco5426) 6-phosphofructokinase  -0.57 -1.00   -0.78 -1.14    
galE1 (sco3137) UDP-glucose 4-epimerase  -0.63 -1.39   -0.65 -1.07    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

 

Table A8.47 Log2-fold changes in expression of five genes involved in galactose 

metabolism relative to ‘time=0’ reference samples for genes DE in rich liquid medium and 

not DE in SMM liquid medium following cold-shock. 

Galactose metabolism - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1062 hydrolase   2.46        
sco3475 galactonate dehydratase   1.36        
sco3651 hypothetical protein  -0.54 -0.68        
sco6260 sugar kinase   -0.99     0.81 0.76  
sco4283 sugar kinase  -0.71     -0.53   -0.67 

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.48 Log2-fold changes in expression of one gene involved in galactose 

metabolism relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and 

not DE in rich liquid medium following cold-shock. 

Galactose metabolsim - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco0766 beta-galactosidase       1.20    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.49 Log2-fold changes in expression of one gene involved in pyruvate metabolism 

relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid media 

following cold-shock. 

Pyruvate metabolism - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
leuA (sco2528) 2-isopropylmalate synthase  1.41 1.64   0.75 1.41    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.50 Log2-fold changes in expression of nine genes involved in pyruvate 

metabolism relative to ‘time=0’ reference samples for genes DE in rich liquid medium and 

not DE in SMM liquid medium following cold-shock. 

Pyruvate metabolism - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1706 aldehyde dehydrogenase  1.47 1.73        
pdk2 (sco0208) pyruvate phosphate dikinase 1.45 1.87 1.51     6.04   
sco1705 alcohol dehydrogenase   1.28        
sco5529 (R)-citramalate synthase  1.03 0.85        
sco5261 malate oxidoreductase   0.62        
sco0763 oxidoreductase  -0.91 -0.95        

accA2 (sco4921) acyl-CoA carboxylase complex A 
subunit   -1.37        

mdh (sco4827) malate dehydrogenase   -1.56   -0.57 -1.30 -0.79  -0.73 

sco5576 acylphosphatase  -0.82         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.51 Log2-fold changes in expression of seven genes involved in pyruvate 

metabolism relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and 

not DE in rich liquid medium following cold-shock.  

Pyruvate metabolism - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4913 aldehyde dehydrogenase      1.65 1.11    
sco7362 oxidoreductase       0.89    
sco7139 aldehyde dehydrogenase       0.69    
pdk1 (sco2494) pyruvate phosphate dikinase       0.66    
sco3486 aldehyde dehydrogenase       -0.84    
sco3079 acetyl-CoA acetyltransferase       -0.85    
sco4945 dehydrogenase     -0.87 -1.07 -1.52 -0.71 1.68 0.90 

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.52 Log2-fold changes in expression of four genes involved in the pentose 

phosphate pathway relative to ‘time=0’ reference samples for genes DE in both rich and 

SMM liquid media following cold-shock. 

Pentose phosphate pathway - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco0524 gluconolactonase   0.80    1.21 -0.76 -0.87  
fba (sco3649) fructose-bisphosphate aldolase   -0.76    -0.84    
pgm (sco7443) phosphoglucomutase   -0.93    -0.73    
pfkA2 (sco5426) 6-phosphofructokinase  -0.57 -1.00   -0.78 -1.14    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.53 Log2-fold changes in expression of six genes involved in the pentose 

phosphate pathway relative to ‘time=0’ reference samples for genes DE in rich liquid 

medium and not DE in SMM liquid medium following cold-shock.  

Pentose phosphate pathway - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco1224 sugar-phosphate isomerase   1.34     1.06   
sco4914 2-deoxyribose-5-phosphate aldolase   0.82        
sco3474 sugar kinase   0.79       0.70 

sco2627 ribose-5-phosphate isomerase B  -0.57 -0.79     -0.92   
sco0851 PfkB-family carbohydrate kinase   -0.85        
prsA (sco0782) ribose-phosphate pyrophosphokinase  -0.68         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.54 Log2-fold changes in expression of one gene involved in the pentose 

phosphate pathway relative to ‘time=0’ reference samples for genes DE in SMM liquid 

medium and not DE in rich liquid medium following cold-shock. 

Pentose phosphate pathway - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4988 carbohydrate kinase       -1.08    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.55 Log2-fold changes in expression of two genes involved in the TCA cycle relative 

to ‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM liquid 

medium following cold-shock. 

TCA cycle - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5106 fumarate reductase iron-sulfur subunit   1.13        
mdh (sco4827) malate dehydrogenase   -1.56   -0.57 -1.30 -0.79  -0.73 

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.56 Log2-fold changes in expression of five genes involved in the TCA cycle relative 

to ‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in rich liquid 

medium following cold-shock. 

TCA cycle - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco7109 oxidoreductase       0.92    
sucC (sco4808) succinyl-CoA synthetase subunit beta       -0.82 -0.66   
Kgd (sco5281) alpha-ketoglutarate decarboxylase       -0.83    
sucD (sco4809) succinyl-CoA synthetase subunit alpha       -0.89    
citA (sco2736) type II citrate synthase      -0.61 -0.93 -0.54   

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.57 Log2-fold changes in expression of seven genes involved in glyoxylate 

metabolism relative to ‘time=0’ reference samples for genes DE in rich liquid medium and 

not DE in SMM liquid medium following cold-shock. 

Glyoxylate metabolism - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco6201 glyoxylate carboligase  1.57 4.27        
sco6206 oxidoreductase   2.96      -0.90  
mutA (sco6832) methylmalonyll-CoA mutase   1.34        
gcvH (sco5471) glycine cleavage system protein H   -0.75    -0.63   -0.62 

accA2 (sco4921) acyl-CoA carboxylase complex A 
subunit   -1.37        

mdh (sco4827) malate dehydrogenase   -1.56   -0.57 -1.30 -0.79  -0.73 

sco6466 transferase  -0.69         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.58 Log2-fold changes in expression of four genes involved in glyoxylate 

metabolism relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and 

not DE in rich liquid medium following cold-shock. 

Glyoxylate metabolism - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco6472 coenzyme B12-dependent mutase       0.74 -2.34 -3.50 -0.76 

kgd (sco5281) alpha-ketoglutarate decarboxylase       -0.83    
sco3486 aldehyde dehydrogenase       -0.84    
citA (sco2736) type II citrate synthase      -0.61 -0.93 -0.54   

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.59 Log2-fold changes in expression of two genes involved in gluconate 

metabolism relative to ‘time=0’ reference samples for genes DE in rich liquid medium and 

not DE in SMM liquid medium following cold-shock. 

Gluconate metabolism - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
gntP (sco1680) gluconate permease 1.29 5.25 5.18     5.24   
gntZ2 (sco1682) zinc-binding alcohol dehydrogenase   2.21     5.16   

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.60 Log2-fold changes in expression of five genes involved in purine metabolism 

relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid media 

following cold-shock. 

Purine metabolism - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4901 adenosine deaminase  1.07 1.18   1.28  0.85   
pgm (sco7443) phosphoglucomutase   -0.93    -0.73    

purL (sco4079) phosphoribosylformylglycinamidine 
synthase II   -0.95   -0.59 -1.03 -2.66   

purQ (sco4078) phosphoribosylformylglycinamidine 
synthase I   -1.25   -0.72 -1.09 -3.14   

sco2470 deoxyguanosinetriphosphate 
triphosphohydrolase-like protein  0.63    0.86 1.21    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.61 Log2-fold changes in expression of eight genes involved in purine metabolism 

relative to ‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM 

liquid medium following cold-shock. 

Purine metabolism  - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
add (sco4644) adenosine deaminase 0.50 0.58 1.04      -0.58  

guaB (sco4770) inosine 5' monophosphate 
dehydrogenase   -0.52      0.58  

purM (sco4087) phosphoribosylaminoimidazole 
synthetase   -0.59        

nagD (sco2843) N-acetylglucosamine-6-phosphate 
deacetylase   -0.67     -0.97   

sco2902 deoxyribonucleotide triphosphate 
pyrophosphatase   -0.71        

purD (sco4068) phosphoribosylamine--glycine ligase   -0.71      0.81  
sco6211 uricase   -0.99        
prsA (sco0782) ribose-phosphate pyrophosphokinase  -0.68         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.62 Log2-fold changes in expression of six genes involved in purine metabolism 

relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in 

rich liquid medium following cold-shock. 

Purine metabolism  - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4971 dehydrogenase     1.42 1.91 2.05 1.51   
sco4972 dehydrogenase       1.07 1.12   

hemH (sco4071) phosphoribosylaminoimidazole-
succinocarboxamide synthase       -0.60 -2.23   

ndk (sco2612) nucleoside diphosphate kinase       -0.71 0.51 0.91  

purH (sco4814) 
bifunctional 
phosphoribosylaminoimidazolecarbox
amide formyltransferase/IMP 
cyclohydrolase 

      -0.80    

guaA (sco4785) GMP synthase       -0.80    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.63 Log2-fold changes in expression of 21 genes involved in amino acid metabolism relative to ‘time=0’ reference samples for genes 

DE in both rich and SMM liquid media following cold-shock. 

Amino acid metabolism - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control Metabolism Ana Cat 

  Rich medium SMM medium Rich SMM               

Gene ID product 15 30 60 15 30 60 120 15 60 120 C
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asd1 (sco2640) aspartate-semialdehyde dehydrogenase   -0.87    -0.71    X X       X      
sco4958 cystathionine gamma-synthase   -1.03   -0.51 -0.86 -0.50   X              
sco1087 aldolase   1.05    1.21 3.35    X             
sco4293 threonine synthase  1.18 1.30    0.91     X             
sco3834 3-hydroxyacyl-CoA dehydrogenase 1.23 2.43 3.34   1.09 1.86      X            
sco6475 oxidoreductase 0.74 3.01 4.69  2.76 4.63 5.80      X            
paaK (sco7469) phenylacetate-CoA ligase  2.02 3.41    1.41      X            
paaI (sco7470) phenylacetic acid degradation protein PaaI  2.96 4.60   1.29 3.58  -1.24    X            
paaA (sco7471) phenylacetate-CoA oxygenase subunit PaaA 3.06 4.95 5.61   1.22 3.36 0.93 -1.34    X            
paaB (sco7472) phenylacetate-CoA oxygenase subunit PaaB  4.99 5.37   1.12 3.19      X            
paaC (sco7473) phenylacetic acid degradation protein PaaC  3.67 4.97    1.96 1.65     X            
paaD (sco7474) phenylacetic acid degradation protein PaaD  0.93 4.35    1.60 2.48     X            
paaE (sco7475) phenylacetic acid degradation NADH oxidoreductase PaaE   3.10    1.93 3.07     X            
sco3622 hypothetical protein  -0.54 -1.31    -0.87          X        
sco1018 glutamate racemase  -0.83 -0.76   -0.84 -1.00           X       
purQ (sco4078) phosphoribosylformylglycinamidine synthase I   -1.25   -0.72 -1.09 -3.14          X    X   
sco3658 aminotransferase   -0.87    -0.62  0.87          X      
leuA (sco2528) 2-isopropylmalate synthase  1.41 1.64   0.75 1.41             X     
pcaJ (sco6702) 3-oxoadipate CoA-transferase subunit B   1.68    1.51                 X 

pcaI (sco6703) 3-oxoadipate CoA-transferase subunit A   2.66   0.88 2.87                 X 

fadB3 (sco6789) fatty oxidation protein   2.10    1.34                 X 
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Genes whose products are involved in the metabolism of each amino acid group are indicated with an X. Ana indicates involvement in 

biosynthesis, Cat indicates involvement in degradation. Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown.  

Table A8.64 Log2-fold changes in expression of 46 genes involved in amino acid metabolism relative to ‘time=0’ reference samples for genes 

DE in rich liquid medium and not DE in SMM liquid medium following cold-shock. 

Amino acid metabolism - DE following cold-shock in rich liquid medium and not in minimal liquid medium 
  Cold-shock Control Metabolism Ana Cat 

  Rich medium Minimal medium RL ML               

Gene ID product 15 30 60 15 30 60 120 15 60 120 c
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sco0731 transferase   -0.92       -0.64 X              
sco0992 cysteine synthase   -1.45        X              
sco1028 lyase  1.21 1.26     3.83   X              
sco1546 4-amino-4-deoxychorismate lyase  -0.72 -0.88     -0.52   X         X    X 

sco1984 hydrolase  0.77         X              
sco2455 spermidine synthase   -1.48        X   X           
sco3014 translation initiation factor  -0.54         X              
sco3478 dehydrogenase 1.91 1.33 1.84       0.71 X X             
ask (sco3615) aspartate kinase   -1.10        X X       X      
cysA2 (sco3920) cystathionine gamma-lyase   -0.80        X X             
cysA (sco4164) thiosulfate sulfurtransferase  1.13 1.31     -1.41   X            X  
sco4827 malate dehydrogenase   -1.56   -0.57 -1.30 -0.79  -0.73 X              
sco5354 homoserine dehydrogenase 0.66 0.74 0.91     -0.69   X X       X      
sco5772 hypothetical protein 2.38 3.33 3.72        X              
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Amino acid metabolism - DE following cold-shock in rich liquid medium and not in minimal liquid medium 
  Cold-shock Control Metabolism Ana Cat 

  Rich medium Minimal medium RL ML               

Gene ID product 15 30 60 15 30 60 120 15 60 120 c
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sco6137 homocysteine methyltransferase  -0.75         X              
ectA (sco1864) acetyltransferase  0.63      0.81  -0.89  X             
sco4209 2,3-bisphosphoglycerate-dependent phosphoglycerate 

mutase   -1.20     -1.36    X             
sco4828 betaine aldehyde dehydrogenase   -0.88     1.92 0.92   X             
gcvH (sco5471) glycine cleavage system protein H   -0.75    -0.63   -0.62  X             
sco5657 aldehyde dehydrogenase   0.84         X             
sco5666 gamma-aminobutyraldehyde dehydrogenase  1.45 1.99         X             
sco6466 transferase  -0.69          X             
sco6740 D-amino acid oxidase  -0.87 -0.96         X  X    X       
sco1591 3-hydroxybutyryl-CoA dehydrogenase  -1.05 -1.22      0.94    X            
sco2469 reductase  0.67 1.17     -1.77 -1.79    X            
sco1706 aldehyde dehydrogenase  1.47 1.73           X  X        X 

sco2999 hypothetical protein  0.42      -0.58       X  X     X   
sco7507 dioxygenase 2.81 4.56 5.09              X        
sco0315 decarboxylase   0.83               X X      
ddlA (sco5560) D-alanyl-alanine synthetase A   -0.53     0.90 0.88         X       
sco5793 diaminopimelate epimerase   0.52       -0.52        X X      
sco6289 oxidoreductase  1.29 3.32     -1.79 -0.90         X       
murE (sco2089) UDP-N-acetylmuramoylalanyl-D-glutamate--2,6-

diaminopimelate ligase   -1.11                X      
sco5529 (R)-citramalate synthase  1.03 0.85                 X     
sco2019 chorismate mutase   -0.80                  X    
sco4784 hypothetical protein 1.67 1.57 2.21                  X    
cysH (sco6100) phosphoadenosine phosphosulfate reductase   1.23                    X  
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Amino acid metabolism - DE following cold-shock in rich liquid medium and not in minimal liquid medium 
  Cold-shock Control Metabolism Ana Cat 

  Rich medium Minimal medium RL ML               

Gene ID product 15 30 60 15 30 60 120 15 60 120 c
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sco6101 hypothetical protein   1.33                    X  
nirA / cysI (sco6102) nitrite/sulfite reductase  1.51 2.21     -1.85               X  
cysE (sco6103) acetyltransferase 0.56 1.00 1.25                    X  
acdH2 (sco2774) acyl-CoA dehydrogenase  1.70 2.72                     X 

accA2 (sco4921) acyl-CoA carboxylase complex A subunit   -1.37                     X 

gabT (sco5676) 4-aminobutyrate aminotransferase   -0.95     1.54 3.30               X 

fadA1 (sco6027) acetyl-CoA acetyltransferase  0.86 1.11                     X 

sco6832 methylmalonyll-CoA mutase   1.34                     X 

pcaF (sco6967) beta-ketoadipyl-CoA thiolase  1.30 2.03                     X 

Genes whose products are involved in the metabolism of each amino acid group are indicated with an X. Ana indicates involvement in 

biosynthesis, Cat  indicates involvement in degradation. Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown.  
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Table A8.65 Log2-fold changes in expression of 18 genes involved in amino acid metabolism relative to ‘time=0’ reference samples for genes 

DE in SMM liquid medium and not DE in rich liquid medium following cold-shock. 

Amino acid metabolism - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control Metabolism Ana Cat 

  Rich medium SMM medium Rich SMM               

Gene ID product 15 30 60 15 30 60 120 15 60 120 C
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aspC (sco4645) aspartate aminotransferase      -0.58 -1.04  0.92  X  X X       X X   
sco5523 branched-chain amino acid aminotransferase       -0.68    X         X    X 
ectC (sco1866) L-ectoine synthase       -0.75     X             
hppD (sco2927) 4-hydroxyphenylpyruvate dioxygenase       1.71      X            
paaG (sco5144) acyl CoA isomerase       -1.05      X            
sco4913 aldehyde dehydrogenase      1.65 1.11       X  X        X 
sco7139 aldehyde dehydrogenase       0.69       X  X        X 
gdh (sco4683) glutamate dehydrogenase       -0.82 0.94       X       X   
hisB (sco2052) imidazoleglycerol-phosphate dehydratase       -0.65         X         
sco5353 diaminopimelate decarboxylase       -0.52           X X      
sco3306 aminotransferase   -1.02    -0.64 -1.44 -1.71          X      
sco5744 4-hydroxy-tetrahydrodipicolinate synthase       0.70            X      
sco2115 2-dehydro-3-deoxyphosphoheptonate aldolase       -0.77 -0.96 -0.55            X    
trpD2 (sco3212) anthranilate phosphoribotransferase       1.50  -1.77            X    
sco3079 acetyl-CoA acetyltransferase       -0.85                 X 

sco3830 branched-chain alpha-keto acid dehydrogenase E1 subunit 

beta       0.84  -1.44               X 

sco3831 E1-alpha branched-chain alpha keto acid dehydrogenase      1.15 2.93  -1.74 -1.08              X 
pcaF (sco6701) beta-ketoadipyl-CoA thiolase       1.28                 X 
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Genes whose products are involved in the metabolism of each amino acid group are indicated with an X. Ana indicates involvement in 

biosynthesis, Cat  indicates involvement in degradation. Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.66 Log2-fold changes in expression of seven genes involved in fatty acid metabolism relative to ‘time=0’ reference samples for genes 

DE in both rich and SMM liquid media following cold-shock. 

Fatty acid metabolism - DE following cold-shock in both rich and minimal liquid media 
  Cold-shock Control  
  Rich medium SMM medium Rich SMM    

Gene ID product 15 30 60 15 30 60 120 15 60 120 B
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sco0124 hypothetical protein  1.04 1.65   1.09 1.81    X   
acpP (sco2389) acyl carrier protein   -0.81    -0.88    X   
sco4503 long-chain-fatty acid CoA ligase 1.04 2.29 2.55  1.50 2.54 2.85    X  X 
sco6717 acyl-ACP desaturase  1.18 2.23    1.27  -0.91  X   
sco3834 3-hydroxyacyl-CoA dehydrogenase 1.23 2.43 3.34   1.09 1.86      X 
sco6475 oxidoreductase 0.74 3.01 4.69  2.76 4.63 5.80      X 
fadB3 (sco6789) fatty oxidation protein   2.10    1.34      X 

Genes whose products are involved in the biosynthesis, beta oxidation or degradation of fatty acids are indicated with an X. Values are based 

on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A8.67 Log2-fold changes in expression of 20 genes involved in fatty acid metabolism relative to ‘time=0’ reference samples for genes 

DE in rich liquid medium and not in SMM liquid medium following cold-shock. 

Fatty acid metabolism - DE following cold-shock in rich liquid medium and not in minimal liquid medium 
  Cold-shock Control  
  Rich medium SMM medium Rich SMM    

Gene ID product 15 30 60 15 30 60 120 15 60 120 B
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sco0127 beta keto-acyl synthase   1.21        X   

fabI/inhA (sco1814) enoyl-ACP reductase   -1.02        X   

fabG (sco1815) 3-oxacyl-ACP reductase   -1.10        X   

fabA (sco4636) hypothetical protein  -0.83 -1.04        X   

fabA (sco4637) hypothetical protein  -0.64 -0.98        X   

accA2 (sco4921) acyl-CoA carboxylase complex A subunit   -1.37        X   

fabH2 (sco6564) 3-oxoacyl-ACP synthase III   -2.33     2.92 1.37  X   

sco7329 long-chain-fatty-acid-CoA ligase  0.69 1.05        X  X 

sco1701 acyl-CoA dehydrogenase  1.57 2.41         X  

sco3051 acyl-CoA dehydrogenase  0.84 1.29     0.95    X  

sco4930 enoyl-CoA hydratase   2.37     1.68    X  

sco6106 acyl-CoA dehydrogenase   0.65         X  

sco6469 acyl-CoA dehydrogenase   1.14         X  

sco1705 alcohol dehydrogenase   1.28          X 

sco1706 aldehyde dehydrogenase  1.47 1.73          X 

sco1750 acyl CoA dehydrogenase   0.80          X 

sco2469 reductase  0.67 1.17     -1.77 -1.79    X 

acdH2 (sco2774) acyl-CoA dehydrogenase  1.70 2.72          X 

fadA1 (sco6027) acetyl-CoA acetyltransferase  0.86 1.11          X 

pcaF (sco6967) beta-ketoadipyl-CoA thiolase  1.30 2.03          X 

Genes whose products are involved in the biosynthesis, beta oxidation or degradation of fatty acids are indicated with an X. Values are based 

on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A8.68 Log2-fold changes in expression of 9 genes involved in fatty acid metabolism relative to ‘time=0’ reference samples for genes DE 

in SMM liquid medium and not in rich liquid medium following cold-shock. 

Fatty acid metabolism - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control  
  Rich medium SMM medium Rich SMM    

Gene ID product 15 30 60 15 30 60 120 15 60 120 B
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sco0125 oxidoreductase       2.26    X   
sco2131 long chain fatty acid CoA ligase   0.60   -0.67 -0.59  0.80  X  X 
sco4681 short chain dehydrogenase       0.78    X   
sco6552 long-chain-fatty-acid-CoA ligase       -0.72 1.08 1.03  X  X 
sco3079 acetyl-CoA acetyltransferase       -0.85      X 
sco4913 aldehyde dehydrogenase      1.65 1.11      X 
pcaF (sco6701) beta-ketoadipyl-CoA thiolase       1.28      X 
sco7139 aldehyde dehydrogenase       0.69      X 
sco7362 oxidoreductase       0.89      X 

 

Genes whose products are involved in the biosynthesis, beta oxidation or degradation of fatty acids are indicated with an X. Values are based 

on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 

 

 

 

 



 523 

Table A8.69 Log2-fold changes in expression of three genes involved in B vitamin metabolism relative to ‘time=0’ reference samples for genes 

DE in both rich and SMM liquid media following cold-shock. 

B vitamin metabolism - DE following cold-shock in both rich and minimal liquid media 

  Cold-shock Control Biosyn
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  Rich medium SMM medium Rich SMM      
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sco6013 1-deoxy-D-xylulose-5-phosphate synthase   -0.82    -0.83       X  
rsgA (sco6149) ribosome-associated GTPase 0.78 1.68 2.19   0.87 1.59       X  
sco5711 bifunctional riboflavin kinase/FMN adenylyltransferase   -0.79    -0.64        X 

 

Genes whose products are involved in the biosynthesis or metabolism of each B vitamin are indicated with an X. Values are based on the 

average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown.  
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Table A8.70 Log2-fold changes in expression of nine genes involved in B vitamin metabolism relative to ‘time=0’ reference samples for genes 

DE in rich liquid medium and not DE in SMM liquid medium following cold-shock. 

B vitamin metabolism - DE following cold-shock in rich liquid medium and not in minimal liquid medium 

  Cold-shock Control Biosyn
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  Rich medium SMM medium Rich SMM      

Gene ID product 15 30 60 15 30 60 120 15 60 120 F
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sco3400 dihydroneopterin aldolase   -0.53     -0.79   X     
sco3401 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine 

diphosphokinase   -0.92     -0.99   X     
sco3827 molybdenum cofactor biosynthesis protein   -0.84        X     
sco5201 moaE-like protein   0.85        X     
sco1243 8-amino-7-oxononanoate synthase 1.21 1.93 2.27     0.89  -0.90   X   
fabG (sco1815) 3-oxacyl-ACP reductase   -1.10          X   
sco3928 thiamine biosynthesis protein ThiC 0.94 1.30 2.13       0.73    X  
sco1443 riboflavin synthase subunit alpha   1.16            X 
sco3295 oxidoreductase   1.39            X 

Genes whose products are involved in the biosynthesis or metabolism of each B vitamin are indicated with an X. Values are based on the 

average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown.  
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Table A8.71 Log2-fold changes in expression of five genes involved in B vitamin metabolism relative to ‘time=0’ reference samples for genes 

DE in SMM liquid medium and not DE in rich liquid medium following cold-shock. 

B vitamin metabolism - DE following cold-shock in minimal liquid medium and not in rich liquid medium 

  Cold-shock Control Biosyn
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  Rich medium SMM medium Rich SMM      

Gene ID product 15 30 60 15 30 60 120 15 60 120 F
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ribA (sco2687) GTP cyclohydrolase II       1.12    X    X 

sco3403 GTP cyclohydrolase I       -0.88  0.71  X     

sco3851 para-aminobenzoate synthase component II      -0.51 -0.50    X     

sco6540 4a-hydroxytetrahydrobiopterin dehydratase      0.60 1.00    X     

sco4681 short chain dehydrogenase       0.78      X   

Genes whose products are involved in the biosynthesis or metabolism of each B vitamin are indicated with an X. Values are based on the 

average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown.  
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Table A8.72 Log2-fold changes in expression of two genes involved in porphyrin 

metabolism relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid 

media following cold-shock. 

Porphyrin metabolism - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 

hemL (sco4469) glutamate-1-semialdehyde 
aminotransferase   -0.85   -0.53 -0.95    

cobH (sco3282) precorrin-8X methylmutase  -1.58 -1.63    -1.08    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.73 Log2-fold changes in expression of four genes involved in porphyrin 

metabolism relative to ‘time=0’ reference samples for genes DE in rich liquid medium and 

not DE in SMM liquid medium following cold-shock. 

Porphyrin metabolism  - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
cobQ (sco1848) cobyric acid synthase   -0.79      0.59  
sco1930 integral membrane transport protein   -0.92        
sco6042 hypothetical protein   -1.72     -0.80   
cobK/cbiJ 
(sco3283) cobalt-precorrin-6x reductase  -0.81         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.74 Log2-fold changes in expression of three genes involved in porphyrin 

metabolism relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and 

not DE in rich liquid medium following cold-shock. 

Porphyrin metabolism  - DE following cold-shock in SMM liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5277 magnesium chelatase       0.94  -1.42  
gltX (sco5547) glutamyl-tRNA synthetase       -0.66    
sco5381 hypothetical protein       -0.67  -0.61  

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

 



 527 

Table A8.75 Log2-fold changes in expression of 274 genes which are uncategorised 

relative to ‘time=0’ reference samples for genes DE in both rich and SMM liquid media 

following cold-shock. 

Not categorised - DE following cold-shock in both rich and SMM liquid media 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco3681 hypothetical protein 1.11 5.09 5.78  2.28 5.12 6.24    
sco3286 hypothetical protein 2.51 4.85 4.98   2.82 3.63    
sco0108 hypothetical protein 2.16 3.52 4.57   3.50 4.85    
xlnB (sco2292) endo-1,4-beta-xylanase B  3.18 4.54   2.77 3.88    
sco0792 hypothetical protein 2.12 3.36 4.53   0.89 1.03    
sco3684 hypothetical protein 3.44 3.75 4.30 1.53 3.47 4.35 4.49    
sco0878 hydrolase 1.90 3.19 4.04  2.16 3.15 3.48    
sco3683 hypothetical protein 1.93 3.64 3.93  3.83 4.90 5.21    
sco0593 hypothetical protein 4.05 4.36 3.87  3.08 3.93 4.07   -1.56 

sco4153 hypothetical protein 1.44 2.13 3.84  1.81 3.02 3.55    
sco0880 hypothetical protein   3.70    2.56    
sco3685 hypothetical protein 2.07 3.03 3.67  2.44 3.70 3.85    
sco4054 hypothetical protein 3.68 3.66 3.56  2.79 3.88 3.77    
sco2289 hypothetical protein 1.28 2.01 3.39   2.69 2.82 1.52   
sco7490 oxidoreductase  2.21 3.38   2.56 3.29    
sco1549 hypothetical protein 1.47 2.66 3.38   2.13 2.94    
sco0854 hypothetical protein 1.50 2.71 3.13    1.08 1.23   
sco7795 transposase  1.53 3.08    2.34    
sco3835 dehydrogenase 0.80 3.07 3.04    1.88    
sco3711 small membrane protein  3.44 2.99   2.33 1.48 -1.18 -1.39  
sco6840 hypothetical protein  1.31 2.95    1.92 1.66   
sco3285 large glycine/alanine rich protein  1.09 2.89    1.52 1.94   
sco3710 large integral membrane protein 2.62 3.33 2.87  1.68 2.55 2.54    
sco5202 hypothetical protein 0.72 1.64 2.79   1.15 1.47    
sco4044 hypothetical protein  1.14 2.74   1.04 1.34    
sco3607 hypothetical protein  3.01 2.72   2.95 3.24    
xlnA (sco5931) xylanase A  1.00 2.66    1.18 1.37   
sco0342 hypothetical protein  1.77 2.55    1.99    
sco0090 transposase  1.13 2.54   1.29 1.63    
sco0901 hypothetical protein 1.40 2.14 2.52    1.41    
sco6951 hypothetical protein  0.90 2.48   0.75 1.68    

sco5795 zinc metalloprotease membrane 
protein  1.96 2.46  1.85 2.74 3.03    

sco6381 lipoprotein  1.51 2.43   2.50 3.41    
sco2977 hypothetical protein 0.79 1.64 2.42  2.27 3.29 3.72    
sco4175 hypothetical protein  1.66 2.42   3.17 3.30  -1.08  
sco1677 hypothetical protein 1.32 1.29 2.32   0.91 0.93 1.03   
sco1362 hypothetical protein 2.21 2.26 2.32  1.08 2.04 2.45 0.93   
sco3296 oxidoreductase  1.50 2.24    1.08    
sco2929 transposase  0.85 2.17    1.41    
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  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco0967 reductase  1.39 2.12    1.59    
sco4521 hypothetical protein  1.00 2.09   1.59 2.94    
sco5324 oxidoreductase 0.82 1.43 2.06   0.82 1.51    
sco6546 cellulase  1.13 2.06   1.59 2.29    
sco5327 transposase  0.86 2.06   1.25 1.95    
sco7213 hypothetical protein  1.31 2.05  2.55 2.85 2.83    
sco3562 integral membrane transport protein  1.42 2.05    1.21  -1.96  
sco4351 DNA invertase 1.08  2.04   1.89 2.24    
sco5989 hypothetical protein   2.03   1.02 1.79    
sco3656 hypothetical protein  1.30 2.00   0.87 1.44  -1.45  
sco6385 hypothetical protein   1.95    1.39    
sco5922 short chain dehydrogenase  1.06 1.95   0.79 1.26    
mbl (sco2451) rod shape-determining protein MreB  1.10 1.90   0.98 1.15    
sco2985 hypothetical protein 0.75 0.85 1.90    0.96    
sco5603 hypothetical protein  1.09 1.88    1.00    
sco3440 hypothetical protein  1.50 1.87   1.87 3.05    
sco6374 sugar transferase  0.67 1.86   2.02 3.19    
sco1746 serine protease  2.02 1.86   1.06 1.56    
sco5912 protease   1.85    1.36    
sco0813 short chain dehydrogenase   1.83    1.21    
sco4062 transposase   1.83    1.07    
sco3112 hypothetical protein   1.81    2.72    
sco6714 hydroxylase   1.81    1.10    
sco6617 hypothetical protein 1.25 1.19 1.81    0.76   -1.73 

sco2605 hypothetical protein  1.15 1.79    1.01    
sco7491 hypothetical protein   1.78    2.18    
sco1734 cellulose-binding protein  1.11 1.75   1.76 1.50    
sco6200 hypothetical protein   1.74    0.84    
sco5180 peptidase 0.80 1.58 1.74   2.14 1.85    
sco5462 hypothetical protein   1.73    1.16    
sco0239 hypothetical protein   1.71    1.11    
sco5207 hypothetical protein  1.80 1.71  1.64 2.90 3.07    
sco6933 hypothetical protein   1.71    1.16    
sco4554 bifunctional transferase/deacetylase   1.70   0.87 1.35    
sco7205 hydrolase  1.22 1.70   1.77 2.51    

sco5121 peptide transport system ATP-binding 
protein   1.68    1.52    

sco7509 hypothetical protein  1.38 1.66  1.08 1.22 1.33 0.87   
sco4056 hypothetical protein   1.64   1.15 2.27    
sco6641 hypothetical protein   1.62   0.87 1.40    
sco0084 hypothetical protein   1.61    0.89    
sco3439 hypothetical protein  1.13 1.61   1.76 2.20    
sco5928 hypothetical protein  0.88 1.60   1.34 2.41    
sco2586 hypothetical protein  0.93 1.60   0.73 1.28  -1.55  
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sco2491 oxidoreductase   1.58   0.55 0.77    
sco2220 hypothetical protein  1.14 1.55   0.85 1.23    
sco7136 hypothetical protein   1.53    1.48    
sco3608 hypothetical protein 1.88  1.53   1.63 2.21    
sco1333 hypothetical protein   1.52   0.95 1.66    
sco2291 acetylxylan esterase   1.51    2.32    
sco3687 hypothetical protein   1.49    1.33    
sco4695 hypothetical protein  1.50 1.49   0.94 1.69    
sco3076 hypothetical protein   1.49    1.36    
sco5587 cell division protein FtsH-like protein  0.92 1.49   0.81 1.17    
sco3470 transposase  0.59 1.47   0.76 1.44    
sco7748 hypothetical protein  1.11 1.46    1.59    
sco6827 polyketide synthase  0.89 1.46   1.12 2.56    
sco3438 hypothetical protein   1.45    0.96    
sco4174 hypothetical protein   1.43   3.49 3.51  -1.42  
sco5534 lyase   1.43    0.85    

sco4219 dienelactone hydrolase family 
hydrolase  0.72 1.42   1.20 1.48    

sco0373 hypothetical protein   1.42   0.77 1.53    
sco0341 large hypothetical protein  0.93 1.41   1.47 3.00    
sco5160 hypothetical protein   1.41    0.88    
sco5908 hypothetical protein   1.39    1.14    
sco0874 hypothetical protein   1.37    1.38    
xysA (sco0674) endo-1,4-beta-xylanase  0.84 1.36  1.50 2.85 3.09    
sco7578 hypothetical protein  0.79 1.36   1.72 3.30 -1.13 -1.79  
glgX2 (sco5456) glycosyl hydrolase   1.35    0.98    
sco1027 hypothetical protein   1.35    0.87    
sco6174 hypothetical protein   1.34    1.84 1.04   
sco0966 dehydratase   1.34   0.89 2.35    
sco4010 hypothetical protein   1.32   1.12 2.11    
sco1550 small membrane protein   1.30    1.87  -1.32  
sco3204 hypothetical protein   1.30    0.97 1.57   
sco7492 hypothetical protein   1.29    1.13    
sco3029 L-lactate permease 1.03 1.43 1.29  2.27 2.53 2.29    
sco4408 hypothetical protein  0.70 1.28    0.69    
sco6419 hypothetical protein   1.27    1.22    
sco7048 delta fatty acid desaturase  0.80 1.26  0.72 1.67 1.89    
sco0787 hydrolase   1.25    1.78    
sco1023 hypothetical protein   1.25    1.16  -1.11  
sco2279 hypothetical protein   1.24    0.90    
sco7549 hypothetical protein  0.66 1.21    1.05 -0.66 -0.80  
sco4302 hypothetical protein   1.19    1.92    
sco3377 hypothetical protein   1.18    0.80    
sco2821 pectate lyase   1.17   1.04 1.34    
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sco2062 hypothetical protein  1.39 1.17   0.57 0.78    
sco0095 hypothetical protein  1.07 1.16    2.16    
sco1668 hypothetical protein  1.02 1.16   2.17 1.82    
sco0595 hypothetical protein   1.15   2.35 2.53    
sco3086 lipoprotein   1.12  3.07 5.14 5.57    
sco1143 hypothetical protein   1.12    1.62 1.22   
sco3955 hypothetical protein   1.10    1.21    
sco5909 hypothetical protein   1.07    0.90    
sco5419 thioredoxin   1.06    -0.54    
sco0249 hypothetical protein   1.06    0.76    
sco5612 ATP binding protein   1.04    1.44    
sco6648 hypothetical protein   1.04    0.81    
sco0235 short chain dehydrogenase  0.65 1.03    1.09  -0.67  
sco6324 hydrolase   1.03    0.86    
sco2813 hypothetical protein   1.03   0.77 1.23    
sco1754 hypothetical protein   1.03   0.85 1.38    
sco2246 hypothetical protein   1.02    1.17    
sco5401 hypothetical protein 0.74 1.21 1.02  1.28 0.93 0.78 0.80   
sco2719 hypothetical protein   1.00   0.82 1.50  -1.55  
sco2623 hypothetical protein  0.67 0.99   1.53 1.52    
sco3493 acetyl transferase   0.99    1.15    
sco2852 hypothetical protein   0.97   0.75 0.97   -1.56 

sco4902 hypothetical protein  1.33 0.97   1.37 1.02 1.55   
sco6390 hypothetical protein   0.97    1.17    
sco5929 oxidoreductase  0.93 0.96    0.92  -1.37  
sco0372 hypothetical protein  1.11 0.95    1.15    
sco3082 hypothetical protein   0.94    1.27    
sco6192 hypothetical protein  0.79 0.92   0.72 1.38    
sco6336 hypothetical protein   0.91   1.89 2.43    
sco7092 hypothetical protein   0.91    0.84    
sco4973 hypothetical protein   0.90    0.84 1.48   
sco2167 hypothetical protein   0.90    1.28 -0.77 -0.67  
sco5473 ATP/GTP binding protein  1.00 0.90   2.35 2.74    
sco2219 hypothetical protein   0.89    0.70    
sco4006 long-chain-fatty-acid--CoA ligase   0.87    1.40 -1.88   
sco2527 hypothetical protein   0.87   1.03 2.14    
sco7541 hypothetical protein   0.86    0.88    
sco2112 hypothetical protein   0.86    0.87    
sco1380 DNA polymerase IV   0.85    0.87    
sco0902 hypothetical protein  0.70 0.84    0.99  -0.88  
sco7715 hypothetical protein   0.83   1.27 1.45  -0.98  
sco4588 hypothetical protein   0.82  1.40 3.89 4.42    
sco6409 methionine aminopeptidase   0.77    1.37    
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sco1830 hypothetical protein 0.72 1.04 0.77   0.74  0.69   
sco6618 hypothetical protein   0.76    0.77    
sco4090 hypothetical protein   0.75    -0.76    
sco2939 hypothetical protein  0.49 0.74    0.81    
sco5045 hypothetical protein   0.73    1.14 -0.95 -0.53  
sco4466 hypothetical protein 0.66 1.28 0.72   0.73 0.95    
sco5911 oligopeptide binding protein   0.70   0.66 2.03 0.67   
sco1012 oxidoreductase  0.79 0.68    1.13  -1.09  
sco4584 hypothetical protein   0.67    1.59  -0.88  
sco0780 zinc-binding oxidoreductase   0.67   0.79 1.34    
sco0973 hypothetical protein   0.66    2.09 -1.12 -2.03 -1.04 

sco0286 peptidoglycan binding protein   0.64    1.62  -1.09  
sco4872 hypothetical protein  0.45 0.60   0.77 1.03 -0.84 -2.58  
sco2255 hypothetical protein  -0.83 -0.54    0.57 0.45 0.89  
sco5545 hypothetical protein  -0.63 -0.56    -0.98 0.68 1.06  
sco1748 expression regulator  -0.58 -0.59    -0.62 0.47 0.82  
sco2602 hypothetical protein   -0.62    -0.72    
sco2206 hypothetical protein  -0.61 -0.63    -0.64    
sco4179 hypothetical protein  -0.55 -0.68   -0.87 -1.08  0.50  
sco2197 hypothetical protein  -0.75 -0.69    -0.67    
sco3860 Ser/Thr protein kinase   -0.70    -1.00    
sco6083 hypothetical protein  -0.77 -0.71    -1.08 1.00 0.70  
sco1794 hypothetical protein   -0.71   -0.55 -0.95    
sco5128 hypothetical protein   -0.71    -0.64 0.56 0.83  

sco1308 4-hydroxybenzoate 3-
monooxygenase  -0.96 -0.71    -0.96    

sco2141 small hydrophilic protein  -0.92 -0.74    -0.78 -0.64   
sco3580 transpeptidase   -0.74    -0.76  0.98  
sco4822 hypothetical protein   -0.75    -1.01    
sco2671 globin   -0.76   -1.11 -1.44    

tsaD (sco4752) DNA-binding/iron metalloprotein/AP 
endonuclease   -0.76    -0.89    

sco4111 tRNA (guanine-N(7)-)-
methyltransferase   -0.76    -0.95  1.06  

sco0753 hypothetical protein   -0.77  -0.77 -0.68 -1.36    
sco1636 hypothetical protein  -0.47 -0.79    -0.82    
sco5229 permease   -0.83    -0.89    

hemL (sco4469) glutamate-1-semialdehyde 
aminotransferase   -0.85   -0.53 -0.95    

sco3260 MutT-like protein   -0.85    -0.91 0.85 1.10  
sco6068 hypothetical protein   -0.86    -1.12 -1.78   
sco0727 hypothetical protein   -0.87    -0.82 0.56 0.97  
sco5677 ATP/GTP binding protein   -0.90    -0.63    
sco6759 phytoene synthase  -0.97 -0.90    -0.74 0.56   
sco5038 hypothetical protein  -0.81 -0.90   -0.73 -1.18    
sco3841 hypothetical protein   -0.91    -0.93    
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sco4391 hypothetical protein  -0.89 -0.92   -1.03 -1.93  0.94  
sco4911 hypothetical protein   -0.93    -0.93    
sco2936 hypothetical protein   -0.93    -0.89 1.69 1.36  
sco4312 hypothetical protein  -0.80 -0.94   -0.83 -0.94    
sco4400 hypothetical protein  -0.60 -0.95    -1.07 0.90 1.49  
sco4601 dehydrogenase   -0.95    -1.00  1.29  
sco5293 oxygenase subunit   -0.99    -0.76    
sco4687 hypothetical protein   -0.99    -0.98  1.09  
sco5652 hypothetical protein   -0.99   -0.60     
sco5414 hypothetical protein  -0.86 -1.00    -0.81    
sco1521 hypothetical protein  -1.04 -1.01    -1.04  0.75  
sco4134 lipoprotein   -1.01   -0.76 -0.90    
sco3274 hypothetical protein  -1.03 -1.01   -0.79 -1.13    
sco4431 hypothetical protein  -0.60 -1.02    -0.86 -0.70   
sco0888 hypothetical protein  -0.58 -1.02    -0.85    
sco3102 protein kinase   -1.03    -0.70    
sco3807 hydrolase  -1.10 -1.06   -0.75 -1.08    
sco7732 hypothetical protein  -1.67 -1.07   -0.81 -0.85    
sco3761 hypothetical protein  -0.98 -1.07   -0.97 -1.02 -0.65   
sco3597 hypothetical protein  -0.80 -1.09    -0.87    
sco1655 lipoprotein oligopeptide binding protein   -1.10    -0.92 1.07 1.55  
sco3372 large ATP-binding protein   -1.11    -0.95    
sco2439 calcium-binding protein   -1.11    -0.69    
sco5650 hypothetical protein   -1.12    -0.80    
sco7194 polysaccharide biosynthesis protein  -0.80 -1.12    -1.00    
sco0695 hypothetical protein  -0.68 -1.13    -0.91 0.85   
sco0469 hypothetical protein  -0.67 -1.15    -0.75    
sco7304 FAD-binding dehydrogenase   -1.17    -0.75    
sco2045 hypothetical protein  -1.05 -1.17   -0.79 -1.03    
sco0276 oxidoreductase   -1.19    -0.91    
sco2132 glycosyl transferase  -0.78 -1.23    -0.67    
sco0425 hypothetical protein  -0.82 -1.26    -0.75    
sco3175 acetyltransferase  -1.06 -1.31    -0.82 -0.63   
sco3974 hypothetical protein  -0.77 -1.31   -0.68 -1.16  0.76  
sco3895 hypothetical protein  -0.63 -1.34   -0.54 -0.84  1.10  
sco3273 hypothetical protein  -1.84 -1.36   -0.69 -0.92    
sco2194 lipoyl synthase  -0.65 -1.36   -0.73 -1.19    
sco2814 methyltransferase  -0.81 -1.36   -1.00 -1.58 -1.14   
sco1002 hypothetical protein   -1.41    -1.33    
sco3347 hypothetical protein  -0.99 -1.45    -0.92    
sco4738 pantothenate kinase   -1.46   -1.00 -1.51    
sco0957 oxidoreductase  -0.83 -1.49    -0.97 1.97 1.95  
sco2682 hypothetical protein  -1.06 -1.54   -0.90 -1.54 0.91 1.62  
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sco5313 hypothetical protein   -1.55    -0.81    

sco5568 phosphopantetheine 
adenylyltransferase  -0.82 -1.59    -0.72    

sco7693 oxidoreductase  -0.84 -1.60   -0.70 -0.84    
sco6544 hypothetical protein  -1.19 -1.60    -0.90    
cobH (sco3282) precorrin-8X methylmutase  -1.58 -1.63    -1.08    
sco5337 hypothetical protein   -1.65    -0.99 -0.84   
sco4456 membrane-associated oxidoreductase   -1.69    -0.81    
sco7695 hypothetical protein   -1.69   -0.74 -1.75    
sco4732 hypothetical protein  -1.28 -1.91    -0.71    
sco2235 hypothetical protein  -1.80 -1.98   -0.91 -1.61    
sco2696 2-hydroxyacid dehydrogenase  -1.10 -1.98    -1.20 0.75 0.94  
sco2237 lyase  -1.45 -2.13    -1.03    
sco0411 hypothetical protein  -2.92 -2.37   -1.19 -1.22    
sco0465 non-heme chloroperoxidase  -1.46 -2.41    -0.96    
sco0412 hypothetical protein  -3.00 -2.95    -1.15 0.65   
sco5105 hypothetical protein  1.70    0.66 0.88    
sco6463 hypothetical protein  0.86     1.60    
sco7241 oxidoreductase  0.70     1.02    
sco1382 hypothetical protein  -0.54    -0.54 -0.59 -0.54   
sco3321 redoxin  -0.70     -0.67 -0.95   
sco5942 hypothetical protein  -0.98    -0.83 -1.03    

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 

Table A8.76 Log2-fold changes in expression of 560 genes which are uncategorised 

relative to ‘time=0’ reference samples for genes DE in rich liquid medium and not DE in SMM 

liquid medium following cold-shock. 

Not categorised  - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4691 hypothetical protein 1.24 4.05 4.36     4.88   
sco5947 hypothetical protein  2.00 3.94     1.73   
sugE (sco2898) molecular chaperone  1.07 3.29        
sco4690 hypothetical protein 2.08 3.67 3.27     3.87   
sco4689 hypothetical protein 2.26 3.34 3.19     3.13   
sco3585 hypothetical protein   3.06        
sco1868 hypothetical protein 0.83 2.28 2.90     1.06 -0.77  
sco5771 hypothetical protein  2.01 2.89        
sco3208 hypothetical protein  1.12 2.87     0.97   
sco2117 anthranilate synthase 1.40 2.39 2.83     0.78   
sco7426 hypothetical protein 1.17 1.91 2.61        
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sco5610 hypothetical protein 1.58 2.04 2.59     0.87   
sco5581 hypothetical protein  1.30 2.58    0.76 0.71  0.71 

sco4765 hypothetical protein  1.27 2.45     1.41   
sco2818 hypothetical protein   2.38        
sco0461 hydrolase 2.06 3.71 2.35        
sco3263 hypothetical protein   2.27        
sco5970 hypothetical protein   2.24     0.80   
sco4922 hypothetical protein   2.23     1.41   
sco1740 hypothetical protein   2.20        
sco7396 hypothetical protein  2.42 2.17        
sco7660 voltage-gated potassium channel   2.15     1.60   
sco2347 hypothetical protein 1.04 1.06 1.95        
sco0056 hypothetical protein  1.05 1.93        
sco5579 transmembrane protein  0.63 1.89        
sco5655 hypothetical protein  1.50 1.78        
sco2970 hypothetical protein   1.77        
sco6831 hypothetical protein  1.38 1.75        

sco4307 N-acetylmuramic acid-6-phosphate 
etherase  1.17 1.72        

sco3679 hypothetical protein   1.70        
sco0602 hypothetical protein  0.90 1.69     1.44   
sco2588 hypothetical protein   1.69        
sco7786 hypothetical protein   1.69        
sco3559 oxidoreductase   1.68        
sco1863 hypothetical protein 1.66 2.12 1.67     1.43   
sco1118 hypothetical protein  0.96 1.67     4.31   
sco0744 hypothetical protein  0.90 1.67        
sco4870 hypothetical protein  0.86 1.66        
sco5907 hypothetical protein   1.64        
sco3819 hypothetical protein 1.56 1.40 1.63     1.66   
sco7740 hypothetical protein   1.63        
sco3534 large ATP-binding protein   1.62     1.46   
sco3749 hypothetical protein   1.62        
sco3088 hypothetical protein   1.61        
sco3994 hypothetical protein   1.59  1.01 0.89 1.44   1.43 

sco5189 hypothetical protein   1.59        
sco1617 hypothetical protein   1.59        
sco4800 isobutyryl-CoA mutase, small subunit   1.57     0.83   
sco2773 acyl-CoA thioesterase II   1.57        
sco0157 hypothetical protein  2.31 1.57        
sco5334 hypothetical protein  1.00 1.56   0.86 1.41   0.89 

sco3950 hypothetical protein 1.04 1.17 1.56        
sco7043 hypothetical protein   1.55        
sco1997 hypothetical protein   1.55     0.88   
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sco0699 hypothetical protein  1.98 1.52        
sco0027 hypothetical protein   1.50        
sco7023 hypothetical protein  1.14 1.49        
sco6392 transposase   1.48        
sco3888 hypothetical protein   1.47        
sco0410 hypothetical protein  0.73 1.46     0.90   
sco6771 small hydrophobic hypothetical protein   1.45     1.44   
sco7826 hypothetical protein   1.43        
sco1175 hypothetical protein   1.41        
sco5755 hypothetical protein   1.41        
sco5447 neutral zinc metalloprotease  1.13 1.40        
sco6726 endonuclease  0.78 1.39       -1.06 

sco5754 hypothetical protein   1.39        
sco3362 hypothetical protein   1.38        
sco3560 ATP-binding protein  0.65 1.38     -1.29 -2.77  
sco5938 hypothetical protein   1.37     0.58   
sco2574 hypothetical protein   1.36        
sco6642 hypothetical protein   1.35        
sco1226 hypothetical protein  1.79 1.34        
sco5191 hypothetical protein   1.34        
sco7620 hypothetical protein   1.33        
sco7790 oxidoreductase   1.32        
sco0801 cytochrome P450  0.75 1.31        
sco6949 hypothetical protein   1.29        
sco7811 hypothetical protein   1.29        
sco5548 hypothetical protein  1.41 1.28        
sco6806 phage integrase  0.91 1.27        
sco7468 flavin-binding monooxygenase  1.17 1.27      -1.73  
sco4344 transposase   1.27        
sco1983 hypothetical protein   1.26        
sco1229 reductase   1.25        
sco5954 chitinase  1.01 1.25      -1.43  
sco0573 hypothetical protein  0.99 1.25       -0.88 

sco1149 hypothetical protein   1.25        
sco7138 hypothetical protein   1.25        
sco1192 hypothetical protein   1.24        
sco4165 hypothetical protein   1.23     -0.84   
sco0451 hypothetical protein   1.22        
sco1933 hypothetical protein   1.22        
sco0544 hypothetical protein  0.63 1.21      -0.59  
sco1431 hypothetical protein   1.20     -1.45 -1.05 -1.33 

sco1080 hypothetical protein   1.20        
sco3686 hypothetical protein   1.19        



 536 

Not categorised  - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5162 hypothetical protein   1.19     1.76   
sco6389 hypothetical protein   1.18        
sco7793 hypothetical protein   1.17        
sco1433 hypothetical protein   1.17        
sco4211 integrase, partial CDS   1.16        
sco7063 hypothetical protein   1.16        
nagB (sco5236) glucosamine-6-phosphate deaminase   1.16        
sco0522 oxidoreductase  0.85 1.15        
sco6952 hypothetical protein   1.15      -0.90  
sco3693 hypothetical protein   1.15        
sco6665 glucosidase   1.15        
sco6772 hypothetical protein  0.64 1.15        
sco0224 hypothetical protein   1.15     0.81   
sco2603 integrase   1.14        
sco1726 ATPase  0.66 1.14      -0.82  
sco1306 hypothetical protein  1.30 1.13        
sco4088 hypothetical protein   1.13        
sco3314 dehydrogenase   1.12        
sco1732 hypothetical protein   1.11      -0.96  
sco5163 hypothetical protein   1.11      -4.67  
sco1649 ferredoxin   1.11        
sco2466 hypothetical protein   1.10     1.85   
sco3121 hypothetical protein   1.09        
sco2922 hypothetical protein  1.45 1.09        
sco4042 hypothetical protein   1.09        
sco4355 nucleotidyltransferase   1.09     0.75   
sco6594 hypothetical protein   1.08     1.75   
sco2396 hypothetical protein   1.08        
sco4670 serine protease   1.07        
sco3047 hypothetical protein  1.01 1.06        
sco2721 lipoprotein  0.78 1.06     0.80   
sco4163 hypothetical protein   1.06   1.28 1.61   0.65 

sco3329 hypothetical protein   1.05       0.92 

sco6485 hypothetical protein   1.05        
sco7770 hypothetical protein   1.05        
sco7791a    1.05        
sco3635 hypothetical protein   1.05        
sco5846 hypothetical protein   1.05        
sco2791 hypothetical protein   1.04        
sco0711 hypothetical protein   1.04        
sco3299 hypothetical protein   1.04     0.96   
sco5265 hypothetical protein   1.03   0.99 2.85   0.53 

sco0917 oxygenase   1.03     0.88   
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sco5375 hypothetical protein   1.02       0.68 

sco5973 phosphatase   1.02     1.05   
sco1584 hypothetical protein   1.02        
sco7397 hypothetical protein  0.82 1.02     -2.63 -4.54  
pafA (sco1640) hypothetical protein   1.01     -0.89 -1.92 -0.85 

sco4978 hypothetical protein  0.76 1.01       -0.92 

rppA (sco1206) 1,3,6,8-tetrahydroxynaphthalene 
synthase   1.01        

sco1422 hypothetical protein   1.00      -0.64  
sco7574 hypothetical protein   1.00        
sco0673 hypothetical protein   1.00      -1.72  
sco1724 Ser/Thr protein kinase   1.00        
sco2187 hypothetical protein   1.00       -0.99 

sco6529 ATP/GTP binding protein  1.05 0.99        
sco2646 hypothetical protein   0.99        
sco3973 hypothetical protein   0.98        
sco2202 heat shock protein HtpX   0.98       0.79 

sco0843 hypothetical protein   0.97        
sco3625 hypothetical protein   0.97        
sco7024 acetyltransferase   0.97        
sco1783 hypothetical protein 0.77 0.96 0.97       -0.95 

sco5379 hypothetical protein   0.97        
sco4840 hypothetical protein 0.63 0.77 0.97        
sco6342 hypothetical protein   0.96        
sco5756 hypothetical protein   0.96       0.62 

sco4589 aminopeptidase   0.95        
sco4314 hypothetical protein   0.95        
sco1307 hypothetical protein  0.87 0.95        
sco5602 hypothetical protein   0.95        
sco2575 hypothetical protein   0.95        
sco6835 arsenate reductase   0.94     1.34   
sco6906 hypothetical protein   0.94  0.52  1.08 -0.68 -1.61 0.92 

sco2604 hypothetical protein   0.93       1.58 

sco6263 hypothetical protein  0.62 0.93        
sco5530 hypothetical protein   0.93     -1.84 -1.92  
sco1247 hypothetical protein   0.92        
sco6908 hypothetical protein   0.92        
sco0768 lipoprotein  0.77 0.92      -0.81  
sco2070 hypothetical protein  0.54 0.91        
sco2097 hypothetical protein   0.90        
sco7792 hypothetical protein   0.89        
cpkC (sco6273) type I polyketide synthase   0.89        
sco3954 short chain dehydrogenase   0.88        
sco3445 small membrane protein   0.87       1.01 
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sco7044 camphor resistance protein CrcB   0.87        
sco4883 peptidase   0.87      -0.65  
sco6456 hydrolytic protein   0.87        
sco1102 hypothetical protein  0.62 0.87        
sco2670 O-methyltransferase   0.86        
sco6319 lipoprotein   0.86        
sco6613 hypothetical protein   0.86        
sco0980 acyl-CoA thioesterase   0.86        
sco5205 hypothetical protein   0.85        
sco2212 hypothetical protein  0.84 0.85     -0.77   
sco1669 ATP/GTP-binding protein   0.84        
sco6807 hypothetical protein  1.04 0.84     -0.91 -0.78  
sco4186 hypothetical protein   0.84        
sco2582 hypothetical protein  0.42 0.84        
sco5505 hypothetical protein   0.84     -0.85   
sco6592 hypothetical protein   0.84    0.71   0.76 

sco3477 dehydrogenase   0.84       1.25 

sco1054 aminotransferase  0.55 0.83     0.56   
sco3155 hypothetical protein   0.83        
sco2211 hypothetical protein   0.83       1.08 

sco1893 lyase   0.83        
sco7816 hypothetical protein 0.71  0.82     0.70   
sco0500 hypothetical protein   0.82        
sco5710 large Pro/Ala/Gly-rich protein   0.82        
sco2600 hypothetical protein   0.82        
sco6015 hypothetical protein   0.81        
sco0516 lipoprotein   0.81        
sco2196 hypothetical protein   0.80        
sco7288 hypothetical protein  0.94 0.79        
sco7271 ion channel subunit  0.69 0.79        
sco2203 hypothetical protein   0.79        
sco6157 transmembrane protein  0.73 0.79        
sco0944 hypothetical protein   0.79     0.82   
sco4173 hypothetical protein   0.78        
sco1753 hypothetical protein   0.78       -0.88 

sco2318 glycosyl transferase   0.78        
sco2384 hypothetical protein   0.77   0.59 1.03   0.67 

sco1292 hypothetical protein   0.77     -1.40 -1.02  
sco0571 hypothetical protein  0.68 0.76      -0.67  
sco0263 oxidoreductase   0.76        
sco0603 amino transferase   0.76        
sco2973 Ser/Thr protein kinase  0.59 0.76        
sco7290 dehydrogenase   0.75        
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sco0715 hypothetical protein   0.75        
sco5041 hypothetical protein   0.74        
sco6382 hypothetical protein   0.73        
sco2169 hypothetical protein   0.73        
sco1317 hypothetical protein   0.72        
sco1117 hypothetical protein   0.70        
sco7731 hypothetical protein  0.64 0.70        
sco5311 hypothetical protein  0.98 0.69     0.81   
sco2576 phosphoglycerate mutase   0.69        
truB (sco5709) tRNA pseudouridine synthase B   0.67     0.61   
sco1770 hypothetical protein   0.67        
sco0609 hypothetical protein  0.67 0.66     1.09  0.66 

sco2123 esterase/lipase   0.66     -0.74 -0.62  
sco7717 hypothetical protein   0.65      -2.30  
sco1610 hypothetical protein   0.65       -0.86 

sco2375 hypothetical protein   0.64     0.59   
sco3484 sugar-binding protein   0.64       0.88 

sco5638 hypothetical protein  0.53 0.63     0.65   
sco3404 cell division protein FtsH-like protein   0.61        
sco1869 hypothetical protein   0.60        
sco0995 methyltransferase   0.57      -0.82  
sco5874 hypothetical protein   0.54        
sco5727 hypothetical protein  0.88 0.53     -0.79 -1.51  
sco2386 hypothetical protein   0.52        
sco1507 hypothetical protein   0.51        
glgX3 (sco6082) glycogen debranching protein  0.46 0.49        

sco4233 2-C-methyl-D-erythritol 4-phosphate 
cytidylyltransferase   0.47        

sco3823 quinone oxidoreductase   -0.46        
sco1960 hydrolase   -0.48     -0.48   

sco5058 4-hydroxy-3-methylbut-2-enyl 
diphosphate reductase   -0.48        

sco4955 ATP/GTP-binding protein   -0.49        
sco4181 hypothetical protein   -0.49        
sco3889 thioredoxin   -0.50      1.12  
sco1827 DNA polymerase III subunit epsilon  -0.59 -0.52     1.18 1.16  
sco1637 hypothetical protein  -0.56 -0.54     0.52   
sco6917 hypothetical protein  -0.56 -0.56        
sco3049 acyl-CoA thioesterase   -0.56      0.63  
sco1400 hypothetical protein   -0.56      1.04  
sco7321 hypothetical protein   -0.58      0.59  
sco5406 hypothetical protein   -0.58     -0.94  0.71 

sco7265 hypothetical protein   -0.58        
sco5836 DNA topoisomerase IV subunit A   -0.58      0.59  
sco7286 oxidoreducatse   -0.59     -0.57   
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pmt (sco3154) hypothetical protein   -0.60        
sco5822 DNA topoisomerase IV subunit B   -0.61        
sco1941 hypothetical protein   -0.61     0.95 0.91 1.37 

sco2672 hypothetical protein   -0.61        
sco2462 sugar kinase  -0.63 -0.61        
sco2892 hypothetical protein   -0.63   -0.64 -1.09   -0.91 

sco5575 transmembrane protein   -0.63    -1.24 2.00 2.22 -0.72 

sco2548 Hit-family protein   -0.63        
sco1384 hypothetical protein  -0.44 -0.63        
sco4326 1,4-dihydroxy-6-naphtoate synthase   -0.64        
sco6487 hypothetical protein   -0.65        
sco0513 hypothetical protein   -0.65        
sco5798 hypothetical protein   -0.65      0.78 0.72 

sco4110 hypothetical protein   -0.66        
sco7581 hypothetical protein   -0.66     -0.54   
sco1829 hypothetical protein   -0.66       -0.88 

sco3922 hypothetical protein   -0.66        
sco0848 oxidoreductase  -0.96 -0.66        
sco2856 hypothetical protein   -0.67        
sco5193 hypothetical protein   -0.67        
sco3192 hypothetical protein   -0.67        
sco3617 hypothetical protein   -0.67     -0.71   
sco5735 hypothetical protein  -0.63 -0.68        
sco3629 adenylosuccinate synthetase   -0.69     -0.59   
sco0026 hypothetical protein  -0.76 -0.69       1.01 

sco4328 lipoprotein  -0.74 -0.69      0.87  
sco2207 hypothetical protein   -0.70        
sco3582 hypothetical protein   -0.70        
sco5767 hypothetical protein   -0.70        
sco0590 oxidoreductase   -0.70        
sco4968 hypothetical protein  -0.80 -0.70        
sco2111 endonuclease  -0.56 -0.71        
sco1319 hypothetical protein  -0.56 -0.71      0.92  

sco6339 
3-oxoadipate enol-lactone 
hydrolase/4-carboxymuconolactone 
decarboxylase 

  -0.71        

sco5165 hydrolase  -0.92 -0.71        
sco5465 hypothetical protein   -0.72        
sco6135 hypothetical protein   -0.72        
sco4957 hypothetical protein   -0.72        
sco0477 hypothetical protein   -0.73        
sco3569 endonuclease   -0.73        
sco0846 hypothetical protein  -0.81 -0.73        
sco1385 hypothetical protein   -0.73        
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sco1566 acyltransferase  -0.54 -0.73        
sco1566 acyltransferase  -0.54 -0.73        
sco3103 hypothetical protein   -0.74        
sco4327 hypothetical protein   -0.75      1.01  
sco0329 esterase  -0.58 -0.75        
sco2334 hypothetical protein  -0.58 -0.76     0.78 1.21  
sco6623 ATP/GTP binding protein   -0.76     -0.56   
sco0908 hypothetical protein   -0.76        
sco0265 hydroxylase  -0.52 -0.77        
sco4548 hypothetical protein   -0.77      0.57  
sco4579 hypothetical protein   -0.77     -1.05   
sco3433 hypothetical protein   -0.77     -0.68   
sco6549 hypothetical protein   -0.77        
sco4516 hypothetical protein   -0.78     -0.91   
sco3578 ion-transporting ATPase   -0.78     -0.48   
cobQ (sco1848) cobyric acid synthase   -0.79      0.59  
sco2303 hypothetical protein  -1.42 -0.79      0.93 0.91 

sco3027 hypothetical protein   -0.79        
sco6261 hypothetical protein   -0.79      0.65  
sco0929 hypothetical protein  -0.60 -0.79        
sco5310 hypothetical protein  -0.82 -0.79   -0.58 -0.98   -0.71 

sco0863 hypothetical protein   -0.80      0.92  
sco4525 hypothetical protein   -0.80     0.95 1.50  
sco4280 reductase  -0.85 -0.80        
sco5184 ATP-dependent DNA helicase   -0.80     0.68 0.64  
sco2199 hypothetical protein  -1.03 -0.81       1.42 

sco5808 hypothetical protein   -0.82        
mshA (sco4204) glycosyltransferase   -0.82     1.10 1.58  
sco0479 phosphatase   -0.82        
sco6723 oxidoreductase   -0.83        
sco0403 hypothetical protein  -0.61 -0.83        
sco1091 acetyltransferase  -1.09 -0.83        
sco0464 hypothetical protein   -0.84        
sco5844 hypothetical protein   -0.85    -0.60   -0.72 

sco3924 hypothetical protein  -0.97 -0.85       1.53 

sco4559 electron transfer oxidoreductase   -0.86        
sco7582 hypothetical protein  -0.91 -0.86        
sco2622 hypothetical protein  -0.58 -0.86     1.45 0.63  
xylB (sco1170) xylulose kinase   -0.86        
sco7718 hypothetical protein   -0.86        
sco3621 serine-threonine protein kinase  -0.59 -0.87     0.69 1.04 0.85 

sco7729 hypothetical protein   -0.88        
sco2339 hypothetical protein   -0.88        
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glmS1 (sco4740) glucosamine--fructose-6-phosphate 
aminotransferase   -0.88     0.84 1.25 1.07 

sco6224 hypothetical protein   -0.88     1.42 2.18  
sco5813 hypothetical protein  -0.80 -0.89        
sco6862 hypothetical protein  -1.08 -0.89        
sco1990 hypothetical protein   -0.89       -0.73 

sco0805 prolyl aminopeptidase   -0.89        
sco7728 hypothetical protein   -0.89      0.88  
sco2761 tripeptidyl aminopeptidase   -0.89        
rmdA (sco0928) hypothetical protein   -0.89        
sco2913 hypothetical protein   -0.90     -1.52   
sco1861 hypothetical protein   -0.90        
sco3726 hypothetical protein   -0.90        
sco4925 hypothetical protein   -0.90     -1.17   
sco0063 glucokinase  -0.65 -0.90     0.87 0.97  
sco0361 hypothetical protein   -0.91        
sco6357 hypothetical protein   -0.91     0.71   
sco7159 hypothetical protein   -0.91        
sco2547 ribonuclease Z   -0.92        
sco5155 lipoprotein  -0.80 -0.92     0.64 1.04  
sco2817 hypothetical protein  -0.84 -0.93     1.20   
sco4992 hypothetical protein  -0.76 -0.93        
sco6551 oxidoreductase  -0.49 -0.93        
sco6450 hypothetical protein   -0.93        
sco5259 permease   -0.93     1.04 1.77  
sco4253 hypothetical protein   -0.93     -1.07   
mscL (sco3190) mechanosensitive channel  -0.65 -0.93      0.99  
sco0055 membrane-associated oxidoreductase  -0.48 -0.94     -0.66   
sco6225 hypothetical protein   -0.94     1.51 2.14  
sco0760 methyltransferase   -0.94     1.48   
sco3019 lipoprotein   -0.94        
sco6221 lipoprotein  -0.75 -0.94      0.84  
sco6245 hypothetical protein  -1.46 -0.94       1.01 

sco7002 amino acid/metabolite permease   -0.94       0.77 

sco2919 hypothetical protein   -0.94     -1.13   
sco2159 hypothetical protein   -0.95        

sco4491 4-hydroxybenzoate 
octaprenyltransferase   -0.95        

sco6355 hypothetical protein   -0.95        
sco7393 lipoprotein   -0.95        

sco1522 glutamine amidotransferase subunit 
PdxT   -0.95        

sco3738 hypothetical protein   -0.95        
sco6085 hypothetical protein  -0.90 -0.96        
sco7301 hypothetical protein   -0.96        
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sco7191 hypothetical protein  -0.94 -0.96        
sco3546 hypothetical protein  -1.19 -0.97     1.24 1.93  
sco1842 hypothetical protein   -0.97        
sco4252 hypothetical protein   -0.97        

sco2345 peptidodoglycan-binding membrane 
protein  -1.02 -0.98     0.85   

sco0694 hypothetical protein  -0.99 -0.98        
sco5409 hypothetical protein   -0.99        
sco4199 hypothetical protein   -0.99        
sco7358 hypothetical protein  -0.53 -0.99        
sco0832 hypothetical protein   -0.99        
sco0463 hypothetical protein  -0.74 -1.00        
sco4093 hypothetical protein   -1.00        
sco7440 hydrolase   -1.00        
sco5969 hypothetical protein   -1.00        
sco0103 flavohemoprotein   -1.00        
sco2540 carbohydrate kinase   -1.00        
sco2515 lipoprotein   -1.00     -0.78   
sco7625 monooxygenase   -1.00        
sco1602 hypothetical protein  -1.32 -1.01        
sco1793 hypothetical protein  -0.60 -1.01       1.02 

sco0831 hypothetical protein   -1.02        
sco2360 hypothetical protein   -1.02       0.78 

sco1826 hypothetical protein  -0.97 -1.02        
sco2057 hypothetical protein  -1.02 -1.03      0.59  
sco6070 solute binding protein  -0.76 -1.03        
sco1114 uracil-DNA glycosylase  -0.54 -1.04        
sco4474 hypothetical protein   -1.04        
sco6774 hypothetical protein  -0.75 -1.05        
sco2904 ribonuclease PH   -1.05        
sco3135 acetyltransferase  -1.08 -1.05        
sco1338 monooxygenase   -1.06        
sco7462 hypothetical protein   -1.06        
sco4506 hypothetical protein   -1.06     -0.89   
sco0012 hypothetical protein   -1.06       1.16 

sco7835 hypothetical protein   -1.06       1.16 

sco4472 hypothetical protein   -1.07        
sco2524 hypothetical protein   -1.07        
sco0340 hypothetical protein  -0.60 -1.07        
sco6676 hypothetical protein  -0.77 -1.08        
sco1523 pyridoxal biosynthesis lyase PdxS   -1.08        

sco6057 ATP/GTP-binding integral membrane 
protein   -1.08        

sco2262 oxidoreductase  -0.51 -1.09     -0.75   
sco0462 oxidoreductase  -0.83 -1.09     1.80 1.82  
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sco4679 hypothetical protein   -1.10        
sco2855 hypothetical protein   -1.11        
sco1395 mutT-like protein   -1.12        
sco4170 hypothetical protein -0.79  -1.12     1.09 2.43  
sco7264 oxidoreductase   -1.12     1.48 1.35  
sco4473 cytochrome biogenesis-like protein   -1.13        
sco7102 hypothetical protein  -1.32 -1.13        
sco4794 hypothetical protein  -1.05 -1.13        
sco1230 tripeptidylaminopeptidase   -1.14        
sco6995 protease   -1.14        
sco0716 glycosyl hydrolase   -1.14        
sco1955 iron sulfur binding protein   -1.15        
sco1666 phosphatase   -1.15        
sco0696 hypothetical protein   -1.16        
sco1116 hypothetical protein  -0.90 -1.16      0.53  
sco4549 type IV peptidase   -1.17      0.77  
sco3737 lipoprotein   -1.18        
sco1401 hypothetical protein   -1.18      0.99  
sco0244 hypothetical protein   -1.18        
sco7439 hypothetical protein  -1.07 -1.18        
sco2067 hypothetical protein  -0.61 -1.20     -0.53   
sco6760 phytoene synthase  -0.51 -1.21        
sco0906 hypothetical protein   -1.23        
sco7248 hypothetical protein   -1.23        
sco0668 flavoprotein   -1.24        

sco3091 cyclopropane-fatty-acyl-phospholipid 
synthase  -0.73 -1.24        

sco2650 hypothetical protein   -1.25        
sco0308 hypothetical protein  -0.96 -1.27        
sco2861 hypothetical protein   -1.28        
sco3298 oxidoreductase   -1.28      0.64  
sco7193 hypothetical protein  -1.09 -1.30        
sco1688 hypothetical protein   -1.31        
sco6076 dipeptidase   -1.33        
sco7494 hypothetical protein   -1.33        
sco2493 hypothetical protein  -0.68 -1.33        
sco5986 oxidoreductase   -1.34        
sco4231 lipoprotein  -1.19 -1.35      1.36  
sco0102 hypothetical protein   -1.35        
sco6002 hypothetical protein  -0.99 -1.37        
sco1700 hypothetical protein   -1.38        
sco2458 hypothetical protein  -1.11 -1.38     1.35 1.31  
sco1650 hypothetical protein -1.15 -1.12 -1.39        
sco7587 hypothetical protein  -0.74 -1.41      0.91  
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sco1975 hypothetical protein  -0.71 -1.41        
sco7017 hypothetical protein  -0.94 -1.44        
sco2887 hypothetical protein  -1.23 -1.46     -0.55   

sco5559 NAD(P)H-dependent glycerol-3-
phosphate dehydrogenase   -1.46    -0.94   -0.75 

sco3280 hypothetical protein  -1.48 -1.47       0.83 

sco0118 xylosidase/arabinosidase   -1.47        
sco4462 hypothetical protein  -0.88 -1.49     -0.91   
sco0061 hypothetical protein   -1.50        
sco1684 hypothetical protein   -1.51     -1.80   
sco2282 hypothetical protein  -1.13 -1.53     0.93 1.00  
sco5977 amino acid permease   -1.53        
sco0143 hypothetical protein   -1.54        
sco7200 hypothetical protein   -1.55        
sco4498 proton transport protein   -1.55     -1.89 2.21  
sco2023 hypothetical protein  -1.02 -1.55     0.65 1.32  
sco5720 hypothetical protein  -1.10 -1.57        
sco4177 hypothetical protein  -1.18 -1.61     -0.90   
sco1337 oxidoreductase  -0.90 -1.62        
sco6523 hypothetical protein   -1.69        
sco0748 hydrolase  -1.21 -1.69    -1.12   -0.75 

sco7708 hypothetical protein   -1.72        
sco6042 hypothetical protein   -1.72     -0.80   
sco1878 hypothetical protein   -1.84        
sco7171 lyase  -1.29 -1.86      0.94  
sco2236 hypothetical protein  -1.44 -1.99        
sco7081 phospholipase  -1.61 -2.10      0.90  
sco1179 hypothetical protein  -1.11 -2.11        
sco3724 hypothetical protein  -1.69 -2.39   -0.90 -1.64 -2.06  -1.47 

sco2457 lipoprotein -0.67 -1.39 -2.40     0.70 0.88  
sco2456 hypothetical protein  -1.22 -2.85        
gvpA2 (sco0650) gas vesicle synthesis-like protein  1.22         
sco3354 hypothetical protein  1.09         
sco5496 small membrane hydrophobic protein  0.98         
sco7432 extracellular small neutral protease  0.86      -1.93   

sco5972 3' terminal RNA ribose 2'-O-
methyltransferase Hen1  0.84         

sco5276 hypothetical protein  0.80    0.75 0.80   0.86 

sco4954 hypothetical protein  0.68         
sco2365 hypothetical protein  0.60         
sco5835 ATP/GTP-binding protein  -0.50         
sco2129 hypothetical protein  -0.52         
sco5663 hypothetical protein  -0.53         
sco3353 hypothetical protein  -0.60         
sco0321 carboxylesterase  -0.60         
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Not categorised  - DE following cold-shock in rich liquid medium and not in SMM liquid medium 
  Cold-shock Control 

  Rich SMM Rich SMM 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco2356 hypothetical protein  -0.60         
sco6216 hypothetical protein  -0.61         
sco7347 hypothetical protein  -0.62         
sco2101 carotenoid dehydrogenase  -0.64         
sco7813 hypothetical protein  -0.65         
sco4333 hypothetical protein  -0.66         
sco3822 hypothetical protein  -0.67      -0.70   
sco5167 hypothetical protein  -0.68         
sco7249 hypothetical protein  -0.69         
sco6136 transmembrane protein  -0.70         
sco7653 hypothetical protein  -0.71         
sco7003 hypothetical protein  -0.71         
sco7714 acetyltransferase  -0.71         
sco5955 hypothetical protein  -0.72         
sco5856 hypothetical protein  -0.72         
sco6482 hypothetical protein  -0.74         
sco1253 hypothetical protein  -0.75         
sco0788 hypothetical protein  -0.79         
sco1008 hypothetical protein  -0.80         
sco6379 hypothetical protein  -0.81         
cobK/cbiJ 
(sco3283) cobalt-precorrin-6x reductase  -0.81         

sco3631 hypothetical protein  -0.84         
cabB (sco5464) hypothetical protein  -0.84         
sco0107 aminoglycoside nucleotidyltransferase  -0.84         
sco7368 hypothetical protein  -0.88    -0.71    -0.78 

sco3336 hydrolase  -0.88        1.41 

sco4639 hypothetical protein  -0.88         
sco3586 hypothetical protein  -0.90         
sco1708 hypothetical protein  -0.93         
sco7080 insertion element transposase  -0.98         
sco5766 hypothetical protein  -1.00        0.91 

sco1211 polypeptide deformylase  -1.00         
zur (sco2508) metal uptake regulation protein  -1.09         
sco1581 hypothetical protein  -1.12         
sco3870 hypothetical protein  -1.15         

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Table A8.77 Log2-fold changes in expression of 346 genes which are uncategorised 

relative to ‘time=0’ reference samples for genes DE in SMM liquid medium and not DE in 

rich liquid medium following cold-shock. 

 

Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5987 hypothetical protein     4.09 5.95 6.36    
sco3313 hypothetical protein 2.88 4.36 5.57  3.43 4.84 5.82 1.10 1.51  
sco4642 hypothetical protein  7.58 9.73   1.47 3.84 2.10 1.41  
glpF (sco1659) glycerol uptake facilitator protein     1.67 3.15 3.71    
sco1533 hypothetical protein  1.06   1.30 3.32 3.63 -1.14 -1.18  
sco4910 hypothetical protein      1.45 3.36 -1.60 -1.64  
sco3990 hypothetical protein     1.41 2.75 3.24    
sco4981 hypothetical protein   1.04   2.73 3.05  0.84  
sco5746 hypothetical protein  -0.91 -1.07 3.96 3.92 3.48 3.02 -5.44 -7.28  
glpK (sco1660) glycerol kinase      2.24 3.01  1.30  
sco4522 hypothetical protein 2.00 2.85 3.54   2.40 2.97 0.92 1.26  
sco4424 hypothetical protein  0.79 0.98  1.28 2.68 2.87  1.11  
sco2160 large membrane protein       2.85    
sco3690 hydrolase 2.06 3.23 4.25   2.44 2.75 1.18 0.97  
sco4085 lipoprotein       2.67  0.88  
sco1963 integral membrane export protein 1.02 1.96 2.29   0.88 2.56 1.45 1.34  
sco5551 hypothetical protein      2.31 2.51    
sco1016 hypothetical protein     1.74 2.36 2.46    
sco6811 hypothetical protein       2.44    
sco6373 hypothetical protein      0.92 2.43    
sco3342 glycine-rich hypothetical protein      2.09 2.39    
sco1273 reductase       2.39    
sco6542 glycosyl hydrolase      1.04 2.36    
sco6375 hypothetical protein      1.15 2.28  -0.91  
sco6473 crotonyl CoA reductase       2.22 -2.60 -3.38 -1.47 

sco2766 ribonuclease   -1.63   0.88 2.20 -3.02 -4.23  
sco2007 hypothetical protein      1.85 2.19    
sco2460 hypothetical protein 1.60 2.57 3.27   0.91 2.17 2.06 1.66  
sco3105 hypothetical protein       2.15    
sco3695 hypothetical protein       2.09    
sco6803 acetyltransferase       2.07 -1.46 -1.37  
sco6173 permease SC6C509   1.41    2.00 3.92 1.43  
sco5910 hypothetical protein       1.86    
sco6393 transposase      0.87 1.85 -1.06 -2.88  
sco5665 hypothetical protein       1.78    
sco4289 hypothetical protein      1.68 1.76    
sco6033 hypothetical protein       1.75    
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Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 

sco6954 monovalent cation/H+ antiporter 
subunit A       1.75    

sco2993 hypothetical protein      1.30 1.74 -0.89 -1.22  
clpA (sco6408) Clp protease ATP binding subunit       1.73    
sco4226 hypothetical protein      0.93 1.72 -2.65 -3.31  
sco7508 hypothetical protein      1.16 1.72    
sco2616 hypothetical protein      1.03 1.70  0.71  
sco0417 hypothetical protein       1.68    
sco0537 hypothetical protein      1.38 1.68    
sco1725 hydrolase       1.66 -1.19 -2.05  
sco3085 hypothetical protein   2.49    1.66  1.07  
sco1962 ionic transporter      0.66 1.64    
sco2955 hypothetical protein       1.62    
sco6128 hypothetical protein     1.52 1.66 1.62    
sco5457 lipoprotein      1.27 1.61    
gylB (sco1661) glycerol-3-phosphate dehydrogenase       1.61  1.64  
sco3997 integrase       1.61    
sco0592 hypothetical protein      1.05 1.59 -1.91 -2.18  
sco3194 lipoprotein      1.34 1.57  0.77  
sco4107 hypothetical protein 2.91 3.73 4.55    1.56 2.21 1.76  
sco0968 hypothetical protein       1.56    

sco0538 sugar transporter sugar binding 
lipoprotein       1.55    

sco7716 hypothetical protein       1.52    
sco5051 glycosyltransferase       1.51    
sco5430 extracellular solute-binding lipoprotein      0.77 1.50    
sco1090 phosphodiesterase      0.77 1.50 2.50   
yjqA (sco3793) hypothetical protein      1.08 1.50    
sco6521 hypothetical protein       1.47    
sco7015 glycosyl hydrolase      0.66 1.46 -1.70 -2.15  
sco4903 hypothetical protein  -1.75 -2.00    1.45 -2.69 -2.68  
sco6445 inositol monophosphatase  -0.71 -1.07   0.68 1.45 -1.39 -1.35  
sco6338 transposase       1.45    
sco4343 hypothetical protein       1.42    
sco5633 traSA:integrase fusion protein       1.42    
sco7363 oxidoreductase       1.40    
sco6987 hypothetical protein       1.40    
hcmO (sco3245) salicylate hydroxylase      1.07 1.40  -2.26  
sco4553 hypothetical protein       1.39    
sco6947 hypothetical protein       1.39    
sco1315 siderophore binding protein      0.81 1.39    
sco0893 hypothetical protein       1.39    
sco0931 proline-rich protein       1.39    
sco4520 hypothetical protein       1.38    
sco3441 hypothetical protein       1.37    
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Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco7206 hypothetical protein       1.36  -1.06  
sco6950 hypothetical protein      0.75 1.36 -1.90 -2.46  
sco7242 hypothetical protein       1.35    
sco0416 hypothetical protein       1.34    
sco2381 hypothetical protein      0.84 1.32 -0.74   
sco4912 aldehyde dehydrogenase       1.31    
sco3491 transmembrane protein       1.30    
sco2653 hypothetical protein      1.00 1.30    
sco6671 hypothetical protein  0.50 1.16   0.59 1.29 0.70 0.84  
sco0954 acetyltransferase      1.00 1.29 -0.57 -0.55 -0.88 

sco3267 hypothetical protein      1.16 1.28    
sco5043 hydrolase membrane protein  1.67 0.92   1.81 1.27  1.67  
sco0033 neuraminidase       1.27 -4.66 -7.94  
sco5108 hypothetical protein       1.27    
sco2245 hypothetical protein       1.26    
sco0072 hypothetical protein       1.25    
sco6255 dehydrogenase       1.23 -1.04 -0.87  
sco7776 hypothetical protein      1.53 1.23    
sco2824 NAD-binding protein      0.70 1.20    
sco1583 arabinosidase       1.20    
sco6810 hypothetical protein       1.17    
sco7626 monooxygenase   1.13    1.17 1.02 0.70  
sco4929 hypothetical protein       1.17  -1.27  
sco0378 hypothetical protein       1.16    
sco3341 hypothetical protein       1.15    
sco6302 hypothetical protein       1.14    
sco4081 hypothetical protein   1.78   0.80 1.13  0.94  
sco0134 hypothetical protein       1.11  -1.02  
sco6172 oxidoreductase   1.01    1.11 4.78 2.87  
sco3048 hypothetical protein      1.19 1.10    
sco5801 hypothetical protein       1.10    
sco1322 hypothetical protein       1.09    
sco6080 dehydrogenase       1.09 -2.38 -2.41  
sco7536 hypothetical protein       1.08   -1.84 

sco2382 hypothetical protein      0.89 1.08 -1.72 -2.90  
pep1A (sco5443) alpha-amylase       1.07 -0.87 -1.48  
sco4743 hypothetical protein     0.79 0.76 1.07   -0.73 

sco1532 hypothetical protein       1.05    
sco4980 hypothetical protein       1.05    
sco5620 recombinase   2.25    1.05 1.09 1.06  
sco2146 aminotransferase 2.27 4.25 4.41    1.05 3.23 3.64  
ku (sco5309) hypothetical protein       1.05    
sco4437 sodium-coupled permease  1.72 2.09    1.05  0.95  
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Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco3772 hypothetical protein       1.04    
sco7229 hypothetical protein       1.04    
sco0237 oxidoreductase       1.03    
sco7170 sugar hydrolase       1.03    
sco0959 hypothetical protein       1.01    
sco2976 hypothetical protein       1.01    
sco5482 hypothetical protein 1.61 4.30 4.65   0.93 1.01 1.85 2.04  
sco2028 hypothetical protein       1.00    

sco5994 integral membrane cytochrome 
biogenesis protein       1.00    

sco4759 hypothetical protein       1.00    
sco6034 hypothetical protein       0.99    
sco4237 hypothetical protein  1.20 1.27   0.76 0.98 0.78 0.77  
chiJ (sco2503) chitinase       0.97    
sco5742 hypothetical protein       0.97   -0.81 

sco2572 hypothetical protein      0.65 0.97  -1.89  
sco1694 penicillin acylase       0.96    
sco4374 hypothetical protein  0.79 0.98    0.96 3.60 1.71  
sco4317 hypothetical protein  -1.30     0.96 -2.59 -2.37 -1.57 

sco0965 hypothetical protein       0.95    
sco1364 hypothetical protein       0.94  -1.97 -1.08 

sco2841 hypothetical protein      0.92 0.94    
sco6377 lipoprotein       0.94    
sco5277 magnesium chelatase       0.94  -1.42  
sco3388 TmrB-like protein       0.92    
nasA (sco2473) nitrate reductase       0.92    
sco1375 hypothetical protein       0.91 -0.52   

sco0505 large, multifunctional hypothetical 
protein       0.91 -1.28 -1.85  

sco7406 hypothetical protein       0.91  -1.37  
lpmP / chb 
(sco2833) chitin binding protein       0.90    

sco4241 proteinase       0.89    
sco4083 hypothetical protein 0.76 1.04 1.23    0.88 0.65 1.12  
sco7522 DNA ligase       0.85    
sco4576 hypothetical protein       0.84 -1.39 -1.10  
sco7749 hypothetical protein       0.84    
sco7559 sugar hydrolase      0.72 0.84    
sco3297 hypothetical protein       0.83    
sco1971 hypothetical protein       0.83 -4.03 -5.34  
sco7232 hypothetical protein       0.83    
sco7801 hypothetical protein       0.83    
sco1811 hypothetical protein       0.82    
sco1011 hypothetical protein       0.82  -0.75  
sco1908 large hypothetical protein   -1.21   0.80 0.82 -3.09 -3.52  
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Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco5148 hypothetical protein       0.81 -1.04 -1.72 -0.75 

sco4915 hypothetical protein     0.33 0.66 0.81    
sco1685 hypothetical protein       0.80  -1.31  
sco1606 hypothetical protein      0.66 0.79    
sco6411 hydrolase       0.79    
sco6616 hypothetical protein       0.78    
sco5966 oxidase       0.78  1.12  
sco4205 hypothetical protein      0.56 0.78    
sco5899 hypothetical protein       0.78  -4.75  
sco7540 hypothetical protein       0.78 -1.10 -2.86  
sco3609 hypothetical protein      0.58 0.75  0.71  
sco3940 transmembrane protein       0.75  -0.83  
sco7269 hypothetical protein       0.74 -1.25 -2.33  
sco5027 hypothetical protein       0.74    
sco2771 hypothetical protein       0.74    
sco4471 hypothetical protein       0.73    
sco1572 hypothetical protein       0.73  -1.42  
sco0530 transcriptional regulator       0.72 -1.41 -1.02 -0.88 

sco1969 DNA-methyltransferase       0.72 -2.82 -4.92  
sco5213 hypothetical protein       0.71 1.20 1.14  
sco0254 hypothetical protein       0.71    
sco6232 beta-mannosidase       0.68    
sco1222 hypothetical protein   -0.96    0.68 -3.38 -4.96  

sco7073 dihydroxyacetone kinase subunit 
DhaK       0.68    

sco6541 hypothetical protein       0.66    
sco7253 hypothetical protein       0.66 -1.35 -2.03  
sco1013 mut-like protein       0.64 -0.64 -1.22  
sco5816 hypothetical protein       0.63    
sco2363 ATP/GTP-binding protein   -1.15   0.60 0.63 -1.45 -1.68  
sco1323 hypothetical protein 0.61 1.29 1.91    0.62 1.11 0.52  
sco5214 hypothetical protein       0.60    
gyrB (sco3874) DNA gyrase subunit B       0.59    
sco2737 deoxyribonuclease       0.55    
sco6341 exonuclease       0.53    
sco0739 short chain dehydrogenase      0.45 0.52    
sco3673 iron-sulfur-binding reductase  1.24 2.13   0.64 0.50 0.87 1.72  
sco7018 hypothetical protein       0.43    
sco3902 hypothetical protein       -0.39  0.67  
sco3109 transcriptional-repair coupling factor       -0.45    
cslA (sco2836) glycosyl transferase      -0.43 -0.48    
sco4430 hypothetical protein       -0.50    
sco4490 decarboxylase       -0.50    
sco5952 hypothetical protein      -0.59 -0.51  -0.86 0.81 
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Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 

sco3542 integral membrane protein with kinase 
activity       -0.52  0.50  

sco3115 hypothetical protein       -0.53  0.75 0.60 

sco1973 hypothetical protein       -0.55    
sco5397 large Ala/Glu-rich protein       -0.55    

metF (sco2103) 5,10-methylenetetrahydrofolate 
reductase   -0.96    -0.55 -1.53 -1.40  

sco7580 hypothetical protein       -0.55    
sco5246 Na+/H+ antiporter       -0.55    
sco5411 integrase/recombinase       -0.56    
sco5396 cellulose-binding protein   -0.49    -0.59 -1.10 -0.70  
sco5263 hypothetical protein      -0.62 -0.59   0.66 

sco2735 hypothetical protein      -0.50 -0.59    
sco4531 septum determining protein       -0.60  1.37  
sco2960 hypothetical protein      -0.50 -0.62 0.66 0.59 0.78 

sco5221 polypeptide deformylase       -0.62   0.52 

sco4550 hypothetical protein       -0.63    
sco3894 transmembrane protein       -0.63  0.84  
sco3312 hypothetical protein       -0.64    
sco0664 hypothetical protein       -0.64    
sco2917 nicotinate phosphoribosyltransferase      -0.58 -0.64    
sco3064 peptide transporter  1.10 1.49    -0.64 0.92 1.42  
sco3402 hypothetical protein       -0.65  -0.72  
sco5504 hypothetical protein       -0.65 -1.40 -1.15  
sco3845 protein phosphatase      -0.48 -0.65  0.90  
sco3307 hypothetical protein       -0.66    
sco5267 hypothetical protein       -0.66   1.36 

sco2314 hypothetical protein       -0.66  0.71  
sco5637 mutT-like protein       -0.67    
sco5381 hypothetical protein       -0.67  -0.61  
sco5664 hypothetical protein       -0.67    
sco4518 hypothetical protein       -0.67  1.53 1.13 

sco2349 hypothetical protein   -1.17    -0.67 -1.58 -2.10  
sco0736 hypothetical protein       -0.67    
sco2065 hypothetical protein   -0.94    -0.68 -1.40 -2.21  
sco0150 hypothetical protein       -0.68    
cypH (sco7510) peptidyl-prolyl cis-trans isomerase       -0.69  0.54  

nadC (sco3381) nicotinate-nucleotide 
pyrophosphorylase       -0.69  1.18  

sco5388 hypothetical protein       -0.70 1.39 1.34  
sco5546 hypothetical protein       -0.70    
sco3784 hypothetical protein       -0.70  0.78  
sco3352 DNA integrity scanning protein DisA      -0.60 -0.71    
sco4527 hypothetical protein       -0.72  1.32  
sco1055 alpha-xylosidase       -0.72    
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Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4526 protein kinase       -0.72 0.80 1.62  
sco4488 Ser/Thr protein kinase      -0.41 -0.72    
sco3725 hypothetical protein       -0.73 1.64 2.51  
sco4530 hypothetical protein       -0.74  1.29  
sco3452 methyltransferase       -0.74    
sco1434 CbxX/CfqX family protein  -0.66 -0.58    -0.74  -0.51  
sco5542 hypothetical protein       -0.74    
dmdR1 (sco4394) iron repressor      -0.60 -0.75   0.58 

sco3923 hypothetical protein       -0.75   0.79 

sco3698 heavy metal resistance membrane 
protein       -0.75  1.14  

sco4444 glutathione peroxidase       -0.76    
sco5063 hypothetical protein      -0.78 -0.76   1.23 

sco0775 hypothetical protein       -0.76   0.70 

sco1635 hypothetical protein       -0.76    
sco4448 hypothetical protein       -0.76    
sco2162 quinolinate synthetase       -0.76 -0.49 -0.98  
sco1097 hydrolase       -0.76    
sco1548 hypothetical protein       -0.77    
sco0562 hypothetical protein       -0.77 0.92 1.26  
sco5161 hypothetical protein      -0.68 -0.78  -0.59  
sco0437 hypothetical protein       -0.78 1.59 1.61  
sco5541 ATP-GTP binding protein       -0.78    
sco0261 acetyltransferase       -0.78    
sco1717 hypothetical protein       -0.78    
sco5391 ATP/GTP-binding protein       -0.79    
sco2322 hypothetical protein       -0.79    
sco6052 hypothetical protein       -0.79    
sco2330 isochorismatase       -0.79    
sco0648 methyltransferase       -0.79    
sco2971 hypothetical protein      -0.54 -0.80   0.60 

sco4782 hypothetical protein       -0.80 1.06 1.56  
sco2820 hypothetical protein       -0.81    
sco2397 oxidoreductase  2.31 3.36    -0.81 3.33 1.60  
sco2260 hypothetical protein       -0.82    
sco0604 hypothetical protein       -0.84    
sco0575 peptidase E       -0.84    
sco3183 5-formyltetrahydrofolate cyclo-ligase      -0.58 -0.85   0.86 

sco4058 hypothetical protein      -0.65 -0.86   0.94 

thyX (sco5743) FAD-dependent thymidylate synthase      -0.55 -0.86    
sco3850 hypothetical protein      -0.63 -0.86    
sco6122 hypothetical protein       -0.86    
sco4435 hypothetical protein       -0.87    
sco0229 short chain dehydrogenase       -0.87 -1.96 -1.84  
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Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco4436 lyase       -0.87    
sco6493 hypothetical protein -0.73 -1.74 -2.47    -0.89 -1.02 -0.83  
sco7734 hypothetical protein       -0.90 -1.08   
sco3176 hypothetical protein       -0.91 1.32 2.75  
sco5062 hypothetical protein     -0.49 -0.80 -0.92    
sco4470 phosphoglycerate mutase       -0.92    
cvnB1 (sco5543) hypothetical protein       -0.93    
sco3707 lipoprotein      -0.67 -0.93 1.05  1.48 

sco3659 hypothetical protein      -0.69 -0.93    
sco4739 lipoprotein       -0.93 0.63 2.24 0.81 

sco2093 hypothetical protein  -0.46 -0.86    -0.93 -1.48 -0.83  
sco4449 hydrolase       -0.93  1.17  
sco2914 amino acid permease       -0.94 2.33 2.97  
sco2321 hypothetical protein       -0.96    
sco2986 hypothetical protein      -0.72 -0.97    
sco5020 hypothetical protein      -0.66 -0.97 1.21 1.73  
sco7141 hypothetical protein      -0.63 -0.97    
sco3107 lipoprotein      -0.80 -0.98    
sco4899 hypothetical protein       -0.99    
lsr2 (sco3375) Lsr2-like protein     -0.47 -0.72 -0.99  0.93 0.66 

sco3960 hypothetical protein       -1.00  0.97  
glcP2 (sco5578) sugar transporter       -1.02 1.74 3.23  
sco3219 lipase       -1.02  -1.33  
sco1095 hypothetical protein       -1.02    
sco3052 UDP-glucose 6-dehydrogenase  -0.62    -0.76 -1.02 0.66 1.03  
sco6351 hypothetical protein       -1.06    
sco1426 hypothetical protein       -1.06 -1.78 -2.21  
sco1980 hypothetical protein   1.05    -1.07 2.65 0.77  
sco3080 hypothetical protein  -0.89     -1.11 0.65 0.90  

sco0346 2-hydroxyhepta-2,4-diene-1,7-dioate 
isomerase       -1.12    

sco7588 oxidoreductase       -1.13    
sco4519 hypothetical protein      -0.90 -1.15    
sco0725 hypothetical protein   -0.92    -1.15 -2.18 -1.13  
sco4587 hypothetical protein      -0.77 -1.17  2.09  
sco7779 oxidoreductase      -0.82 -1.19    
sco4098 acetyltransferase       -1.24  1.73  
sco4529 hypothetical protein      -0.69 -1.24  1.27  
sco2490 dehydrogenase      -0.99 -1.45    
sco5485 small hydrophobic membrane protein     2.21 1.97     
sco3142 hypothetical protein      1.94     
sco5484 small hydrophobic membrane protein    1.46 2.40 1.74  -1.22   
sco6142 hypothetical protein      1.08     
sco2658 sugar-binding protein      1.02     
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Not categorised  - DE following cold-shock in minimal liquid medium and not in rich liquid medium 
  Cold-shock Control 

  Rich Minimal Rich Min 
Gene ID Description 15 30 60 15 30 60 120 15 60 120 
sco3132 trans-aconitate 2-methyltransferase      1.00  -1.76 -1.49  
sco4319 hypothetical protein      0.95     
sco3022 hypothetical protein      0.79     
sco4848 hypothetical protein      0.78     

nhaA (sco3564) pH-dependent sodium/proton 
antiporter 1.29 1.61 1.47   0.63   0.48  

sco6928 O-methyltransferase      0.62     
sco2859 hypothetical protein      0.58   0.94  
sco1556 acetyltransferase      0.57     
sco5194 hypothetical protein      -0.50     
sco0117 short chain dehydrogenase      -1.03     

Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Appendix 9 

Genes differentially expressed (DE) following cold-shock on SMMS solid medium compared with DE in liquid media 

Table A9.1 Log2-fold changes in expression of 29 genes DE on SMMS solid medium and in both rich and SMM liquid media following cold-

shock. 

   Medium and time (min) 

   Rich liquid SMM liquid SMMS solid 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 
sco4685  DEAD-box helicase 6.45 9.99 10.47  6.25 8.47 9.59    6.47 

sco5920  DEAD-box helicase 6.94 11.20 11.80   2.01 3.70    7.14 

sco3086  lipoprotein   1.12  3.07 5.14 5.57    3.15 

sco3681  hypothetical protein 1.11 5.09 5.78  2.28 5.12 6.24    3.76 

sco5919  CBS-domain member of cold-shock operon  6.48 9.13   3.13 4.90    4.34 

sco1568 pqrA Paraquat resistance regulator 4.68 5.09 5.50 2.25 3.39 4.48 5.13    5.27 

sco4684  Cold-shock protein 5.73 6.47 8.43  3.20 4.54 5.44  3.68 2.62 7.13 

sco1567 pqrB Paraquat resistance efflux pump 1.82 4.56 4.73  2.32 4.27 5.21    4.08 

sco7051 rho(2) transcription termination factor Rho 1.85 3.90 4.75  2.74 4.83 6.20    1.21 

sco5921  Cold-shock protein 6.22 6.82 8.87  3.49 4.72 5.65  4.13 1.43 7.23 

sco3682 des delta fatty acid desaturase  3.71 5.08   4.48 6.33    1.30 
sco4588  hypothetical protein   0.82  1.40 3.89 4.42    1.35 

sco6475  3-hydroxybutyryl-CoA dehydrogenase 0.74 3.01 4.69  2.76 4.63 5.80    2.91 

sco0878  hydrolase 1.90 3.19 4.04  2.16 3.15 3.48    1.13 

sco7471 paaA phenylacetate-CoA oxygenase subunit PaaA 3.06 4.95 5.61   1.22 3.36    2.24 

sco7600 alaS2 Tetracycline resistant alanyl-tRNA synthetase 1.77 3.07 4.25   2.51 3.87    1.96 

sco5918  Unknown member of cold-shock operon  3.22 8.04   1.77 4.61    4.95 

sco1549  hypothetical protein 1.47 2.66 3.38   2.13 2.94    2.10 

sco0792  hypothetical protein 2.12 3.36 4.53   0.89 1.03    1.41 

sco1145  MarR family regulatory protein 1.58 2.02 3.37  0.99 1.65 2.05    2.15 

sco3834  3-hydroxyacyl-CoA dehydrogenase 1.23 2.43 3.34   1.09 1.86    2.47 
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   Medium and time (min) 

   Rich liquid SMM liquid SMMS solid 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 
sco5473  ATP/GTP binding protein  1.00 0.90   2.35 2.74    1.59 

sco3167  TetR family transcriptional regulator 1.44 1.66 2.72    0.91    3.05 

sco5202  Lon-like protease 0.72 1.64 2.79   1.15 1.47    0.87 

sco6704 pcaV Alternative carbon source regulator  1.13 2.58   1.06 2.24    0.82 

sco4027  anti sigma factor antagonist  0.97 2.76    0.87    -0.77 

sco3367  Regulator of sco3366 rifampicin efflux pump   1.66   0.78 1.47    1.52 

sco4732  hypothetical protein  -1.28 -1.91    -0.71    -0.42 

sco6777  beta-lactamase   -0.99    -1.30    1.42 

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 

Table A9.2 Log2-fold changes in expression of 13 genes DE on SMMS solid medium and in rich liquid media following cold-shock. 

   Medium and time (min) 

   Rich liquid SMMS solid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco2774 acdH2 acyl-CoA dehydrogenase  1.70 2.72    3.20 

sco3334 trpS tryptophanyl-tRNA synthetase 1.88 2.36 4.02  1.83  2.06 
sco6027 fadA1 acetyl-CoA acetyltransferase  0.86 1.11    1.88 

sco1317  hypothetical protein   0.72    1.69 

sco5191  hypothetical protein   1.34    1.12 

sco4940  TetR family transcriptional regulator   1.35    1.12 

sco5265  hypothetical protein   1.03    1.09 

sco3166  membrane transport protein   1.47    0.98 

sco3156  penicillin-binding protein  0.76 0.85    0.84 

sco2117  anthranilate synthase 1.40 2.39 2.83    0.80 

sco1307  hypothetical protein  0.87 0.95    -0.72 

sco0788  hypothetical protein  -0.79     -0.72 

sco6676  hypothetical protein  -0.77 -1.08    -1.10 

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A9.3 Log2-fold changes in expression of 17 genes DE on SMMS solid medium and in SMM liquid media following cold-shock. 

   Medium and time (min) 

   SMM liquid SMMS solid 
Gene ID Name Description 15 30 60 120 15 30 60 120 
sco4641  transmembrane efflux protein   3.64 4.74    5.94 

sco1963  integral membrane export protein   0.88 2.56    4.87 

sco4908 sigQ RNA polymerase sigma factor 1.76 5.14 6.25 6.40    4.84 

sco4640  TetR family transcriptional regulator   2.53 2.98    4.55 

sco4504  methyltransferase  1.36 2.41 2.95    4.42 

sco3105  hypothetical protein    2.15    3.98 

sco5482  hypothetical protein   0.93 1.01    3.83 

sco4424  hypothetical protein  1.28 2.68 2.87    3.38 

sco7014  LacI family transcriptional regulator  1.50 2.37 2.94    2.20 

sco4981  hypothetical protein   2.73 3.05    1.80 

sco2616  hypothetical protein   1.03 1.70    1.60 
sco1082  electron transfer flavoprotein subunit beta    -1.01    1.54 

sco3313  hypothetical protein  3.43 4.84 5.82    1.53 

sco6778  transcriptional regulator   -0.79 -1.04    1.49 

sco3342  glycine-rich hypothetical protein   2.09 2.39    1.36 

sco3874 gyrB DNA gyrase subunit B    0.59    1.08 

sco3793 yjqA hypothetical protein   1.08 1.50    0.98 

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 

Table A9.4 Log2-fold changes in expression of 22 genes DE on SMMS solid medium and not DE in liquid media following cold-shock. 

   Medium and time (min) 

   SMMS solid 
Gene ID Name Description 15 30 60 120 
sco0428  tetR family transcriptional regulator    3.03 

sco3800  acyl-CoA dehydrogenase    2.94 

sco0427  hydrolase    2.86 
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   Medium and time (min) 

   SMMS solid 
Gene ID Name Description 15 30 60 120 
sco0195 litA lipoprotein    2.68 

sco3106  lipoprotein    2.45 

sco4336  marR-family protein    2.40 

sco6121  transcriptional regulator    2.31 

sco4359  ABC transporter ATP-binding protein    1.94 

sco0193 litR DNA-binding regulator    1.67 

sco5036  hypothetical protein    1.53 

sco4337  integral membrane efflux protein    1.25 

sco4983  hypothetical protein    1.14 

sco5035  ABC transporter ATP-binding protein    0.89 

sco0733  hypothetical protein    0.82 

sco1081  electron transfer flavoprotein subunit alpha    0.79 

sco4597 abrC2 two-component system sensor kinase    0.78 

sco5512 ilvB acetolactate synthase 1 catalytic subunit    0.71 

sco2513  hypothetical protein    0.57 

sco1965 tdd5 export associated protein    0.51 

sco3503  binding protein dependent transport protein    -1.09 
sco0631  hypothetical protein    -1.31 

sco0765 cel1 endoglucanase    -1.61 

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Appendix 10 

440 genes differentially expressed in both supplemented minimal and rich liquid 

growth media 

 

Table A10.1 Log2-fold changes in expression of 440 genes DE in both rich and SMM liquid 

growth media following cold-shock. 

   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco4686  hypothetical protein  5.11 6.74   5.42 7.16 

sco3683  hypothetical protein 1.93 3.64 3.93  3.83 4.90 5.21 

sco0108  hypothetical protein 2.16 3.52 4.57   3.50 4.85 

sco3684  hypothetical protein 3.44 3.75 4.30 1.53 3.47 4.35 4.49 

sco0593  hypothetical protein 4.05 4.36 3.87  3.08 3.93 4.07 
sco1588  hypothetical protein  1.17 3.05  1.61 2.94 3.97 

sco2292 xlnB endo-1,4-beta-xylanase B  3.18 4.54   2.77 3.88 

sco3685  hypothetical protein 2.07 3.03 3.67  2.44 3.70 3.85 

sco4054  hypothetical protein 3.68 3.66 3.56  2.79 3.88 3.77 

sco2977  hypothetical protein 0.79 1.64 2.42  2.27 3.29 3.72 

sco6230 msmF sugar transport system permease  1.68 3.89  2.28 3.21 3.68 

sco3286  hypothetical protein 2.51 4.85 4.98   2.82 3.63 

sco7470 paaI phenylacetic acid degradation protein PaaI  2.96 4.60   1.29 3.58 

sco4153  hypothetical protein 1.44 2.13 3.84  1.81 3.02 3.55 

sco4174  hypothetical protein   1.43   3.49 3.51 

sco0322  ABC transport ATP-binding subunit 1.15 2.60 3.31  1.43 3.04 3.46 

sco6381  lipoprotein  1.51 2.43   2.50 3.41 
sco4175  hypothetical protein  1.66 2.42   3.17 3.30 

sco7578  hypothetical protein  0.79 1.36   1.72 3.30 

sco7050  D-alanyl-D-alanine carboxypeptidase   2.33   0.98 3.30 

sco7490  oxidoreductase  2.21 3.38   2.56 3.29 

sco3607  hypothetical protein  3.01 2.72   2.95 3.24 

sco7472 paaB phenylacetate-CoA oxygenase subunit PaaB  4.99 5.37   1.12 3.19 

sco6374  sugar transferase  0.67 1.86   2.02 3.19 

sco0674 xysA endo-1,4-beta-xylanase  0.84 1.36  1.50 2.85 3.09 

sco5207  hypothetical protein  1.80 1.71  1.64 2.90 3.07 

sco3440  hypothetical protein  1.50 1.87   1.87 3.05 

sco5795  zinc metalloprotease membrane protein  1.96 2.46  1.85 2.74 3.03 

sco0341  large hypothetical protein  0.93 1.41   1.47 3.00 
sco4521  hypothetical protein  1.00 2.09   1.59 2.94 

sco4582 swlB hypothetical protein  2.60 3.29   1.58 2.91 

sco6703 pcaI 3-oxoadipate CoA-transferase subunit A   2.66   0.88 2.87 

sco4503  long-chain-fatty acid CoA ligase 1.04 2.29 2.55  1.50 2.54 2.85 

sco7213  hypothetical protein  1.31 2.05  2.55 2.85 2.83 
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   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco2289  hypothetical protein 1.28 2.01 3.39   2.69 2.82 

sco3366  exporter  1.03 2.58   0.82 2.77 

sco1321 tuf3 elongation factor Tu  1.07 2.12   1.13 2.75 

sco3112  hypothetical protein   1.81    2.72 

sco6827  polyketide synthase  0.89 1.46   1.12 2.56 

sco0880  hypothetical protein   3.70    2.56 

sco3710  large integral membrane protein 2.62 3.33 2.87  1.68 2.55 2.54 

sco1458  transcription regulator AsnC 1.32 1.75 2.43  1.65 2.23 2.53 

sco0595  hypothetical protein   1.15   2.35 2.53 

sco7205  hydrolase  1.22 1.70   1.77 2.51 

sco1362  hypothetical protein 2.21 2.26 2.32  1.08 2.04 2.45 
sco6179 cwgA nucleotide-sugar dehydratase 0.93 1.70 2.99   1.73 2.43 

sco6336  hypothetical protein   0.91   1.89 2.43 

sco5928  hypothetical protein  0.88 1.60   1.34 2.41 

sco5461  hypothetical protein  2.19 2.08   2.22 2.40 

sco7364  TetR family transcriptional regulator   1.50   2.30 2.40 

sco5166  helicase  1.01 1.72   1.00 2.36 

sco0966  dehydratase   1.34   0.89 2.35 

sco7795  transposase  1.53 3.08    2.34 

sco3134  two-component system response regulator  1.22 2.62  1.26 1.67 2.32 

sco2291  acetylxylan esterase   1.51    2.32 

sco3029  L-lactate permease 1.03 1.43 1.29  2.27 2.53 2.29 
sco6546  cellulase  1.13 2.06   1.59 2.29 

sco5466  hydrolase  1.49 1.87   0.96 2.28 

sco4056  hypothetical protein   1.64   1.15 2.27 

sco4351  DNA invertase 1.08  2.04   1.89 2.24 

sco3608  hypothetical protein 1.88  1.53   1.63 2.21 

sco3439  hypothetical protein  1.13 1.61   1.76 2.20 

sco7491  hypothetical protein   1.78    2.18 

sco0095  hypothetical protein  1.07 1.16    2.16 

sco2527  hypothetical protein   0.87   1.03 2.14 

sco4010  hypothetical protein   1.32   1.12 2.11 

sco0973  hypothetical protein   0.66    2.09 

sco2168 pspA hypothetical protein   1.69   1.03 2.08 
sco1457  transporter   1.15   1.06 2.08 

sco6802  DNA-binding protein   1.18   1.12 2.05 

sco5911  oligopeptide binding protein   0.70   0.66 2.03 

sco6720  ABC transporter  1.16 2.06   1.57 2.01 

sco0342  hypothetical protein  1.77 2.55    1.99 

sco7473 paaC phenylacetic acid degradation protein PaaC  3.67 4.97    1.96 

sco5327  transposase  0.86 2.06   1.25 1.95 

sco7475 paaE phenylacetic acid degradation NADH oxidoreductase PaaE   3.10    1.93 

sco0946  regulatory protein  0.65 1.24   1.46 1.93 

sco4302  hypothetical protein   1.19    1.92 

sco6781  regulatory protein   1.87   1.29 1.92 

sco6840  hypothetical protein  1.31 2.95    1.92 
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   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco7048  delta fatty acid desaturase  0.80 1.26  0.72 1.67 1.89 

sco4005  RNA polymerase sigma factor   0.94    1.88 

sco3835  dehydrogenase 0.80 3.07 3.04    1.88 

sco1550  small membrane protein   1.30    1.87 

sco5180  peptidase 0.80 1.58 1.74   2.14 1.85 

sco5862 cutR two-component regulator CutR   1.08   1.11 1.84 

sco6174  hypothetical protein   1.34    1.84 

sco1668  hypothetical protein  1.02 1.16   2.17 1.82 

sco4308  transcriptional regulator 1.24 2.48 2.85   1.31 1.82 

sco0124  hypothetical protein  1.04 1.65   1.09 1.81 

sco5989  hypothetical protein   2.03   1.02 1.79 
sco0787  hydrolase   1.25    1.78 

sco5684  two-component system response regulator  0.80 1.96   0.84 1.77 

sco4695  hypothetical protein  1.50 1.49   0.94 1.69 

sco7794  TetR family transcriptional regulator  1.09 2.03   0.84 1.69 

sco6951  hypothetical protein  0.90 2.48   0.75 1.68 

sco1333  hypothetical protein   1.52   0.95 1.66 

sco0090  transposase  1.13 2.54   1.29 1.63 

sco0286  peptidoglycan binding protein   0.64    1.62 

sco1143  hypothetical protein   1.12    1.62 

sco7474 paaD phenylacetic acid degradation protein PaaD  0.93 4.35    1.60 

sco6463  hypothetical protein  0.86     1.60 
sco0967  reductase  1.39 2.12    1.59 

sco4584  hypothetical protein   0.67    1.59 

sco6149 rsgA ribosome-associated GTPase 0.78 1.68 2.19   0.87 1.59 

sco7748  hypothetical protein  1.11 1.46    1.59 

sco7230  two-component system response regulator  0.67 0.86  0.70 1.39 1.56 

sco0800  TetR family transcriptional regulator   1.87   0.94 1.56 

sco1746 sal serine protease  2.02 1.86   1.06 1.56 

sco5621 whiG RNA polymerase sigma factor WhiG   0.94    1.56 

sco0373  hypothetical protein   1.42   0.77 1.53 

sco3285  large glycine/alanine rich protein  1.09 2.89    1.52 

sco2623  hypothetical protein  0.67 0.99   1.53 1.52 

sco5121  peptide transport system ATP-binding protein   1.68    1.52 
sco5324  oxidoreductase 0.82 1.43 2.06   0.82 1.51 

sco6702 pcaJ 3-oxoadipate CoA-transferase subunit B   1.68    1.51 

sco2719  hypothetical protein   1.00   0.82 1.50 

sco1734  cellulose-binding protein  1.11 1.75   1.76 1.50 

sco4219  dienelactone hydrolase family hydrolase  0.72 1.42   1.20 1.48 

sco3711  small membrane protein  3.44 2.99   2.33 1.48 

sco7136  hypothetical protein   1.53    1.48 

sco5351  regulatory protein   2.16    1.45 

sco7715  hypothetical protein   0.83   1.27 1.45 

sco5612  ATP binding protein   1.04    1.44 

sco3470  transposase  0.59 1.47   0.76 1.44 

sco3656  hypothetical protein  1.30 2.00   0.87 1.44 
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   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco2929  transposase  0.85 2.17    1.41 

sco7469 paaK phenylacetate-CoA ligase  2.02 3.41    1.41 

sco2528 leuA 2-isopropylmalate synthase  1.41 1.64   0.75 1.41 

sco0901  hypothetical protein 1.40 2.14 2.52    1.41 

sco6641  hypothetical protein   1.62   0.87 1.40 

sco4006  long-chain-fatty-acid--CoA ligase   0.87    1.40 

sco6385  hypothetical protein   1.95    1.39 

sco6474  transcriptional regulator 0.89 1.29 1.82   1.05 1.39 

sco6192  hypothetical protein  0.79 0.92   0.72 1.38 

sco1754  hypothetical protein   1.03   0.85 1.38 

sco0874  hypothetical protein   1.37    1.38 
sco6409 map2 methionine aminopeptidase   0.77    1.37 

sco3076  hypothetical protein   1.49    1.36 

sco6930  hypothetical protein  0.98 1.62    1.36 

sco5912  protease   1.85    1.36 

sco5147  RNA polymerase sigma factor SigE   1.11   0.80 1.35 

sco4554  bifunctional transferase/deacetylase   1.70   0.87 1.35 

sco4044  hypothetical protein  1.14 2.74   1.04 1.34 

sco2821  pectate lyase   1.17   1.04 1.34 

sco6789 fadB3 fatty oxidation protein   2.10    1.34 

sco0780  zinc-binding oxidoreductase   0.67   0.79 1.34 

sco3687  hypothetical protein   1.49    1.33 
sco7509  hypothetical protein  1.38 1.66  1.08 1.22 1.33 

sco4190 devA GntR family transcriptional regulator  0.84 1.18   0.91 1.31 

sco2167  hypothetical protein   0.90    1.28 

sco1295  transcription regulator AsnC  0.69 1.11   0.96 1.28 

sco2586  hypothetical protein  0.93 1.60   0.73 1.28 

sco6717  acyl-ACP desaturase  1.18 2.23    1.27 

sco3082  hypothetical protein   0.94    1.27 

sco5922  short chain dehydrogenase  1.06 1.95   0.79 1.26 

sco6986  DNA-binding protein   1.00   0.72 1.25 

sco2813  hypothetical protein   1.03   0.77 1.23 

sco2220  hypothetical protein  1.14 1.55   0.85 1.23 

sco6419  hypothetical protein   1.27    1.22 
sco3592 vanJ hypothetical protein   0.97    1.22 

sco3955  hypothetical protein   1.10    1.21 

sco3562  integral membrane transport protein  1.42 2.05    1.21 

sco2470  
deoxyguanosinetriphosphate triphosphohydrolase-like 
protein  0.63    0.86 1.21 

sco0524  gluconolactonase   0.80    1.21 
sco1087  aldolase   1.05    1.21 

sco0813  short chain dehydrogenase   1.83    1.21 

sco2319  TetR family transcriptional regulator   1.34   0.61 1.20 

sco5931 xlnA xylanase A  1.00 2.66    1.18 

sco5296  TetR family transcriptional regulator  0.65 0.98   0.78 1.18 

sco0166  regulator   1.10   0.59 1.18 

sco6390  hypothetical protein   0.97    1.17 
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   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco5587 ftsH cell division protein FtsH-like protein  0.92 1.49   0.81 1.17 

sco6231 msmE sugar transport system sugar-binding lipoprotein   2.41   0.84 1.17 

sco2246  hypothetical protein   1.02    1.17 

sco1023  hypothetical protein   1.25    1.16 

sco5462  hypothetical protein   1.73    1.16 

sco6933  hypothetical protein   1.71    1.16 

sco0372  hypothetical protein  1.11 0.95    1.15 

sco3133 tamR MarR family regulatory protein   1.07    1.15 

sco2451 mbl rod shape-determining protein MreB  1.10 1.90   0.98 1.15 

sco3493  acetyl transferase   0.99    1.15 

sco5683  two-component system sensor kinase   0.77    1.14 
sco5045  hypothetical protein   0.73    1.14 

sco5908  hypothetical protein   1.39    1.14 

sco1012  oxidoreductase  0.79 0.68    1.13 

sco7101  dehydrogenase   1.53    1.13 

sco7492  hypothetical protein   1.29    1.13 

sco0239  hypothetical protein   1.71    1.11 

sco6714  hydroxylase   1.81    1.10 

sco5906  transcriptional regulator   1.01   0.64 1.09 

sco0235  short chain dehydrogenase  0.65 1.03    1.09 

sco3296  oxidoreductase  1.50 2.24    1.08 

sco0854  hypothetical protein 1.50 2.71 3.13    1.08 
sco4062  transposase   1.83    1.07 

sco6823  transcription regulator ArsR   1.39   0.58 1.05 

sco7549  hypothetical protein  0.66 1.21    1.05 

sco5517  transcriptional regulator  0.74 1.24   0.66 1.04 

sco4872  hypothetical protein  0.45 0.60   0.77 1.03 

sco7241  oxidoreductase  0.70     1.02 

sco4902  hypothetical protein  1.33 0.97   1.37 1.02 

sco2605  hypothetical protein  1.15 1.79    1.01 

sco6484  hypothetical protein   1.00    1.01 

sco5603  hypothetical protein  1.09 1.88    1.00 

sco0902  hypothetical protein  0.70 0.84    0.99 

sco0430  tetR family transcriptional regulator   0.96   0.87 0.99 
sco5456 glgX2 glycosyl hydrolase   1.35    0.98 

sco2852  hypothetical protein   0.97   0.75 0.97 

sco6581  transmembrane transport protein   1.44    0.97 

sco6535 narG nitrate reductase subunit alpha NarG  0.72 0.96    0.97 

sco3204  hypothetical protein   1.30    0.97 

sco5103  regulatory protein 1.33 0.66 1.22    0.97 

sco3315  transcriptional regulator  -1.02     0.96 

sco3438  hypothetical protein   1.45    0.96 

sco5357 rho(1) transcription termination factor Rho  0.75 1.26    0.96 

sco2985  hypothetical protein 0.75 0.85 1.90    0.96 

sco4466  hypothetical protein 0.66 1.28 0.72   0.73 0.95 

sco4191 devB hydrolase  0.69 0.81    0.95 
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   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco0844  DNA-binding protein   1.44    0.94 

sco1677  hypothetical protein 1.32 1.29 2.32   0.91 0.93 

sco5929  oxidoreductase  0.93 0.96    0.92 

sco4215  GntR family transcriptional regulator   1.43   0.55 0.92 

sco4293  threonine synthase  1.18 1.30    0.91 

sco4871  TetR family transcriptional regulator   1.23    0.91 

sco2279  hypothetical protein   1.24    0.90 

sco5909  hypothetical protein   1.07    0.90 

sco0084  hypothetical protein   1.61    0.89 

sco0942  RNA polymerase sigma factor SigL 1.60 1.88 3.14    0.89 

sco5105  hypothetical protein  1.70    0.66 0.88 
sco5160  hypothetical protein   1.41    0.88 

sco5418  transcriptional regulator 1.08 1.68 3.07    0.88 

sco7541  hypothetical protein   0.86    0.88 

sco2112  hypothetical protein   0.86    0.87 

sco1027  hypothetical protein   1.35    0.87 

sco1380  DNA polymerase IV   0.85    0.87 

sco3731  cold-shock protein   1.89    0.86 

sco6324  hydrolase   1.03    0.86 

sco5534  lyase   1.43    0.85 

sco5502  integral membrane export protein  2.76 3.01   0.67 0.85 

sco4973  hypothetical protein   0.90    0.84 
sco4409  RNA polymerase sigma factor   1.33    0.84 

sco6200  hypothetical protein   1.74    0.84 

sco7092  hypothetical protein   0.91    0.84 

sco4778 pkaI Ser/Thr protein kinase  0.79 2.10    0.83 

sco6648  hypothetical protein   1.04    0.81 

sco2939  hypothetical protein  0.49 0.74    0.81 

sco3377  hypothetical protein   1.18    0.80 

sco5692  transcriptional regulator 0.62 0.50 0.66   0.60 0.80 

sco5401  hypothetical protein 0.74 1.21 1.02  1.28 0.93 0.78 

sco1366  hypothetical protein   0.87    0.78 

sco2062  hypothetical protein  1.39 1.17   0.57 0.78 

sco6618  hypothetical protein   0.76    0.77 
sco2491  oxidoreductase   1.58   0.55 0.77 

sco5678  regulatory protein   0.71   0.54 0.76 

sco4895  RNA polymerase factor sigma-70   0.91    0.76 

sco0249  hypothetical protein   1.06    0.76 

sco6617  hypothetical protein 1.25 1.19 1.81    0.76 

sco5231 dasR GntR family transcriptional regulator   1.08    0.74 

sco0250  transcriptional regulator   1.09    0.72 

sco2219  hypothetical protein   0.89    0.70 

sco5460  AbaA-like regulatory protein   1.47   0.53 0.70 

sco4408  hypothetical protein  0.70 1.28    0.69 

sco6792  TetR family transcriptional regulator   0.73    0.65 

sco4977  TetR family transcriptional regulator  0.59 1.15    0.63 
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   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco2255  hypothetical protein  -0.83 -0.54    0.57 

sco4628  regulator   1.29    0.57 

sco5419  thioredoxin   1.06    -0.54 

sco1382  hypothetical protein  -0.54    -0.54 -0.59 

sco4151 mshD acetyltransferase   -1.34    -0.61 

sco4839 trpS2 tryptophanyl-tRNA synthetase   -1.03    -0.61 

sco3658  aminotransferase   -0.87    -0.62 

sco1748  expression regulator  -0.58 -0.59    -0.62 

sco2840  LysR family transcriptional regulator   -1.30    -0.63 

sco5677  ATP/GTP binding protein   -0.90    -0.63 

sco2440  transcriptional regulator   -1.36    -0.64 
sco5711 ribC bifunctional riboflavin kinase/FMN adenylyltransferase   -0.79    -0.64 

sco2206 arsC hypothetical protein  -0.61 -0.63    -0.64 

sco5128  hypothetical protein   -0.71    -0.64 

sco3321  redoxin  -0.70     -0.67 

sco2132  glycosyl transferase  -0.78 -1.23    -0.67 

sco2197  hypothetical protein  -0.75 -0.69    -0.67 

sco2308  two-component system response regulator  -0.77     -0.69 

sco7516 htpG heat shock protein 90   -0.96    -0.69 

sco2439  calcium-binding protein   -1.11    -0.69 

sco1928  ABC transporter ATP-binding protein  -0.77 -0.60    -0.69 

sco3102 pkaE protein kinase   -1.03    -0.70 
sco2640 asd1 aspartate-semialdehyde dehydrogenase   -0.87    -0.71 

sco5568 coaD phosphopantetheine adenylyltransferase  -0.82 -1.59    -0.72 

sco2602  hypothetical protein   -0.62    -0.72 

sco0485 cchN TetR family transcriptional regulator  -0.83     -0.73 

sco7443 pgm phosphoglucomutase   -0.93    -0.73 

sco6759  phytoene synthase  -0.97 -0.90    -0.74 

sco7304  FAD-binding dehydrogenase   -1.17    -0.75 

sco2988 galE2 UDP-glucose 4-epimerase  -0.58 -0.67   -0.58 -0.75 

sco2084 murG UDPdiphospho-muramoylpentapeptide beta-N- 
acetylglucosaminyltransferase   -1.14    -0.75 

sco0425  hypothetical protein  -0.82 -1.26    -0.75 

sco2136  hypothetical protein  -0.70 -1.25    -0.75 

sco0469  hypothetical protein  -0.67 -1.15    -0.75 

sco3346  transcriptional regulator   -1.49    -0.76 

sco3580  transpeptidase   -0.74    -0.76 

sco1929  integral membrane transport protein   -0.85    -0.76 

sco5293  oxygenase subunit   -0.99    -0.76 

sco6193  transcriptional regulator  -0.60 -1.11    -0.76 
sco1691  TetR family transcriptional regulator -0.57 -0.95 -1.13    -0.76 

sco4090  hypothetical protein   0.75    -0.76 

sco2156 cox cytochrome c oxidase subunit II   -1.06    -0.77 

sco3571 crp transcriptional regulator -0.46 -1.41 -1.55   -0.68 -0.77 

sco3136 galK galactokinase   -0.93    -0.77 

sco1510  peptidyl-prolyl cis-trans isomerase  -0.74 -1.52    -0.77 

sco4450  TetR family transcriptional regulator   -1.01    -0.78 
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   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco2141  small hydrophilic protein  -0.92 -0.74    -0.78 

sco5283  two-component system response regulator  -0.56 -0.55    -0.79 

sco3606  regulator  -0.96 -1.19    -0.79 

sco0345  IclR family regulatory protein  -0.80     -0.80 

sco5650  hypothetical protein   -1.12    -0.80 

sco4456  membrane-associated oxidoreductase   -1.69    -0.81 

sco5951  transcriptional regulator  -0.70     -0.81 

sco5414  hypothetical protein  -0.86 -1.00    -0.81 

sco4362  two component system sensor kinase   -0.80    -0.81 

sco5313  hypothetical protein   -1.55    -0.81 

sco3175  acetyltransferase  -1.06 -1.31    -0.82 
sco7719  TetR family transcriptional regulator  -1.14 -1.60   -0.64 -0.82 

sco1213  hypothetical protein   -1.00    -0.82 

sco1636  hypothetical protein  -0.47 -0.79    -0.82 

sco0296  transcriptional regulator   -1.42    -0.82 

sco0727  hypothetical protein   -0.87    -0.82 

sco6013  1-deoxy-D-xylulose-5-phosphate synthase   -0.82    -0.83 

sco0047  transcriptional regulator  -1.45 -0.96   -0.63 -0.84 

sco7693  oxidoreductase  -0.84 -1.60   -0.70 -0.84 

sco3895  hypothetical protein  -0.63 -1.34   -0.54 -0.84 

sco3649 fba fructose-bisphosphate aldolase   -0.76    -0.84 

sco0888  hypothetical protein  -0.58 -1.02    -0.85 
sco4942  regulatory protein  -1.42 -1.50    -0.85 

sco7732  hypothetical protein  -1.67 -1.07   -0.81 -0.85 

sco4958  cystathionine gamma-synthase   -1.03   -0.51 -0.86 

sco4431  hypothetical protein  -0.60 -1.02    -0.86 

sco3622  hypothetical protein  -0.54 -1.31    -0.87 

sco3597  hypothetical protein  -0.80 -1.09    -0.87 

sco2389 acpP acyl carrier protein   -0.81    -0.88 

sco4009  bifunctional histidine kinase and regulator   -0.66    -0.89 

sco0275  transcriptional repressor protein  -0.71 -0.75   -0.71 -0.89 

sco4752 tsaD DNA-binding/iron metalloprotein/AP endonuclease   -0.76    -0.89 

sco5229  permease   -0.83    -0.89 

sco2936  hypothetical protein   -0.93    -0.89 
sco6544  hypothetical protein  -1.19 -1.60    -0.90 

sco4134  lipoprotein   -1.01   -0.76 -0.90 

sco4602 nuoH2 NADH dehydrogenase subunit NuoH2   -1.07    -0.90 

sco7696  MarR family transcriptional regulator   -1.20    -0.91 

sco3260  MutT-like protein   -0.85    -0.91 

sco0276  oxidoreductase   -1.19    -0.91 

sco0695  hypothetical protein  -0.68 -1.13    -0.91 

sco3273  hypothetical protein  -1.84 -1.36   -0.69 -0.92 

sco7652  acetyltransferase   -0.91    -0.92 

sco3347  hypothetical protein  -0.99 -1.45    -0.92 

sco1655  lipoprotein oligopeptide binding protein   -1.10    -0.92 

sco4445  transcriptional regulator  -0.93 -0.94    -0.93 
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   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco3841  hypothetical protein   -0.91    -0.93 

sco4911  hypothetical protein   -0.93    -0.93 

sco3864  transcriptional regulator  -1.16 -2.19    -0.93 

sco6003  DNA-binding protein  -1.31 -1.74    -0.94 

sco4312  hypothetical protein  -0.80 -0.94   -0.83 -0.94 

sco1794  hypothetical protein   -0.71   -0.55 -0.95 

sco4111 trmB tRNA (guanine-N(7)-)-methyltransferase   -0.76    -0.95 

sco4599 nuoA2 NADH dehydrogenase subunit NuoA2  -0.92 -2.21    -0.95 

sco3372  large ATP-binding protein   -1.11    -0.95 

sco3897 inoY hypothetical protein  -0.64 -0.65   -0.59 -0.95 

sco4469 hemL glutamate-1-semialdehyde aminotransferase   -0.85   -0.53 -0.95 
sco1308  4-hydroxybenzoate 3-monooxygenase  -0.96 -0.71    -0.96 

sco3303 lysK lysyl-tRNA synthetase   -0.84   -0.61 -0.96 

sco0465  non-heme chloroperoxidase  -1.46 -2.41    -0.96 

sco2811  regulator  -1.35 -1.04   -0.74 -0.96 

sco3796  hypothetical protein  -0.65 -0.87   -0.70 -0.97 

sco5747  regulatory protein   -0.85   -0.63 -0.97 

sco7709  MarR family transcriptional regulator  -1.38 -2.04    -0.97 

sco4543 whiJ hypothetical protein  -0.68    -0.67 -0.97 

sco0957  oxidoreductase  -0.83 -1.49    -0.97 

sco5545  hypothetical protein  -0.63 -0.56    -0.98 

sco4687  hypothetical protein   -0.99    -0.98 
sco5337  hypothetical protein   -1.65    -0.99 

sco3860  Ser/Thr protein kinase   -0.70    -1.00 

sco4601  dehydrogenase   -0.95    -1.00 

sco7194  polysaccharide biosynthesis protein  -0.80 -1.12    -1.00 

sco1018  glutamate racemase  -0.83 -0.76   -0.84 -1.00 

sco4822  hypothetical protein   -0.75    -1.01 

sco3761  hypothetical protein  -0.98 -1.07   -0.97 -1.02 

sco2237  lyase  -1.45 -2.13    -1.03 

sco2045  hypothetical protein  -1.05 -1.17   -0.79 -1.03 

sco5942  hypothetical protein  -0.98    -0.83 -1.03 

sco4079 purL phosphoribosylformylglycinamidine synthase II   -0.95   -0.59 -1.03 

sco3792  methionyl-tRNA synthetase   -0.76   -0.71 -1.03 
sco1521  hypothetical protein  -1.04 -1.01    -1.04 

sco7733  transcriptional regulator  -0.56 -1.38    -1.04 

sco3137 galE1 UDP-glucose 4-epimerase  -0.63 -1.39   -0.65 -1.07 

sco4400  hypothetical protein  -0.60 -0.95    -1.07 

sco2140  transcriptional regulator  -1.29 -0.88   -0.96 -1.07 

sco4179  hypothetical protein  -0.55 -0.68   -0.87 -1.08 

sco6083  hypothetical protein  -0.77 -0.71    -1.08 

sco3807  hydrolase  -1.10 -1.06   -0.75 -1.08 

sco3282 cobH precorrin-8X methylmutase  -1.58 -1.63    -1.08 

sco1947 gap1 glyceraldehyde-3-phosphate dehydrogenase   -0.72   -0.69 -1.09 

sco4078 purQ phosphoribosylformylglycinamidine synthase I   -1.25   -0.72 -1.09 

sco3859  DNA-binding protein  -0.82 -0.74    -1.11 



 569 

   Medium and time (min) 

   Rich liquid SMM liquid 
Gene ID Name Description 15 30 60 15 30 60 120 
sco4898  TetR family transcriptional regulator  -1.14 -1.42   -0.91 -1.12 

sco0116  TetR family transcriptional regulator  -1.63 -1.91   -0.83 -1.12 

sco3335  AraC family transcription regulator  -0.94 -1.72    -1.12 

sco6068 cvnB6 hypothetical protein   -0.86    -1.12 

sco3274  hypothetical protein  -1.03 -1.01   -0.79 -1.13 

sco5426 pfkA2 6-phosphofructokinase  -0.57 -1.00   -0.78 -1.14 

sco4600 nuoB2 NADH dehydrogenase subunit NuoB2   -1.22   -0.65 -1.14 

sco0412  hypothetical protein  -3.00 -2.95    -1.15 

sco1818 tyrS tyrosyl-tRNA synthetase  -0.79     -1.15 

sco3974  hypothetical protein  -0.77 -1.31   -0.68 -1.16 

sco3068 sigI RNA polymerase sigma factor   -0.88   -0.69 -1.16 
sco5240 wblE hypothetical protein   1.16   -0.81 -1.17 

sco3961 serS seryl-tRNA synthetase   -0.59   -0.70 -1.18 

sco5038  hypothetical protein  -0.81 -0.90   -0.73 -1.18 

sco2194 lipA lipoyl synthase  -0.65 -1.36   -0.73 -1.19 

sco2696  2-hydroxyacid dehydrogenase  -1.10 -1.98    -1.20 

sco7303  TetR family transcriptional regulator  -1.25 -2.06   -0.69 -1.20 

sco0411  hypothetical protein  -2.92 -2.37   -1.19 -1.22 

sco6448  AraC-like transcriptional regulator  -1.21 -1.96   -0.65 -1.23 

sco7585  MerR family transcriptional regulator  -2.92 -1.27   -1.04 -1.25 

sco5068  TetR family transcriptional regulator  -1.55 -2.95   -0.98 -1.26 

sco7809  TetR family transcriptional regulator   -0.88   -0.96 -1.27 
sco1002  hypothetical protein   -1.41    -1.33 

sco0753  hypothetical protein   -0.77  -0.77 -0.68 -1.36 

sco3275  MerR family transcriptional regulator  -1.27 -1.28   -0.88 -1.39 

sco2671  globin   -0.76   -1.11 -1.44 

sco4738 coaA pantothenate kinase   -1.46   -1.00 -1.51 

sco2682  hypothetical protein  -1.06 -1.54   -0.90 -1.54 

sco2814  methyltransferase  -0.81 -1.36   -1.00 -1.58 

sco2235  hypothetical protein  -1.80 -1.98   -0.91 -1.61 

sco7695  hypothetical protein   -1.69   -0.74 -1.75 

sco4391  hypothetical protein  -0.89 -0.92   -1.03 -1.93 

sco4901  adenosine deaminase  1.07 1.18   1.28  
sco1830  hypothetical protein 0.72 1.04 0.77   0.74  
sco4223  AraC family transcription regulator  0.99    0.70  
sco5652  hypothetical protein   -0.99   -0.60  
sco5532  transcriptional regulator  -0.79    -0.60  
sco1448  transporter  1.00   1.21   
Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Appendix 11 

 

sRNAs differentially expressed relative to ‘time = 0’ reference samples following cold-

shock 

Table A11.1 Log2-fold changes in expression of 83 sRNAs DE following cold-shock. 

 Medium and time (min) 

 Rich liquid SMM liquid SMMS solid 
Gene ID 15 30 60 15 30 60 120 15 30 60 120 
sRNA124 1.80 1.76 3.82    1.99     
sRNA194 1.32 2.20 3.67    2.31     
sRNA216 2.07 1.41 3.59         
sRNA090   3.48         
sRNA069  2.45 3.14    1.50     
sRNA208 1.28 1.27 2.69  1.20 1.71 2.46     
sRNA096   2.50    1.32     
sRNA214   2.43   3.58 3.77     
sRNA135   2.30         
sRNA126  1.26 2.20   1.82 2.26     
sRNA091   2.19         
sRNA116  1.12 2.16         
sRNA142   2.15         
sRNA179   2.09         
sRNA198 0.57 1.09 2.06   1.22 2.69     
sRNA002  0.75 2.04    0.84     
sRNA122   2.04         
sRNA224 0.98 1.36 2.02   1.33 1.97     
sRNA019  1.14 2.02   1.11 2.24     
sRNA189  0.74 1.99         
sRNA132   1.99   2.31 1.80     
sRNA102   1.94         
sRNA044  0.92 1.92         
sRNA136   1.90    1.07     
sRNA118   1.88   0.90 2.49     
sRNA193   1.88         
sRNA030   1.86   1.10 2.00     
sRNA192 0.99 1.59 1.76         
sRNA215   1.70         
sRNA229 0.81 0.89 1.69    1.06     
sRNA101   1.65         
sRNA003   1.64         
sRNA218   1.62         
sRNA211   1.62    1.78     
sRNA152   1.62         
sRNA027   1.57    1.13     
sRNA052   1.56   1.42 2.11     
sRNA077   1.54    1.07     
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 Medium and time (min) 

 Rich liquid SMM liquid SMMS solid 
Gene ID 15 30 60 15 30 60 120 15 30 60 120 
sRNA213   1.51         
sRNA184   1.49    1.47     
sRNA171  1.17 1.48         
sRNA099   1.47         
sRNA020   1.45         
sRNA081   1.43         
sRNA021   1.42         
sRNA227 0.88  1.40         
sRNA087 0.73 0.99 1.33   1.23 2.08     
sRNA046   1.33         
sRNA120   1.31         
sRNA068   1.31         
sRNA158   1.26   1.15 1.90     
sRNA154   1.22   1.68 2.17     
sRNA093   1.22         
sRNA174  1.02 1.19   0.83 2.22     
sRNA228   1.17        -0.74 

sRNA097   1.16         
sRNA175   1.13    1.40     
sRNA029   1.12         
sRNA202   1.11    1.12     
sRNA200   1.04         
sRNA016   1.03         
sRNA053   0.99         
sRNA182   0.95         
sRNA085   0.93         
sRNA143   0.83         
sRNA201   0.83        -0.80 

sRNA004   0.81    1.43     
sRNA130   -0.93   1.49 0.94    -1.03 

sRNA199  -0.67 -1.01         
sRNA177  -2.14 -1.22         
sRNA156  -1.65 -1.78         
sRNA024       2.77     
sRNA039       1.82     
sRNA005       1.73     
sRNA223       1.67     
sRNA212       1.39     
sRNA210       1.37     
sRNA048       1.18     
sRNA137           -0.69 

sRNA146           -1.13 

sRNA157           -1.66 

sRNA109      -0.63      
sRNA165  -1.02          
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Values are based on the average of two biological replicates and only significant results 

(adjusted p-val < 0.05) are shown. 
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Appendix 12 

Selected genes differentially expressed (DE) following cold-shock  

These tables are discussed in Section 4.2.2.5 

Table A12.1 Log2-fold changes in expression of 17 genes forming parts of putative cold-shock operons relative to ‘time=0’ reference samples 

in three media following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco4295  cold shock protein              1.22  
sco6439  DNA-binding protein              0.84  
sco0527  cold shock protein               1.22 

sco3748  cold shock protein   2.86        0.97  1.11  0.73 

sco4325  cold shock protein B              0.86 0.64 

sco4505  cold shock protein   0.89             
sco4504  methyltransferase 2.10 3.49 4.25  1.36 2.41 2.95    4.42 2.04 1.10   
sco3731  cold-shock protein   1.89    0.86    0.81    0.80 

sco3732  DEAD/DEAH box helicase  4.17 4.12   2.71 3.18    3.23 2.14 1.41  1.84 

sco3733  hypothetical protein  1.70 2.65   0.81 1.99     1.28 1.17  1.95 
sco4684  cold shock protein 5.73 6.47 8.43  3.20 4.54 5.44  3.68 2.62 7.13 1.34    
sco4685  DEAD/DEAH box helicase 6.45 9.99 10.47  6.25 8.47 9.59    6.47     
sco4686  hypothetical protein  5.11 6.74   5.42 7.16         
sco5921  cold-shock domain-containing protein 6.22 6.82 8.87  3.49 4.72 5.65  4.13 1.43 7.23 1.15    
sco5920  DEAD/DEAH box helicase 6.94 11.20 11.80   2.01 3.70    7.14 2.30    
sco5919  hypothetical protein  6.48 9.13   3.13 4.90    4.34     
sco5918  hypothetical protein  3.22 8.04   1.77 4.61    4.95     
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Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 

Table A12.2 Log2-fold changes in expression of 12 paralogous genes involved in translation relative to ‘time=0’ reference samples in three media 

following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco5190 wblC DNA-binding protein  0.94 1.15        1.67    0.86 

sco3334 trpS tryptophanyl-tRNA synthetase 1.88 2.36 4.02      1.83  2.06     
sco4839 trpS2 tryptophanyl-tRNA synthetase   -1.03    -0.61        0.42 

sco7600 alaS2 alanyl tRNA synthetase 1.77 3.07 4.25   2.51 3.87    1.96     
sco6149 rsgA ribosome-associated GTPase 0.78 1.68 2.19   0.87 1.59    1.11    1.18 

sco1321 tuf3 elongation factor Tu  1.07 2.12   1.13 2.75         
sco1528 fusA elongation factor G  0.81 2.36             
sco6589 fusB elongation factor G  1.03 2.09         1.37    
sco5796 hflX hypothetical protein  0.68 1.12          -0.92  -0.64 

sco1631 helY helicase  0.87 0.99          -0.43   
sco2972 prfB peptide chain release factor 2   0.60             
sco6089 lrm antibiotic resistance rRNA adenine methyltransferase       1.45         

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A12.3 Log2-fold changes in expression of 10 paralogous genes encoding ribosomal-associated proteins relative to ‘time=0’ reference 

samples in three media following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco0570 rpmG3 50S ribosomal protein L33   1.38         1.02   -1.54 

sco0569 rpmJ2 50S ribosomal protein L36   1.37         1.24   -1.42 

sco5624 rpsB 30S ribosomal protein S2       -0.73      1.43  2.22 

sco7652  acetyltransferase   -0.91    -0.92     -0.82    
sco4751  acetyltransferase       -0.76      0.65   
sco5708 rbfA ribosome-binding factor A   0.69             
sco2577  hypothetical protein   0.68            0.61 

sco2533  metalloprotease   0.59             
sco1782  hypothetical protein   0.72             
sco5645  23S rRNA (adenine(2503)-C(2))-methyltransferase RlmN   0.49             

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 

Table A12.4 Log2-fold changes in expression of four paralogous genes encoding helicases relative to ‘time=0’ reference samples in three media 

following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco5166  helicase  1.01 1.72   1.00 2.36     0.99    
sco5183  ATP-dependent DNA helicase  1.21 1.27   0.77 1.11     1.06 0.98   
sco2952  helicase   -0.69         2.18 2.08   
sco6262  helicase       0.77        0.64 

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A12.5 Log2-fold changes in expression of 11 genes encoding aminoacyl-tRNA synthetases relative to ‘time=0’ reference samples in three 

media following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco3334 trpS tryptophanyl-tRNA synthetase 1.88 2.36 4.02      1.83  2.06     
sco4839 trpS2 tryptophanyl-tRNA synthetase   -1.03    -0.61        0.42 

sco3303 lysK lysyl-tRNA synthetase   -0.84   -0.61 -0.96      0.70  0.78 

sco3792  methionyl-tRNA synthetase   -0.76   -0.71 -1.03      0.59  0.97 

sco3961 serS seryl-tRNA synthetase   -0.59   -0.70 -1.18      0.98  0.87 

sco3397  integral membrane lysyl-tRNA synthetase   -1.43             
sco2615 valS valyl-tRNA synthetase   -0.77             
sco1531 thrS threonyl-tRNA synthetase   -0.63            0.80 

sco1818 tyrS tyrosyl-tRNA synthetase  -0.79     -1.15        0.71 

sco5547 gltX glutamyl-tRNA synthetase       -0.66        0.84 
sco3795 aspS aspartyl-tRNA synthetase       -0.55      0.87  0.92 

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 

 

  



 577 

Table A12.6 Log2-fold changes in expression of 7 genes encoding molecular chaperones relative to ‘time=0’ reference samples in three media 

following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco7516 htpG heat shock protein 90   -0.96    -0.69     -1.08    
sco1510  peptidyl-prolyl cis-trans isomerase  -0.74 -1.52    -0.77      0.57   
sco3671 dnaK molecular chaperone DnaK      -0.67 -0.99        1.06 

sco3670 grpE heat shock protein GrpE      -0.61 -0.96        1.10 

sco3669 dnaJ chaperone protein DnaJ       -0.82        1.20 

sco2554 dnaJ2 chaperone protein DnaJ      -0.57 -0.81      0.41  1.00 

sco1638 fkbP peptidyl-prolyl cis-trans isomerase       -0.71        1.30 

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A12.7 Log2-fold changes in expression of 9 genes involved in cell wall and membrane biosynthesis relative to ‘time=0’ reference samples 

in three media following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco3682 des delta fatty acid desaturase  3.71 5.08   4.48 6.33    1.30     
sco3681  hypothetical protein 1.11 5.09 5.78  2.28 5.12 6.24    3.76     
sco2168 pspA hypothetical protein   1.69   1.03 2.08     -0.72 -0.83   
sco6179 cwgA nucleotide-sugar dehydratase 0.93 1.70 2.99   1.73 2.43         
sco6180 cwgB transferase  0.90 1.74   3.39 4.20      1.28   
sco0920 olsA acyltransferase       1.20     -3.25 -5.28   
sco4877  hypothetical protein   -0.93    1.18     -4.41 -7.81   
sco0193 litR DNA-binding regulator           1.67     
sco0195 litA lipoprotein           2.68     

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A12.8 Log2-fold changes in expression of 4 genes noted for their role in conferring resistance to vancomycin relative to ‘time=0’ reference 

samples in three media following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 

Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 

sco3592 vanJ hypothetical protein   0.97    1.22         

sco3593 vanK hypothetical protein   1.44             

sco3596 vanX D-alanine:D-alanine dipeptidase   1.53             

sco2166 abrB2 two component sensor kinase       1.19         

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A12.9 Log2-fold changes in expression of 11 oxidative stress response genes relative to ‘time=0’ reference samples in three media 

following cold-shock and in control cultures.  

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco1568 pqrA TetR family transcriptional regulator 4.68 5.09 5.50 2.25 3.39 4.48 5.13    5.27     
sco1567 pqrB transmembrane-transport protein 1.82 4.56 4.73  2.32 4.27 5.21    4.08     
sco3897 inoY hypothetical protein  -0.64 -0.65   -0.59 -0.95     0.98 2.78 0.66 2.16 

sco3899 inoA hypothetical protein      -0.97 -1.58      1.34  1.53 

sco1545 mshD (1) acetyltransferase   -0.73            1.00 

sco4151 mshD (2) acetyltransferase   -1.34    -0.61     -0.62    
sco7427 nsrR hypothetical protein 1.03 0.89 1.57          -1.16  0.93 

sco7428 hmpA1 flavohemoprotein  1.61 1.44             
sco3133 tamR MarR family regulatory protein   1.07    1.15         
sco0485 cchN TetR family transcriptional regulator  -0.83     -0.73        0.80 
sco0487 cchL MarR family transcriptional regulator   -0.87             

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 

Table A12.10 Log2-fold changes in expression of 43 genes composing the ‘redox stress cluster’ relative to ‘time=0’ reference samples in three 

media following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco0161  hypothetical protein                
sco0162  hypothetical protein 1.72 2.91 3.23         4.50    
sco0163  hypothetical protein            0.97    
sco0164  cation-transporting ATPase                
sco0165  hypothetical protein  1.09 2.38         2.18    
sco0166  regulator   1.10   0.59 1.18        -2.60 
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   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco0167  hypothetical protein 2.18 3.07 3.63         5.06 -1.03   
sco0168  regulator protein 2.43 2.96 2.98         3.49 -1.86   
sco0169  hypothetical protein 2.29 2.80 3.06         3.79 -1.58   
sco0170  hypothetical protein 0.80 1.06 1.49         2.57 -0.98   
sco0171  nicotinate phosphoribosyltransferase 2.24 2.64 2.27         4.09 -1.53   
sco0172  hypothetical protein   1.52         3.02    
sco0173  hypothetical protein 0.82 0.96 1.73         2.34    
sco0174  DNA-binding protein 3.69 4.16 4.26         5.42    
sco0175  hypothetical protein  0.92 1.67         1.06  -0.93  
sco0176  hypothetical protein                
sco0177  hypothetical protein 0.75 0.93 1.22         4.81    
sco0178  hypothetical protein               0.74 

sco0179  zinc-containing dehydrogenase            3.30    
sco0180  hypothetical protein 1.50 1.84 2.05         4.74 -1.35   
sco0181  hypothetical protein 1.63 2.06 1.94         4.58 -0.87   
sco0197  hypothetical protein            4.55 -1.22  1.04 

sco0198  hypothetical protein  0.84          5.11    
sco0199  alcohol dehydrogenase  0.96          5.85 -1.17   
sco0200 uspA hypothetical protein            5.89 -1.18   
sco0201  hypothetical protein            5.61   1.91 

sco0202  hypothetical protein  0.84 1.23         2.23 1.31   
sco0203 osdK two-component sensor   0.80          -0.63   
sco0204 osdR LuxR family transcriptional regulator 1.62 2.07 1.79         1.63 -1.39   
sco0207  hypothetical protein            5.29    
sco0208 pdk2 pyruvate phosphate dikinase 1.45 1.87 1.51         6.04    
sco0209  hypothetical protein            4.21 2.18   
sco0210  hypothetical protein            5.20   1.19 
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   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco0211  hypothetical protein 1.67 1.80 1.77         6.21    
sco0212  hypothetical protein            3.73    
sco0213 narK2 nitrate/nitrite transporter            3.17 -2.04   
sco0214  hypothetical protein 3.41 3.93 4.10         4.49    
sco0215  hypothetical protein 2.21 3.56 2.93         3.98 -1.17   
sco0216 narG2 nitrate reductase subunit alpha NarG2 1.93 2.91 2.10         6.78    
sco0217 narH2 nitrate reductase subunit beta NarH2 2.21 3.35 2.05         7.11    
sco0218 narJ2 nitrate reductase subunit delta NarJ2  3.33 1.70         6.67    
sco0219 narI2 nitrate reductase subunit delta NarI2            5.70 -1.77   
sco0220  hypothetical protein  1.36 1.50         6.11 -1.90   

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A12.11 Log2-fold changes in expression of ten osmotic stress response genes relative to ‘time=0’ reference samples in three media 

following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco5243 sigH RNA polymerase sigma factor   -0.53             
sco3068 sigI RNA polymerase sigma factor   -0.88   -0.69 -1.16        0.77 

sco5244 prsH anti-sigma factor   -0.49             
sco3067 arsI anti anti sigma factor   1.24           1.35  
sco2281 aor1 two-component system response-regulator   -0.68          0.69   
sco1864 ectA acetyltransferase  0.63          0.81  -0.89 1.07 

sco1866 ectC L-ectoine synthase       -0.75         
sco1087  aldolase   1.05    1.21     3.35   -3.92 

sco1088  oxidoreductase  2.80 3.50   2.45 3.04     5.21 0.78  -4.18 

sco1089  hypothetical protein 2.71 4.67 4.88   2.67 3.10     5.93 1.47 -0.85 -4.90 

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Table A12.12 Log2-fold changes in expression of eight genes encoding antibiotic efflux pumps relative to ‘time=0’ reference samples in three 

media following cold-shock and in control cultures. 

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco3366  exporter  1.03 2.58   0.82 2.77         
sco3367  TetR family transcriptional regulator   1.66   0.78 1.47    1.52     
sco4121  hypothetical protein  2.35 4.13  1.98 2.49 2.50     7.38 2.05   
sco7662 cmlR2 chloramphenicol resistance protein  0.65 1.02    0.94     1.18 1.10  0.75 

sco3956 areA ABC transporter ATP-binding protein      0.82 2.23     -1.72 -1.06 -1.22  
sco3957 areB hypothetical protein       2.02       -1.35  
sco3958 areC ABC transporter ATP-binding protein       1.30     -1.20  -1.04  
sco3959 areD hypothetical protein              -0.93  

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 

Table A12.13 Log2-fold changes in expression of eight genes encoding a gyrase and nucleoid associated proteins relative to ‘time=0’ reference 

samples in three media following cold-shock and in control cultures.  

   Cold-shock Control 

   Rich liquid SMM liquid SMMS sold RL SMM SMMS 
Gene ID Name Description 15 30 60 15 30 60 120 15 30 60 120 15 60 120 120 
sco3874 gyrB DNA gyrase subunit B       0.59    1.08     
sco3793 yjqA hypothetical protein      1.08 1.50    0.98     
sco3571 crp transcriptional regulator -0.46 -1.41 -1.55   -0.68 -0.77      0.67  0.47 

sco2140  transcriptional regulator  -1.29 -0.88   -0.96 -1.07     -0.74    
sco3375 lsr2 Lsr2-like protein     -0.47 -0.72 -0.99      0.93 0.66  
sco3767 terB hypothetical protein  -0.94 -1.46    -1.07     -1.21 -0.98   

Values are based on the average of two biological replicates and only significant results (adjusted p-val < 0.05) are shown. 
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Appendix 13 

 

Lists of genes contributing to each GSEA GO category 

Table A13.1 List of genes contributing to each GSEA GO category for molecular function. 

  Cold-shock Control 

Description 
Rich 
liquid 

SMM 
liquid 

SMMS 
solid 

Rich 
liquid 

SMM 
liquid 

SMMS 
solid 

nucleic acid 
binding 

sco0504 

  

sco0504 

    

sco0504 

sco1631 sco1471 sco0527 

sco1998 sco1520 sco1041 

sco3545 sco1631 sco1152 

sco3731 sco1998 sco1471 

sco3732 sco3731 sco1501 

sco3748 sco3732 sco1520 

sco4096 sco3748 sco1827 

sco4505 sco4096 sco1998 

sco4684 sco4505 sco2003 

sco4685 sco4684 sco2299 

sco5166 sco4685 sco2599 

sco5357 sco4708 sco2793 

sco5602 sco5166 sco3545 

sco5704 sco5357 sco3550 

sco5812 sco5361 sco3731 

sco5920 sco5704 sco3732 

sco5921 sco5737 sco3748 

sco6840 sco5920 sco3795 

sco7397 sco5921 sco3884 

sco7600 sco6084 sco4092 

  sco7600 sco4096 

    sco4325 

    sco4684 

    sco4708 

    sco4727 

    sco5056 

    sco5357 

    sco5361 

    sco5388 

    sco5704 

    sco5737 

    sco5815 

    sco7284 
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    sco7397 

helicase 
activity 

sco0504 sco2737 

  

sco0504 

  

sco0504 

sco1631 sco3469 sco1167 sco1152 

sco3732 sco3732 sco1475 sco1167 

sco4096 sco4685 sco2000 sco1475 

sco4321 sco5166 sco2952 sco1518 

sco4685 sco5183 sco3109 sco1519 

sco5166 sco5357 sco3550 sco2000 

sco5183 sco5920 sco3732 sco2952 

sco5357 sco6262 sco3911 sco3550 

sco5920 sco7051 sco4092 sco3732 

sco7051   sco4096 sco3911 

    sco4195 sco4092 

    sco4316 sco4096 

    sco4321 sco4195 

    sco4577 sco4316 

    sco5166 sco4321 

    sco5183 sco5166 

    sco5184 sco5183 

    sco5357 sco5184 

    sco5761 sco5357 

    sco5802 sco5815 

    sco5815 sco6262 

    sco5920   

    sco6262   

    sco7051   
RNA helicase 
activity 

sco0504 

  

sco0504 

      

sco1631 sco1631 

sco3732 sco3732 

sco4096 sco4096 

sco4685 sco4685 

sco5166 sco5166 

sco5920 sco5920 

catalytic 
activity 

sco0131 

      

sco0069 

  

sco0135 sco0267 

sco0346 sco0315 

sco0361 sco0346 

sco0427 sco0461 

sco0465 sco0465 

sco0499 sco0470 

sco0546 sco0492 

sco0590 sco0499 

sco0668 sco0546 
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sco0731 sco0616 

sco0805 sco0617 

sco0910 sco0668 

sco0948 sco0731 

sco0982 sco0805 

sco0983 sco0907 

sco1055 sco0939 

sco1176 sco0945 

sco1213 sco0982 

sco1223 sco0983 

sco1230 sco1022 

sco1254 sco1054 

sco1289 sco1055 

sco1360 sco1087 

sco1371 sco1213 

sco1373 sco1230 

sco1391 sco1243 

sco1394 sco1244 

sco1417 sco1245 

sco1441 sco1294 

sco1473 sco1371 

sco1546 sco1378 

sco1570 sco1530 

sco1577 sco1613 

sco1579 sco1622 

sco1613 sco1792 

sco1848 sco1821 

sco1888 sco1838 

sco1908 sco1848 

sco1969 sco1859 

sco1989 sco1865 

sco2014 sco1868 

sco2015 sco1908 

sco2053 sco1921 

sco2111 sco1969 

sco2125 sco1989 

sco2157 sco2003 

sco2194 sco2014 

sco2208 sco2033 

sco2210 sco2194 

sco2226 sco2226 

sco2238 sco2234 

sco2241 sco2238 
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sco2255 sco2388 

sco2321 sco2393 

sco2363 sco2516 

sco2407 sco2548 

sco2455 sco2559 

sco2548 sco2579 

sco2579 sco2769 

sco2602 sco2778 

sco2626 sco2782 

sco2769 sco2897 

sco2782 sco2925 

sco2886 sco3127 

sco2925 sco3171 

sco3028 sco3462 

sco3037 sco3566 

sco3174 sco3658 

sco3227 sco3816 

sco3230 sco3920 

sco3233 sco4047 

sco3246 sco4160 

sco3306 sco4288 

sco3345 sco4327 

sco3385 sco4429 

sco3400 sco4550 

sco3463 sco4594 

sco3569 sco4595 

sco3580 sco4645 

sco3622 sco4765 

sco3651 sco4809 

sco3658 sco4814 

sco3816 sco4827 

sco3842 sco4836 

sco3920 sco4869 

sco4041 sco4914 

sco4047 sco4917 

sco4106 sco4932 

sco4209 sco4958 

sco4290 sco4974 

sco4327 sco4987 

sco4366 sco5042 

sco4429 sco5136 

sco4469 sco5143 

sco4492 sco5161 
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sco4550 sco5212 

sco4580 sco5223 

sco4645 sco5226 

sco4770 sco5364 

sco4771 sco5415 

sco4808 sco5470 

sco4809 sco5486 

sco4827 sco5534 

sco4836 sco5645 

sco4958 sco5655 

sco4987 sco5676 

sco5039 sco5760 

sco5143 sco5787 

sco5165 sco5808 

sco5172 sco5888 

sco5226 sco6013 

sco5273 sco6150 

sco5281 sco6175 

sco5353 sco6176 

sco5423 sco6187 

sco5431 sco6222 

sco5442 sco6243 

sco5470 sco6269 

sco5499 sco6277 

sco5501 sco6279 

sco5523 sco6308 

sco5546 sco6339 

sco5568 sco6341 

sco5676 sco6412 

sco5680 sco6461 

sco5746 sco6462 

sco5787 sco6471 

sco5808 sco6472 

sco5888 sco6522 

sco5890 sco6564 

sco5892 sco6583 

sco5986 sco6663 

sco6013 sco6697 

sco6145 sco6698 

sco6151 sco6699 

sco6176 sco6700 

sco6308 sco6730 

sco6339 sco6765 
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sco6412 sco6766 

sco6438 sco6768 

sco6457 sco6800 

sco6461 sco6975 

sco6462 sco7121 

sco6471 sco7132 

sco6480 sco7245 

sco6522 sco7437 

sco6564 sco7440 

sco6612 sco7537 

sco6663 sco7572 

sco6670 sco7682 

sco6766 sco7683 

sco6768   

sco6800   

sco6824   

sco7017   

sco7020   

sco7081   

sco7095   

sco7100   

sco7124   

sco7245   

sco7334   

sco7440   

sco7572   

sco7604   

sco7663   
RNA binding 

    

sco1490 sco1472 

  

sco1490 

sco1505 sco1490 sco1501 

sco1597 sco1505 sco1505 

sco2599 sco1531 sco1531 

sco2677 sco1552 sco1552 

sco3909 sco1594 sco1594 

sco4652 sco1597 sco1597 

sco4701 sco1598 sco1598 

sco4702 sco1768 sco1768 

sco4703 sco2013 sco1818 

sco4704 sco2073 sco2013 

sco4705 sco2539 sco2073 

sco4706 sco2563 sco2563 

sco4707 sco2597 sco2597 

sco4708 sco2599 sco2599 
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sco4709 sco2677 sco2677 

sco4711 sco3124 sco3124 

sco4712 sco3149 sco3149 

sco4713 sco3836 sco3881 

sco4715 sco3881 sco3884 

sco4716 sco3884 sco3896 

sco4717 sco3896 sco3906 

sco4718 sco3906 sco3908 

sco4719 sco3908 sco3909 

sco4727 sco3909 sco4028 

sco4728 sco4028 sco4092 

sco5166 sco4092 sco4236 

sco5357 sco4182 sco4325 

sco5572 sco4236 sco4648 

sco5704 sco4648 sco4649 

sco5709 sco4649 sco4652 

sco5737 sco4652 sco4659 

sco5745 sco4659 sco4660 

sco5972 sco4660 sco4701 

sco6149 sco4701 sco4702 

sco7051 sco4702 sco4703 

  sco4703 sco4704 

  sco4704 sco4705 

  sco4705 sco4706 

  sco4707 sco4707 

  sco4708 sco4708 

  sco4709 sco4709 

  sco4711 sco4711 

  sco4712 sco4712 

  sco4713 sco4713 

  sco4714 sco4714 

  sco4715 sco4715 

  sco4716 sco4716 

  sco4717 sco4717 

  sco4718 sco4718 

  sco4719 sco4719 

  sco4721 sco4721 

  sco4725 sco4725 

  sco4727 sco4727 

  sco4728 sco4728 

  sco4731 sco4731 

  sco4735 sco4735 

  sco5211 sco5111 
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  sco5357 sco5357 

  sco5359 sco5359 

  sco5572 sco5572 

  sco5586 sco5592 

  sco5592 sco5704 

  sco5704 sco5709 

  sco5709 sco5736 

  sco5736 sco5737 

  sco5812 sco5972 

  sco6149 sco6149 

  sco7326 sco7326 

structural 
constituent of 
ribosome 

  

sco0436 sco1505 sco0436 

  

sco1505 

sco1480 sco1599 sco0569 sco1598 

sco1505 sco1998 sco0570 sco1599 

sco1598 sco3427 sco1505 sco2563 

sco1599 sco3428 sco1598 sco2596 

sco1998 sco3909 sco1599 sco2597 

sco2282 sco4652 sco1998 sco3124 

sco2563 sco4701 sco2282 sco3880 

sco2596 sco4702 sco2563 sco3906 

sco2597 sco4703 sco2596 sco3908 

sco3124 sco4704 sco2597 sco3909 

sco3429 sco4705 sco3124 sco4635 

sco3430 sco4706 sco3427 sco4648 

sco3880 sco4707 sco3428 sco4649 

sco3906 sco4708 sco3880 sco4652 

sco3908 sco4709 sco3906 sco4653 

sco3909 sco4710 sco3908 sco4659 

sco4635 sco4711 sco3909 sco4660 

sco4648 sco4712 sco4635 sco4701 

sco4649 sco4713 sco4648 sco4702 

sco4652 sco4715 sco4649 sco4703 

sco4653 sco4716 sco4652 sco4704 

sco4659 sco4717 sco4653 sco4705 

sco4660 sco4718 sco4659 sco4706 

sco4703 sco4719 sco4660 sco4707 

sco4704 sco4720 sco4701 sco4708 

sco4705 sco4726 sco4702 sco4709 

sco4706 sco4727 sco4703 sco4710 

sco4707 sco4728 sco4704 sco4711 

sco4708   sco4705 sco4712 

sco4709   sco4708 sco4713 

sco4712   sco4709 sco4714 
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sco4713   sco4710 sco4715 

sco4714   sco4711 sco4716 

sco4715   sco4712 sco4717 

sco4716   sco4713 sco4718 

sco4718   sco4714 sco4719 

sco4720   sco4715 sco4720 

sco4721   sco4716 sco4721 

sco4726   sco4717 sco4726 

sco4727   sco4718 sco4727 

sco4728   sco4719 sco4728 

sco4730   sco4720 sco4730 

sco4734   sco4721 sco4734 

sco4735   sco4726 sco4735 

sco5359   sco4727 sco5564 

sco5591   sco4728 sco5571 

sco5595   sco4730 sco5591 

sco5624   sco4734 sco5595 

sco6743   sco4735 sco5624 

    sco5359 sco5736 

    sco5564   

    sco5571   

    sco5591   

    sco5595   

    sco5624   

    sco5736   
rRNA binding 

    

sco1505 sco1505 

  

sco1505 

sco2677 sco1598 sco1598 

sco2685 sco2539 sco2563 

sco3425 sco2563 sco2597 

sco3430 sco2597 sco2677 

sco3906 sco2677 sco3124 

sco3909 sco3124 sco3906 

sco4648 sco3906 sco3908 

sco4652 sco3908 sco3909 

sco4659 sco3909 sco4648 

sco4660 sco4648 sco4649 

sco4702 sco4649 sco4652 

sco4703 sco4652 sco4659 

sco4704 sco4659 sco4660 

sco4705 sco4660 sco4702 

sco4706 sco4702 sco4703 

sco4707 sco4703 sco4704 

sco4708 sco4704 sco4705 
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sco4709 sco4705 sco4706 

sco4711 sco4706 sco4707 

sco4712 sco4707 sco4708 

sco4713 sco4708 sco4709 

sco4714 sco4709 sco4711 

sco4715 sco4711 sco4712 

sco4716 sco4712 sco4713 

sco4717 sco4713 sco4714 

sco4718 sco4714 sco4715 

sco4719 sco4715 sco4716 

sco4725 sco4716 sco4717 

sco4727 sco4717 sco4718 

sco4728 sco4718 sco4719 

sco5572 sco4719 sco4721 

sco5645 sco4721 sco4725 

sco6149 sco4725 sco4727 

  sco4727 sco4728 

  sco4728 sco5111 

  sco5211 sco5572 

  sco5359 sco5736 

  sco5572 sco6149 

  sco5645   

  sco5736   

  sco6149   
tRNA binding 

  

sco1501 

  

sco1531 

  

sco1501 

sco1531 sco1594 sco1531 

sco1594 sco1595 sco1594 

sco1595 sco2076 sco1595 

sco2677 sco2677 sco2076 

sco2904 sco3303 sco2677 

sco3303 sco3881 sco3303 

sco3961 sco3961 sco3881 

sco4182 sco4182 sco3961 

sco4649 sco4649 sco4649 

sco4660 sco4659 sco4659 

sco4709 sco4660 sco4660 

sco4714 sco4701 sco4701 

sco4727 sco4709 sco4709 

sco5547 sco4714 sco4714 

sco5645 sco4727 sco4727 

  sco5111 sco5111 

  sco5362 sco5547 

  sco5645   
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oxidoreductase 
activity 

    

sco0122 

  

sco0158 sco0158 

sco0162 sco0256 sco0300 

sco0179 sco0259 sco0336 

sco0192 sco0330 sco0379 

sco0199 sco0333 sco0382 

sco0215 sco0339 sco0384 

sco0216 sco0379 sco0387 

sco0219 sco0420 sco0419 

sco0229 sco0459 sco0560 

sco0300 sco0560 sco0592 

sco0349 sco0564 sco0774 

sco0379 sco0645 sco0999 

sco0382 sco0647 sco1088 

sco0429 sco0670 sco1163 

sco0462 sco0681 sco1174 

sco0484 sco0737 sco1198 

sco0511 sco0769 sco1573 

sco0522 sco0848 sco1612 

sco0560 sco0884 sco1623 

sco0670 sco0890 sco1661 

sco0689 sco0907 sco1682 

sco0690 sco0923 sco1692 

sco0741 sco0984 sco1715 

sco0774 sco1040 sco1977 

sco0780 sco1088 sco2026 

sco0801 sco1112 sco2103 

sco0911 sco1198 sco2183 

sco0975 sco1199 sco2191 

sco1088 sco1201 sco2371 

sco1109 sco1270 sco2469 

sco1112 sco1345 sco2473 

sco1132 sco1346 sco2486 

sco1133 sco1378 sco2487 

sco1134 sco1428 sco2585 

sco1201 sco1454 sco2633 

sco1461 sco1612 sco2726 

sco1482 sco1623 sco3236 

sco1554 sco1661 sco3247 

sco1623 sco1711 sco4055 

sco1661 sco1814 sco4109 

sco1681 sco1815 sco4119 

sco1690 sco1867 sco4304 

sco1692 sco1937 sco4418 
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sco1701 sco1947 sco4566 

sco1750 sco2101 sco4568 

sco1763 sco2118 sco4595 

sco1773 sco2148 sco4773 

sco1867 sco2156 sco4842 

sco1937 sco2276 sco4912 

sco2026 sco2369 sco4913 

sco2054 sco2397 sco4947 

sco2081 sco2469 sco4950 

sco2106 sco2478 sco4956 

sco2107 sco2482 sco4971 

sco2148 sco2633 sco4972 

sco2149 sco2634 sco5072 

sco2180 sco2693 sco5073 

sco2183 sco2774 sco5075 

sco2369 sco2779 sco5086 

sco2397 sco2781 sco5092 

sco2469 sco2901 sco5223 

sco2486 sco2940 sco5273 

sco2487 sco2941 sco5299 

sco2598 sco3051 sco5354 

sco2634 sco3440 sco5515 

sco2640 sco3460 sco5522 

sco2651 sco3636 sco5666 

sco2752 sco3800 sco5671 

sco2774 sco3817 sco5679 

sco2781 sco3831 sco6100 

sco2927 sco3889 sco6102 

sco3037 sco3890 sco6170 

sco3051 sco4048 sco6171 

sco3204 sco4089 sco6172 

sco3313 sco4109 sco6211 

sco3314 sco4297 sco6255 

sco3316 sco4418 sco6270 

sco3382 sco4550 sco6272 

sco3443 sco4595 sco6281 

sco3460 sco4683 sco6282 

sco3614 sco4764 sco6289 

sco3682 sco4773 sco6290 

sco3701 sco4774 sco6291 

sco3728 sco4780 sco6441 

sco3730 sco4827 sco6658 

sco3746 sco5031 sco6661 
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sco3758 sco5223 sco6762 

sco3800 sco5225 sco6767 

sco3823 sco5226 sco6938 

sco3831 sco5262 sco6984 

sco3834 sco5385 sco7239 

sco3835 sco5417 sco7241 

sco3842 sco5492 sco7357 

sco3877 sco5510 sco7362 

sco4109 sco5515 sco7363 

sco4168 sco5559 sco7444 

sco4266 sco5657 sco7468 

sco4297 sco5666 sco7507 

sco4382 sco5679 sco7511 

sco4566 sco5693 sco7684 

sco4568 sco5694 sco7686 

sco4595 sco5805   

sco4683 sco6039   

sco4771 sco6041   

sco4824 sco6042   

sco4828 sco6051   

sco4841 sco6061   

sco4912 sco6106   

sco4913 sco6170   

sco4947 sco6171   

sco4971 sco6291   

sco5072 sco6473   

sco5073 sco6535   

sco5075 sco6551   

sco5092 sco6559   

sco5223 sco6587   

sco5225 sco6661   

sco5299 sco6699   

sco5354 sco6700   

sco5417 sco6717   

sco5514 sco6762   

sco5515 sco6791   

sco5519 sco6799   

sco5520 sco6938   

sco5657 sco6984   

sco5693 sco7000   

sco5879 sco7005   

sco5897 sco7006   

sco6026 sco7040   
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sco6041 sco7066   

sco6051 sco7094   

sco6100 sco7109   

sco6102 sco7114   

sco6204 sco7120   

sco6473 sco7200   

sco6475 sco7223   

sco6535 sco7239   

sco6658 sco7241   

sco6661 sco7264   

sco6717 sco7363   

sco6729 sco7475   

sco6767 sco7507   

sco6787 sco7511   

sco6793 sco7548   

sco6834 sco7590   

sco7000 sco7625   

sco7040 sco7684   

sco7101 sco7686   

sco7119 sco7705   

sco7319     

sco7353     

sco7388     

sco7475     

sco7507     

sco7553     

sco7623     

sco7684     

sco7686     

sco7784     
ligase activity 

  

sco0171 

      

sco0171 

sco0506 sco1212 

sco0546 sco1213 

sco1212 sco1483 

sco1213 sco1484 

sco1501 sco1501 

sco1508 sco1508 

sco1531 sco1531 

sco1594 sco1594 

sco1595 sco1595 

sco1663 sco1776 

sco1818 sco1818 

sco1852 sco1852 



 599 

sco2089 sco2076 

sco2131 sco2086 

sco2210 sco2088 

sco2238 sco2089 

sco2445 sco2131 

sco2504 sco2504 

sco2561 sco2571 

sco2615 sco2615 

sco2917 sco2776 

sco3037 sco2777 

sco3303 sco3060 

sco3629 sco3303 

sco3792 sco3304 

sco3795 sco3334 

sco3961 sco3595 

sco4068 sco3629 

sco4071 sco3778 

sco4077 sco3792 

sco4078 sco3795 

sco4079 sco3961 

sco4087 sco4068 

sco4235 sco4071 

sco4785 sco4077 

sco4808 sco4078 

sco4809 sco4079 

sco4839 sco4087 

sco4921 sco4235 

sco4926 sco4785 

sco5498 sco4808 

sco5499 sco4809 

sco5501 sco4839 

sco5535 sco5498 

sco5547 sco5499 

sco5560 sco5501 

sco5699 sco5547 

sco6060 sco5560 

sco6436 sco5699 

sco6552 sco6552 

  sco7036 

  sco7522 

ATP-
dependent 
protein folding 
chaperone 

  

sco1405 

      

sco2899 

sco3671 sco3671 

sco4296 sco4296 
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sco4761 sco4761 

sco4762 sco4762 

sco7516   
unfolded 
protein binding 

  

sco1405 

      

sco2554 

sco2554 sco2899 

sco3669 sco3669 

sco3670 sco3670 

sco3671 sco3671 

sco4296 sco4296 

sco4761 sco4761 

sco4762 sco4762 

sco7516   
hydrolase 
activity, 
hydrolyzing O-
glycosyl 
compounds 

  

sco0105 

        

sco0284 

sco0534 

sco0535 

sco0554 

sco0674 

sco0766 

sco0787 

sco0829 

sco0960 

sco1062 

sco1187 

sco1188 

sco1226 

sco1394 

sco1429 

sco1444 

sco1451 

sco1777 

sco1830 

sco2291 

sco2292 

sco2427 

sco2503 

sco2661 

sco2758 

sco2786 

sco2943 

sco3444 

sco3471 

sco3479 
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sco5440 

sco5443 

sco5456 

sco5931 

sco5954 

sco6012 

sco6082 

sco6345 

sco6545 

sco6546 

sco6548 

sco6665 

sco6944 

sco7263 

sco7338 

sco7406 

sco7575 

sco7577 

peroxidase 
activity 

  

sco0465 

        

sco2276 

sco2369 

sco4444 

sco5032 

sco6204 

sco6531 

sco7193 

magnesium ion 
binding 

  

sco0347 

        

sco0782 

sco0821 

sco1169 

sco1476 

sco1495 

sco1527 

sco1594 

sco1595 

sco1916 

sco2014 

sco2044 

sco2089 

sco2147 

sco2234 

sco2509 

sco3096 
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sco3122 

sco3123 

sco3136 

sco3405 

sco3409 

sco3629 

sco3650 

sco3717 

sco3858 

sco3960 

sco4041 

sco4079 

sco4086 

sco4204 

sco4449 

sco4744 

sco4808 

sco5423 

sco5514 

sco5562 

sco6013 

sco6471 

sco7154 

sco7443 

sco7629 

sco7638 

polysaccharide 
binding 

  

sco0554 

        

sco0674 

sco1187 

sco1188 

sco2291 

sco2292 

sco5954 

sco6545 

sco6546 

sco6548 

hydrolase 
activity, acting 
on glycosyl 
bonds 

  

sco0105 

        

sco0284 

sco0529 

sco0554 

sco0674 

sco0766 

sco0960 
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sco1187 

sco1394 

sco1429 

sco1444 

sco1451 

sco1583 

sco1971 

sco2292 

sco2427 

sco2503 

sco2626 

sco2661 

sco2758 

sco3471 

sco3479 

sco5286 

sco5466 

sco5931 

sco5954 

sco6232 

sco6428 

sco6546 

sco6548 

sco7015 

sco7020 

sco7069 

sco7577 

 

Table A13.2 List of genes contributing to each GSEA GO category for biological 

process 

  Cold-shock Control 

Description 
Rich 
liquid 

SMM 
liquid 

SMMS 
solid 

Rich 
liquid 

SMM 
liquid 

SMMS 
solid 

regulation of 
gene 
expression 

sco0155 

  

sco0428 

    

sco0116 

sco0250 sco0430 sco0250 

sco0430 sco0485 sco0296 

sco0622 sco0508 sco0302 

sco0800 sco0622 sco0332 

sco1430 sco0772 sco0485 

sco1568 sco1135 sco0508 

sco2319 sco1193 sco0521 

sco2374 sco1568 sco0527 

sco2775 sco2319 sco0622 
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sco3167 sco2374 sco0772 

sco3201 sco3167 sco0800 

sco3367 sco3367 sco0857 

sco3731 sco3731 sco1003 

sco3748 sco3748 sco1094 

sco3833 sco3833 sco1104 

sco4008 sco4454 sco1135 

sco4099 sco4499 sco1193 

sco4270 sco4505 sco1210 

sco4313 sco4639 sco1699 

sco4640 sco4640 sco1904 

sco4684 sco4684 sco2223 

sco4871 sco4940 sco2280 

sco4940 sco4952 sco2319 

sco4977 sco4977 sco2374 

sco5296 sco5517 sco2775 

sco5418 sco5532 sco2815 

sco5517 sco5921 sco2994 

sco5906 sco6121 sco3129 

sco5921 sco6694 sco3201 

sco6144 sco6778 sco3315 

sco6474 sco7794 sco3346 

sco6599   sco3367 

sco6694   sco3731 

sco6781   sco3748 

sco6792   sco3769 

sco7364   sco3833 

sco7794   sco3979 

    sco4025 

    sco4099 

    sco4167 

    sco4194 

    sco4270 

    sco4305 

    sco4313 

    sco4325 

    sco4385 

    sco4454 

    sco4480 

    sco4499 

    sco4639 

    sco4640 

    sco4684 
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    sco4850 

    sco4942 

    sco5068 

    sco5384 

    sco5418 

    sco5532 

    sco5572 

    sco5951 

    sco6071 

    sco6299 

    sco6474 

    sco6599 

    sco6694 

    sco6775 

    sco7552 

    sco7584 

    sco7624 

    sco7651 

    sco7694 

    sco7815 

cellular oxidant 
detoxification 

sco0154 sco0465 

        

sco0465 sco0469 

sco0469 sco2276 

sco0560 sco2369 

sco2276 sco2671 

sco2369 sco2885 

sco2671 sco2901 

sco2885 sco4444 

sco2901 sco5032 

sco3701 sco5254 

sco3871 sco6204 

sco4444 sco6339 

sco4472 sco6531 

sco4834 sco7129 

sco4835 sco7193 

sco4937   

sco5031   

sco5032   

sco6339   

sco6420   

sco6531   

sco7193   

sco7353   



 606 

sco7590   
arginine 
biosynthetic 
process 

sco1570 

        

sco1483 

sco1576 sco1484 

sco1577 sco1570 

sco1578 sco1576 

sco1579 sco1577 

sco1580 sco1578 

sco5976 sco1579 

sco6487 sco1580 

sco7036 sco5976 

  sco7036 

siderophore-
dependent iron 
import into cell 

sco0496 

    

sco0496 

    

sco0497 sco0497 

sco0997 sco1786 

sco1786 sco1787 

sco1787 sco2273 

sco2273 sco7398 

sco7398   
translation 

  

sco0883 sco0569 sco0436 

  

sco1491 

sco1211 sco1150 sco0569 sco1501 

sco1473 sco1321 sco0570 sco1505 

sco1480 sco1491 sco0883 sco1508 

sco1491 sco1505 sco1473 sco1531 

sco1501 sco1594 sco1491 sco1594 

sco1505 sco1595 sco1505 sco1595 

sco1508 sco1599 sco1531 sco1598 

sco1531 sco1600 sco1594 sco1599 

sco1594 sco1998 sco1595 sco1600 

sco1595 sco2076 sco1598 sco1818 

sco1598 sco2504 sco1599 sco2058 

sco1599 sco2571 sco1600 sco2076 

sco1600 sco2677 sco1818 sco2563 

sco1818 sco3125 sco1998 sco2571 

sco2058 sco3304 sco2058 sco2596 

sco2282 sco3334 sco2076 sco2597 

sco2504 sco3425 sco2282 sco2677 

sco2563 sco3427 sco2504 sco3124 

sco2596 sco3428 sco2563 sco3125 

sco2597 sco3430 sco2571 sco3303 

sco2615 sco3778 sco2596 sco3778 

sco2677 sco3909 sco2597 sco3792 

sco3124 sco4560 sco2677 sco3795 

sco3125 sco4648 sco3124 sco3880 
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sco3303 sco4652 sco3125 sco3906 

sco3304 sco4659 sco3303 sco3908 

sco3792 sco4660 sco3304 sco3909 

sco3795 sco4661 sco3334 sco3961 

sco3880 sco4662 sco3425 sco4235 

sco3906 sco4701 sco3427 sco4560 

sco3908 sco4702 sco3428 sco4635 

sco3961 sco4703 sco3429 sco4648 

sco4235 sco4704 sco3792 sco4649 

sco4560 sco4705 sco3795 sco4652 

sco4635 sco4706 sco3880 sco4653 

sco4648 sco4707 sco3906 sco4659 

sco4649 sco4708 sco3908 sco4660 

sco4652 sco4709 sco3909 sco4661 

sco4653 sco4710 sco3961 sco4662 

sco4660 sco4711 sco4235 sco4701 

sco4661 sco4712 sco4560 sco4702 

sco4662 sco4713 sco4635 sco4703 

sco4704 sco4715 sco4648 sco4704 

sco4706 sco4716 sco4649 sco4705 

sco4709 sco4717 sco4652 sco4706 

sco4712 sco4718 sco4653 sco4707 

sco4713 sco4719 sco4659 sco4708 

sco4714 sco4720 sco4660 sco4709 

sco4718 sco4725 sco4661 sco4710 

sco4725 sco4726 sco4662 sco4711 

sco4727 sco4727 sco4701 sco4712 

sco4728 sco4728 sco4702 sco4713 

sco4730 sco4730 sco4703 sco4714 

sco4734 sco5352 sco4704 sco4715 

sco4839 sco5360 sco4705 sco4716 

sco5221 sco5498 sco4706 sco4717 

sco5359 sco5499 sco4707 sco4718 

sco5498 sco5501 sco4708 sco4719 

sco5499 sco5625 sco4709 sco4720 

sco5501 sco5706 sco4710 sco4721 

sco5547 sco6436 sco4711 sco4725 

sco5591 sco6589 sco4712 sco4726 

sco5595 sco6743 sco4713 sco4727 

sco5624   sco4714 sco4728 

sco5625   sco4715 sco4730 

sco5699   sco4716 sco4734 

sco6436   sco4717 sco4735 
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sco6743   sco4718 sco5359 

    sco4719 sco5498 

    sco4720 sco5499 

    sco4721 sco5501 

    sco4725 sco5547 

    sco4726 sco5564 

    sco4727 sco5571 

    sco4728 sco5591 

    sco4730 sco5595 

    sco4734 sco5624 

    sco4735 sco5625 

    sco5221 sco5627 

    sco5359 sco5699 

    sco5360 sco5703 

    sco5564 sco5706 

    sco5571 sco5736 

    sco5591   

    sco5595   

    sco5624   

    sco5625   

    sco5627   

    sco5703   

    sco5706   

    sco5736   

    sco6589   
pentose-
phosphate 
shunt 

    

sco0975 

      

sco1935 

sco1936 

sco1937 

sco1939 

sco3877 

sco6658 

sco6661 

sco6662 

purine 
nucleotide 
biosynthetic 
process 

  

sco0782 

      

sco1254 

sco1254 sco3059 

sco3123 sco3060 

sco3629 sco3123 

sco4068 sco3629 

sco4071 sco4068 

sco4077 sco4071 

sco4078 sco4077 

sco4079 sco4078 



 609 

sco4086 sco4079 

sco4087 sco4086 

sco4770 sco4087 

sco4771 sco4770 

sco4785 sco4771 

sco4814 sco4785 

  sco4813 

  sco4814 

  sco4824 

tRNA 
aminoacylation 
for protein 
translation 

  

sco1531 

      

sco1531 

sco1818 sco1818 

sco2504 sco2076 

sco2615 sco2504 

sco3303 sco2571 

sco3792 sco2615 

sco3795 sco3303 

sco3961 sco3304 

sco4235 sco3334 

sco4839 sco3778 

  sco3792 

  sco3795 

  sco3961 

  sco4235 

  sco4839 

  sco5699 

protein folding 

  

sco1405 

      

sco2554 

sco2554 sco2620 

sco2620 sco2899 

sco3669 sco3669 

sco3670 sco3670 

sco3671 sco3671 

sco4296 sco4296 

sco4761 sco4761 

sco4762 sco4762 

sco7510   

sco7516   
chaperone 
cofactor-
dependent 
protein 
refolding   

sco2554 

      

sco2554 

sco3669 sco2899 

sco4296 sco3669 

sco4761 sco4296 

sco4762 sco4761 

  sco4762 

  sco1018       sco1018 



 610 

cell wall 
organization 

sco1212 sco1212 

sco1213 sco1213 

sco1326 sco1326 

sco1396 sco1499 

sco2084 sco2084 

sco2089 sco2086 

sco2949 sco2087 

sco3122 sco2088 

sco3811 sco2089 

sco3847 sco3122 

sco4013 sco3595 

sco4439 sco3672 

sco4643 sco3771 

sco5365 sco3811 

sco5560 sco3847 

sco6060 sco3884 

sco7047 sco4013 

  sco4439 

  sco4643 

  sco5365 

  sco5560 

regulation of 
cell shape 

  

sco1018 

      

sco1212 

sco1212 sco1213 

sco1213 sco1326 

sco1326 sco2084 

sco2084 sco2085 

sco2089 sco2086 

sco2607 sco2087 

sco2949 sco2088 

sco3122 sco2089 

sco3811 sco3122 

sco3846 sco3595 

sco3894 sco3811 

sco4439 sco3846 

sco4643 sco3884 

sco5560 sco3894 

sco6060 sco4439 

sco7047 sco5560 

cobalamin 
biosynthetic 
process 

  

sco1213 

      

sco1213 

sco1553 sco1553 

sco1554 sco1847 

sco1847 sco1848 

sco1848 sco1849 



 611 

sco1849 sco1851 

sco1851 sco1852 

sco1852 sco1853 

sco1853 sco1855 

sco1855 sco1856 

sco1856 sco1857 

sco1857 sco2177 

sco2173 sco5960 

sco3282 sco5961 

sco3283   

sco5381   

sco5960   

sco5961   
response to 
heat 

  

sco1405 

      

sco2554 

sco2554 sco3661 

sco3661 sco3669 

sco3669 sco4296 

sco4762 sco4762 

sco7516   
glutamine 
metabolic 
process 

  

sco0912 

      

sco1213 

sco1213 sco1483 

sco1522 sco1522 

sco1848 sco1776 

sco1852 sco1848 

sco2051 sco1852 

sco2789 sco2789 

sco3851 sco4078 

sco4078 sco4086 

sco4086 sco4740 

sco4740 sco4785 

sco4785   

sco7049   
cellular amino 
acid 
biosynthetic 
process 

  

sco0985 

        

sco1494 

sco1912 

sco1916 

sco1961 

sco2036 

sco2037 

sco2043 

sco2044 

sco2048 

sco2051 



 612 

sco2052 

sco2053 

sco2054 

sco2115 

sco2147 

sco2587 

sco2640 

sco3014 

sco3615 

sco3920 

sco4366 

sco5212 

sco5353 

sco5355 

sco5470 

sco5514 

sco5515 

sco5523 

sco7154 

response to 
oxidative 
stress 

  

sco2267 

        

sco2396 

sco2986 

sco4444 

sco4595 

sco5031 

sco5032 

sco5216 

sco6061 

sco6204 

sco6531 

sco7111 

sco7590 

protein 
localization to 
plasma 
membrane 

  
sco3286 

        

sco3607 

glycolytic 
process 

  

sco1946 

        

sco1947 

sco2014 

sco2126 

sco3096 

sco3649 

sco4209 

sco5423 
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sco5426 

sco6260 

sco7638 

DNA-
templated 
transcription, 
initiation 

  

sco0037 

        

sco0159 

sco0194 

sco0632 

sco0942 

sco1276 

sco1332 

sco2465 

sco2639 

sco2742 

sco3626 

sco4005 

sco4409 

sco4895 

sco4908 

sco4960 

sco5147 

sco5621 

sco6520 

sco7341 

protein 
insertion into 
membrane 

  sco2851         
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Appendix 14 

Probes used for depletion of unwanted non-coding RNA. 

All probes are shown 5′ to 3′. 

 

Set one – to remove all 18 rRNAs plus rnpB, ssrA and srp (319 probes).  

(see Section 4.2.2.1).  

Table A14.1 Unwanted RNA removal probes, set one. Probes are shown 5 to 3. 

AAGGAGGTGATCCAGCCGCACCTTCCGGTACGGCTACCTTGTTACGACTTCGTC 

AAGTCGTTACGCCATTCGTGCAGGTCGGAACTTACCCGACAAGGAATTTCGCTA 

AAGTGGTTCATCGTTCGACTTGCATGTGTTAAGCACGCCGCCAGCGTTCGTCCTGA 

AATAATCCGACCGTTCACAGCGTCCTCGCTGTTGTGTTACTTCAAAGGAA 

AATCACTAGACCAGTGAGCTATTACGCACTCTTTCAAGGGTGGCTGCTTCTAAGC 

AATCAGGGCTTCTCCGTGTGCAGTCCGCTTCGATTTTCTCGGCCCCGGAGATCACG 

AATGCTGATCTGCGATTACTAGCGACTCCGACTTCATGGGGTCGAGTTGCAGAC 

ACAACGTGGAATGTTGCCCACACCTAGTGCCCACCGTTTACGGCGTGGACTACCA 

ACAGCCATGCACCACCTGTACACCGACCACAAGGGGGGCACCATCTCTGATGCTTTCC 

ACATAAGGGGCATGATGACTTGACGTCGTCCCCACCTTCCTCCGAGTTGACCCCG 

ACCTCGCAACACACCGCAAACTCGCAGGCTCATTCTTCAAAAGGCACGCAGTCACGACG 

ACGCTTTCGCTCCTCAGCGTCAGTATCGGCCCAGAGATCCGCCTTCGCCACCGGTGT 

ACTACGGGGGTCTTACCCTCTACGCCGGACCTTTCGCATG 

ACTCAACACCTGATTGCCAACCAGGCTGAGGGAACCTTTGGGCGCCTCCGTTACT 

ACTTAATGCGTTAGCTGCGGCACGGACAACGTGGAATGTTGCCCACACCTAGTGCCCA 

AGAACCAGCTATCACGGAGTTTGATTGGCCTTTCACCCCTAACCACAGGTCATC 

AGACTGGTATTTCAACGACGACTCCACCCACACTGGCGTGCGAGCTTCAAAGTCT 

AGGACAAGCCCTCGGCCTATTAGTACCGGTCACCTCCACA 

ATAATTCCGGACAACGCTTGCGCCCTACGTATTACCGCGGCTGCTGGCACGTAGTTA 

ATATCTGCGCATTTCACCGCTACACCAGGAATTCCGATCTCCCCTACCGAACTCTAG 

ATCACTCCGCTTCGGGTCTTGAGCGTGCTACTAAAAACGC 

ATCCACCGTGCGCCCTTAAAAACTTGGCCACAGATGCTCG 

ATCCTTCACCGCCGGAGCTTTCGAACCTCGCAGATGCCTGCGAGGGTCAGTATCC 

ATGCTCTGGGCTGTTTCCCTCTCGACCATGGAGCTTATCCCCCACAGTCTCACTG 

ATGTAACCGGGCGTTTCCCCTACGCTATGACCACCGAAAC 

ATTAAGCCACATGCTCCGCCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTTA 

ATTACTAGCGACTCCGACTTCATGGGGTCGAGTTGCAGACCCCAATCCGAACTGAGA 

ATTGTACCGGCCATTGTAGCACGTGTGCAGCCCAAGACATAAGGGGCATGATGACTTGA 

ATTGTGCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGGCCGTGTCTCAGTC 

CAAACCATCCCGTCGATATGGACTCTTGGGGAAGATCAGCCTGTTATC 

CAAACGTTTCTCACGTTTGTATCGCTACTCATGCCTGCATTCTCACTC 
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CAACACCCCGAAGGGCTTGCTGGCAACACGGGACAAGGGTTG 

CAACACGGGACAAGGGTTGCGCTCGTTGCGGGACTTAACC 

CAAGAAACACACGACGCTGCACCTAAATGCATTTCGGGGAGAACCAGCTATCA 

CAAGGCATCCACCGTGCGCCCTTAAAAACTTGGCCACAGA 

CAAGGTGTGCGGATTTACCTACACACCGGCCTACACCCTTAC 

CAAGTCCTTGCGCGACGCTCCCACGGCTTGTAGGCACACGGTTTCAGGTACTATTT 

CAATATCAAACTGTAGTAAAGGTCCCGGGGTCTTTCCGTCCTGCTGCGCGAAA 

CAATCCGAACTGAGACCGGCTTTTTGAGATTCGCTCCACCTTGCGGTAT 

CACACCAGAGGTTCGTCCGTCCCGGTCCTCTCGTACTAGG 

CACACGCAACCCCTGCCGGGTCTCACACGTATACGGTTTG 

CACACTGGCGTGCGAGCTTCAAAGTCTCCCAGCTATCCTACACAAG 

CACATCCTTTCCCACTTAGCGTACGCTTAGGGGCCTTAGTCGATGCTCTG 

CACCCCCAGCTCAGAGTGCAAAACTCGTCACCAGGTGTGG 

CACCCGGGTTAACCTCGCAACACACTGCAAACTCGCAGGC 

CACCGAAGTGGTTCATCGTTCGACTTGCATGTGTTAAGCAC 

CACCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTC 

CACCTTCCTCCGAGTTGACCCCGGCGGTCTCCCGTGAGTC 

CACCTTCGACAGCTCCCTCCCACAAGGGGTTGGGCCACCGGCTTCGGGTGTTA 

CACGCACCCGCCAGAGCCGACCTACCCTTGCTGCCTTCCG 

CACGCAGTCACGAGACACCAAGCAAGCTTGATGTCCGACGCTCCCACGGCTTGTAGGCAC 

CACGCAGTCACGAGGATGGAGCAAGCTCCATCCCGACGCTC 

CACGCAGTCACGAGGATGGAGCAAGCTCCATCCCGACGCTCCCACGGCTTGTAGGCA 

CACGCTTTCGCTCCTCAGCGTCAGTATCGGCCCAGAGATC 

CACTCCCCTCAACTCCGAAGAGATCAGGGCGGCTTCACGG 

CAGACCCCAATCCGAACTGAGACCGGCTTTTTGAGATTCG 

CAGACCGTAAAAGAGAGATCCCACAACCCCGCACACGCAACCCCTGCCGGGTCTCA 

CAGACGAGTCGGGCTGTACGCCGGGTTCTGTTCCGACGGG 

CAGAGATCCGCCTTCGCCACCGGTGTTCCTCCTGATATCTG 

CAGATGCTCGCGTCCACTGTGCAGTTCTCAAACAACGACC 

CAGATTGCCCACGTGTTACTCACCCGTTCGCCACTAATCC 

CAGCTATCCTACACAAGCCGAACCGAACACCAATATCAAACTGTAGTAAA 

CAGCTCAGAGTGCAAAACTCGTCACCAGGTGTGGCCCCCCTTCTCCCGAAGTTA 

CAGGAACCCTTAGTCAATCGGCGCAAACGTTTCTCACGTTT 

CAGTACCATCGGCGCTGTAAGGCTTAGCTTCCGGGTTCGAAATGTAAC 

CAGTCACGACGCAAGGACAAGTCCTTGCGCGACGCTCCCAC 

CAGTCACGAGACACCAAGCAAGCTTGATGTCCGACGCTCC 

CAGTCACTGTTTGGTTTCCCTCTTCACCCCGTGACCGGGATCAA 

CAGTCGTCTACTGGGAGCCTTAACCCCTCAAGGGGGTGGGAGTCCTCATCTCGAA 

CAGTCTCACTGCCGCGCTCTCACTTACCGGCATTCGGAGTTTG 

CAGTTAAACTACCCATCAGACACTGTCCCTGATCCGGATCAC 

CATCACAGCCGGCGTTGGCCGTATTGCTGCAATGACACGACTTC 

CATCACTCACCTACTAACCGCTTGGTTCGGCGGCTCCACC 
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CATCAGGTCTCAGACTCATGTCAGGCGGATTTACCTACCTGAC 

CATCAGGTCTCAGCCACAAGGTGTGCGGATTTACCTACAC 

CATCCATCTAGGACCGGCGTTGCCACCGGCCTCCAGCGGTCTAC 

CATCCTTCACCGCCGGAGCTTTCGAACCTCGCAGATGCCT 

CATCGCCTATCCAGTGCTCTACCTCCGGCAAGAAACACAC 

CATCTCTGATGCTTTCCGGTGTATGTCAAGCCTTGGTAAGGTTCTTC 

CATGCCCTTGGCAGGACAACTGGCACACCAGAGGTTCGTC 

CATTACCTCACCAACAAGCTGATAGGCCGCGGGCTCATCCTTC 

CATTCGGACACCCCCGGATCAAAGCCTGGTTGACGACTCC 

CATTCGGAGTTTGGCTAAGGTCAGTAACCCGGTAGGGCCCATCG 

CATTCTTCAAAAGGCACGCAGTCACGAGGATGGAGCAAGC 

CCAAGCAAGCTTGATGTCCGACGCTCCCACGGCTTGTAGGCACACGGTTTCAGGTACTA 

CCACAATCGGCTCGGCATCAGGTCTCAGCCACAAGGTGTG 

CCAGGATCAAACTCTCCGTGAATGTATACCCGTAATCGGG 

CCAGGATGCGACGAGCCGACATCGAGGTGCCAAACCATCC 

CCATCACTCACCTACTAACCGCTTGGTTCGGCGGCTCCAC 

CCATGAAACTCGCTAGAGGCTTTTCTCGACAGCATAGGATCATC 

CCGAAGCCTCCGGCGGTCTGCTTTCTGTGGCACTGTCCCG 

CCGGCCTACACCCTTACCCCGGGACAACCACCGCCCGGGATGGACTACC 

CCGGGTTAACCTCGCAACACACCGCAAACTCGCAGGCTCATTCTTCAAAAGGCACGC 

CCGTCAATTCCTTTGAGTTTTAGCCTTGCGGCCGTACTCC 

CGCACCTTCCGGTACGGCTACCTTGTTACGACTTCGTCCCAATCGCCAGTCCCA 

CGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAG 

CGGAATCACTAGACCAGTGAGCTATTACGCACTCTTTCAAGG 

CGGTGTTCCTCCTGATATCTGCGCATTTCACCGCTACACC 

CGTATTGCTGCAATGACACGACTTCGGCGGTACGCTTGAG 

CGTCCTACTCTCCCACAGGGTCCCCCCTGCAGTACCATCG 

CGTCGCTGCATCAGGCTTTCGCCCATTGTGCAATATTCCC 

CTAACCACAGGTCATCCCCCAGGTTTTCAACCCTGGTGGGTTCGGTCC 

CTACATTGTCGGCGCGGAATCACTAGACCAGTGAGCTATTA 

CTACCGAACTCTAGCCTGCCCGTATCGACTGCAGACCCGGGGTTAAGCCCCG 

CTACCTTGTTACGACTTCGTCCCAATCGCCAGTCCCACCTTCG 

CTACCTTGTTACGACTTCGTCCCAATCGCCAGTCCCACCTTCGACAG 

CTACCTTGTTACGACTTCGTCCCAATCGCCAGTCCCACCTTCGACAGCTCCCT 

CTACGGCTTCCCCACCCGGGTTAACCTCGCAACACACCGC 

CTACGGCTTCCCCACTCGGGTTAACCTCGCAACACACCGC 

CTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGCGCTTCTTCTG 

CTACTAACCGCTTGGTTCGGCGGCTCCACCACTCCCCTCAACTCCGAAGAGATCA 

CTACTTGGGTGTCTCTCAAACGAGCCGTTGACGTTTCGACTAC 

CTAGAGGCTTTTCTCGACAGCATAGGATCATCCACTTCACCACAATC 

CTATCAACCCAGTCGTCTACTGGGAGCCTTAACCCCTCAAGG 

CTATGGTTGAGACAGTCGAGAAGTCGTTACGCCATTCGTG 
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CTATTAGTACCGGTCACCTCCACACCTCACGGTGCTTCCAGATCCGGCCTATCAACC 

CTCACGGTACTATCCGCTATCGGTCACCAGGGAATATTTAGGCTTAG 

CTCATCTCGAAGCAGGCTTCCCGCTTAGATGCTTTCAGCGGTTATC 

CTCCAGCGGTCTACCCGCGGACTCGGGCGGGCAGCCCTCGAACGTCCGCGCAGAAG 

CTCCCACGTCCTTCATCGGTTCCTGGTGCCAAGGCATCCAC 

CTCGAACGTCCGCGCAGAAGCACCGGGGTGCTTCCTTCTTGACCTTGCTC 

CTCGGGTTAACCTCGCAACACACCGCAAACTCGCAGGCTCATTCTTCAAAAGGCACGC 

CTCGGTATTCTCTACCTGACCACCTGAGTCGGTTTAGGGTAC 

CTCTCACTTACCGGCATTCGGAGTTTGGCTAAGGTCAGTAAC 

CTCTCAGGCCGGCTACCCGTCGTCGCCTTGGTGAGCCATTAC 

CTCTTACAGCCGCTTCAACCTGCCCATGGCTAGATCACTC 

CTCTTTACGCCCAATAATTCCGGACAACGCTTGCGCCCTACGTATTAC 

CTGATATCTGCGCATTTCACCGCTACACCAGGAATTCCGATCTC 

CTGCGCGAAACGAGCATCTTTACTCGTAGTGCAATTTCAC 

CTGCTGGGAGGAATCGCGCTTGGTGTTGGCGATTATTTTT 

CTGGGCACTGGTGGTCTCTTACACCACCGTTTCACCCTTAC 

CTGTAAGGCTTAGCTTCCGGGTTCGAAATGTAACCGGGCGTTTCCCCTAC 

CTGTGGAGCCCGGACGTTCCTCGGGAAGTCCCGTGAGGGACTC 

CTTAACCCAACATCTCACGACACGAGCTGACGACAGCCATG 

CTTAACGTTCCAGCACCGGGCAGGCGTCAGTCCGTATACATC 

CTTAATGCGTTAGCTGCGGCACGGACAACGTGGAATGTTG 

CTTACCCTCTACGCCGGACCTTTCGCATGTCCTTCGCCTACATC 

CTTAGATGCTTTCAGCGGTTATCCCTCCCGAACGTAGCCAAC 

CTTAGGATGGTTATAGTTACCACCGCCGTTTACTGGCGCTTAAGTTCTCA 

CTTAGGGGCCTTAGTCGATGCTCTGGGCTGTTTCCCTCTCG 

CTTAGGTCCCGACTTACCCTGGGCAGATCAGCTTGACCCAG 

CTTAGTAGGAGGCTCGCTTCGCTACCTGAGATCAGGCAGCGAGGGCGAAGG 

CTTAGTCAATCGGCGCAAACGTTTCTCACGTTTGTATCGCTACTCATG 

CTTAGTCGATGCTCTGGGCTGTTTCCCTCTCGACCATGGAGCTTATC 

CTTCAAAGTCTCCCAGCTATCCTACACAAGCCGAACCGAACACCAATA 

CTTCAACCTGCCCATGGCTAGATCACTCCGCTTCGGGTCTTGAG 

CTTCCACAAGCCACCGCCGGATCACTAGTCCCGACTTTCGTCCCTG 

CTTCCAGATCCGGCCTATCAACCCAGTCGTCTACTGGGAG 

CTTCCCCTGCTTCGACAGCCGCTGTCGAAACCGATCATCC 

CTTCTAAGCCAACCTCCTGGTTGTCTGTGCGACTCCACATCCTTTC 

CTTCTCAAGACTCCTACGCGCACAGCGGATAGGGACCGAAC 

CTTCTCCCGAAGTTACGGGGGCATTTTGCCGAGTTCCTTAACCA 

CTTCTTCCCTGCTGAAAGAGGTTTACAACCCGAAGGCCGTCATC 

CTTGAGCGTGCTACTAAAAGCGCCCTATTCGGACTCGCTT 

CTTGTAGGCACACGGTTTCAGGTACTATTTCACTCCGCTCCC 

CTTGTAGGCACACGGTTTCAGGTACTATTTCACTCCGCTCCCG 

CTTGTCCCAGAGTGAAGGGCAGATTGCCCACGTGTTACTC 
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CTTGTGCACTTACACTCAACACCTGATTGCCAACCAGGCTGAGGGAACCTTT 

CTTTAATGGGCGAACAGCCCAACCCTTGGGACCGACTCCAG 

CTTTCACAACCGACGTGACAAGCCGCCTACGAGCTCTTTACGCCCAATAATT 

CTTTCGCATGTCCTTCGCCTACATCAACGGTTTCTGACTC 

GAAACGAGCATCTTTACTCGTAGTGCAATTTCACCGGGCCTATGGTTGAG 

GAAAGGAGGTGATCCAGCCGCACCTTCCGGTACGGCTACC 

GAAATGTGACTAACCGGTCCCCTTAACGTTCCAGCACCGGGCAGGC 

GAACAGCCCCGGGCTGACACTCCCTTAGTAGGAGGCTCGCTTC 

GAACCGAACACCAATATCAAACTGTAGTAAAGGTCCCGGGGTCTTTC 

GAACCTTTGGGCGCCTCCGTTACTCTTTAGGAGGCAACCG 

GAACGTATTCACCGCAGCAATGCTGATCTGCGATTACTAG 

GAACTGTCTCACGACGTTCTAAACCCAGCTCGCGTACCGCTTTAATG 

GAAGAGATCAGGGCGGCTTCACGGCCTTAGCATCACGATG 

GAATATCAACCGGTTATCCATCGACTACGCCTGTCGGCCTCGCCTTAGGTC 

GAATATTTAGGCTTAGCGGGTGGTCCCGCCAGATTCACACGGGATTTCTC 

GAATCACGGTTGTTTTCTCTTCCTGCGGGTACTGAGATGTTTCACTTC 

GAATCGAACCCGCGTCCAACGGTGCGGAATCAGGGCTTCTC 

GACAACCACCGCCCGGGATGGACTACCTTCCTGCGTCACCCCAT 

GACAAGGAATTTCGCTACCTTAGGATGGTTATAGTTACCACCGCCGTTTA 

GACATAAGGGGCATGATGACTTGACGTCGTCCCCACCTTC 

GACATCGAGGTGCCAAACCATCCCGTCGATATGGACTCTTG 

GACCCGTCGGTCTCACAGTCAAGCTCCCTTGTGCACTTAC 

GACTACCAGGGTATCTAATCCTGTTCGCTCCCCACGCTTTCG 

GACTTACCCTGGGCAGATCAGCTTGACCCAGGAACCCTTAGTCAATC 

GACTTTCGTCCCTGCTCGACCCGTCGGTCTCACAGTCAAG 

GAGATCACGCGGACAAGTCTCCGACGGGCCCAGTCACTGT 

GAGCTTTCGAACCTCGCAGATGCCTGCGAGGGTCAGTATCCGGTATTAGACCCCGTT 

GAGTTCCTTAACCATAGTTCACCCGAACGCCTCGGTATTCTCTACCTGAC 

GAGTTTGGCTAAGGTCAGTAACCCGGTAGGGCCCATCGCCTATCCAGTGCTCTA 

GATAGGCCGCGGGCTCATCCTTCACCGCCGGAGCTTTCGA 

GATAGGGACCGAACTGTCTCACGACGTTCTAAACCCAGCTC 

GATCAAACTCTCCGTGAATGTATACCCGTAATCGGGTGAC 

GATCAAAGCCTGGTTGACGACTCCCCGGGGCCTATCGTGG 

GATCAAGGTTTAGTCCCCTAGCTGATGCCAGGATCCGGGTC 

GATCACGGACCCAGGTTAGACATCCAGCACGACCAGACTG 

GATCACTCCGCTTCGGGTCTTGAGCGTGCTACTAAAACGC 

GATCTCCCCTACCGAACTCTAGCCTGCCCGTATCGACTGCAGAC 

GATGGACTACCTTCCTGCGTCACCCCATCACTCACCTACTAAC 

GATGGAGCAAGCTCCATCCCGACGCTCCCACGGCTTGTAGGCACACGGTTTCAGGTACT 

GATTTCTCGGGCCCCGTGCTACTTGGGTGTCTCTCAAACGAG 

GCAGATGCCTGCGAGGGTCAGTATCCGGTATTAGACCCCGTTTCCAGGGCTTGTCCCA 

GCAGGCGTCAGTCCGTATACATCGCCTTACGGCTTCGCAC 
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GCCACCGGCTTCGGGTGTTACCGACTTTCGTGACGTGACG 

GCCAGATTCACACGGGATTTCTCGGGCCCCGTGCTACTTG 

GCCTATTAGTACCGGTCACCTCCACACCTCACGGTGCTTCCAGATCCGGCCTATCAAC 

GCGGATTTACCTACCTGACGTCCTACACCCTTACCCCGGGACAACCACCGC 

GCGTGCTACTAAAACGCCCTATTCGGACTCGCTTTCGCTACGGCTTCC 

GCTCCCCTACCCATCACAGCCGGCGTTGGCCGTATTGCTG 

GCTTATCCCCCACAGTCTCACTGCCGCGCTCTCACTTACC 

GGACAAGCCCTCGGCCTATTAGTACCGGTCACCTCCACAC 

GGAGAACCAGCTATCACGGAGTTTGATTGGCCTTTCACCC 

GGCATTTTGCCGAGTTCCTTAACCATAGTTCACCCGAACG 

GGCCTTAGCATCACGATGCTCGATGTTTGACGCTTCACAG 

GGGCCTATCGTGGCCTCCCACGTCCTTCATCGGTTCCTGG 

GGGCTTTCACAACCGACGTGACAAGCCGCCTACGAGCTCT 

GGGGGCACCATCTCTGATGCTTTCCGGTGTATGTCAAGCC 

GGTCTTGAGCGTGCTACTAAAACGCCCTATTCGGACTCGC 

GGTCTTTCCGTCCTGCTGCGCGAAACGAGCATCTTTACTC 

GGTTCGGTCCTCCACGACCTCTTACAGCCGCTTCAACCTG 

GTAATCGGGTGACACCACGAGAGCGGAACAGTCGGAGGAATAA 

GTACCGGAATATCAACCGGTTATCCATCGACTACGCCTGTC 

GTACCTTTTATCCGTTGAGCGACGGCGCTTCCACAAGCCAC 

GTACTTTTCACCATTCCCTCACGGTACTATCCGCTATCGGTCAC 

GTAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGGTCG 

GTAGTTAGCCGGCGCTTCTTCTGCAGGTACCGTCACTTTC 

GTATACATCGCCTTACGGCTTCGCACGGACCTGTGTTTTTA 

GTATCGCAGCTCATTGTACCGGCCATTGTAGCACGTGTGCAGCCCAAGACATAA 

GTATTAGACCCCGTTTCCAGGGCTTGTCCCAGAGTGAAGGGCAGATT 

GTCCTCTCGTACTAGGGACAGCCCTTCTCAAGACTCCTAC 

GTCCTTCATCGGTTCCTGGTGCCAAGGCATCCACCGTGCGCCCTTAAAAACTT 

GTCGATATGGACTCTTGGGGAAGATCAGCCTGTTATCCCCGGGGTACCTTTTAT 

GTCGCCTTGGTGAGCCATTACCTCACCAACAAGCTGATAG 

GTCGGAACTTACCCGACAAGGAATTTCGCTACCTTAGGATGGTTATAGT 

GTCTCACACGTATACGGTTTGGCCTCATCCGGTTTCGCTC 

GTCTCACAGTCAAGCTCCCTTGTGCACTTACACTCAACACCTGATTG 

GTCTCCCGTGAGTCCCCAACACCCCGAAGGGCTTGCTGGCAAC 

GTCTGCTTTCTGTGGCACTGTCCCGCGGGTCACCCCGGGTGGCCGTTAGCCATCAC 

GTCTTGAGCGTGCTACTAAAAACGCCCTATTCGGACTCGC 

GTGGGAGTCCTCATCTCGAAGCAGGCTTCCCGCTTAGATG 

GTGTACAAGGCCCGGGAACGTATTCACCGCAGCAATGCTG 

GTGTATGTCAAGCCTTGGTAAGGTTCTTCGCGTTGCGTCGAATTAAG 

GTGTCTCTCAAACGAGCCGTTGACGTTTCGACTACGGGGGTCTTACCCTCTA 

GTGTTACCGACTTTCGTGACGTGACGGGCGGTGTGTACAAG 

GTGTTTTTAGTAAACAGTCGCTTCTCGCTGGTCTCTGCGG 
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GTTACTCTTTAGGAGGCAACCGCCCCAGTTAAACTACCCATCAGACACTG 

GTTAGACATCCAGCACGACCAGACTGGTATTTCAACGACGACTC 

GTTCCCTCCACACTGCCTATGTGTTCAGCAGCGGGTGACAG 

GTTCGAAATGTAACCGGGCGTTTCCCCTACGCTATGACCACCGAAA 

GTTCGGCGGCGTCCTACTCTCCCACAGGGTCCCCCCTGCA 

GTTCGGCGGCGTCCTACTCTCCCACAGGGTCCCCCCTGCAGTACCATCGGCGCTGTA 

GTTCTGTTCCGACGGGGCCTCGCGGTCCCGTCGGCGACGGCCATCCAT 

GTTGTCTGTGCGACTCCACATCCTTTCCCACTTAGCGTACGCTTAG 

GTTTACTGGCGCTTAAGTTCTCAGCTTCGCCACACCGAAATGTGACTAAC 

GTTTCAGGTACTATTTCACTCCGCTCCCGCGGTACTTTTCACCATTC 

GTTTCGCTCGCCACTACTCCCGGAATCACGGTTGTTTTCTCTTC 

GTTTGATTGGCCTTTCACCCCTAACCACAGGTCATCCCCCAGGTTTTCAACC 

GTTTGTATCGCTACTCATGCCTGCATTCTCACTCGTGAACCGTCCACAAC 

GTTTTCAACCCTGGTGGGTTCGGTCCTCCACGACCTCTTAC 

TAAGTTCTCAGCTTCGCCACACCGAAATGTGACTAACCGGTCCCCTTAACGTT 

TACATCAACGGTTTCTGACTCGTCTCACGGCCGGCAGACCGTAAAAGAGAGAT 

TACCGACTTTCGTGACGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTC 

TACCTTTTATCCGTTGAGCGACGGCGCTTCCACAAGCCACCGCCGGATCACTAGTC 

TACGGCTTCCCCACTCGGGTTAACCTCGCAACACACCGCAAACTCGCAGGCTCAT 

TACTCATGCCTGCATTCTCACTCGTGAACCGTCCACAACTCGCTTCCGCGGCTGCTT 

TAGGAGTCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGGTCGCCCTCTCAGGCCGGCTA 

TATACATCGCCTTACGGCTTCGCACGGACCTGTGTTTTTAGTAAACAGTCGCTTCT 

TATCAACATATCTGGCGTTGACTTTTGGCACGCTGTTGAGTTCTCAAGGAA 

TATCCAGTGCTCTACCTCCGGCAAGAAACACACGACGCTGCACCTAAATGCATTT 

TATCCGCTATCGGTCACCAGGGAATATTTAGGCTTAGCGGGTGGTCCCGCCAGATT 

TATCGACTGCAGACCCGGGGTTAAGCCCCGGGCTTTCACAACCGACGTGACAAG 

TATGGTTGAGACAGTCGAGAAGTCGTTACGCCATTCGTGCAGGTCGGAACTTACC 

TATTACGCACTCTTTCAAGGGTGGCTGCTTCTAAGCCAACCTCCTGGTTGTCTGT 

TATTCACCGCAGCAATGCTGATCTGCGATTACTAGCGACTCCGACTTCATG 

TATTCTCTACCTGACCACCTGAGTCGGTTTAGGGTACGGGCCGCCATGAAACT 

TATTGCTGCAATGACACGACTTCGGCGGTACGCTTGAGCCCCGCTACATTGTCG 

TCAAGCCTTGGTAAGGTTCTTCGCGTTGCGTCGAATTAAGCCACATGCTCCGCCGCTT 

TCAATTCCTTTGAGTTTTAGCCTTGCGGCCGTACTCCCCAGGCGGGGCACTTAA 

TCACGACACGAGCTGACGACAGCCATGCACCACCTGTACACCGACCACAAGGGGGGCACC 

TCACGACGTTCTAAACCCAGCTCGCGTACCGCTTTAATGGGCGAACAGCCCAACC 

TCATCCTTCACCGCCGCAGCTTTCGAACCTCGCAGATGCC 

TCCACAACTCGCTTCCGCGGCTGCTTCACCCGGCACACGACGCTCCCCTACCCATCACA 

TCCACACTGCCTATGTGTTCAGCAGCGGGTGACAGCCCATGACGACTGCCGGGTTT 

TCCTTAGAAAGGAGGTGATCCAGCCGCACCTTCCGGTACGGCTACCTTGTTACGA 

TCGCAGATGCCTGCAAGGGTCAGTATCCGGTATTAGACCCCGTTT 

TCGGACTCGCTTTCGCTACGGCTTCCCCACTCGGGTTAAC 

TCTCACACGTATACGGTTTGGCCTCATCCGGTTTCGCTCGCCACTACTCCCGGAAT 
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TCTTCAAAAGGCACGCAGTCACGAGACACCAAGCAAGCTT 

TGCAGTCGGCTATGTGCTCCTTAGAAAGGAGGTGATCCAG 

TGCATCAGGCTTTCGCCCATTGTGCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCT 

TGCGGATTTACCTACACACCGGCCTACACCCTTACCCCGGGACAACCACCG 

TGCTGAAAGAGGTTTACAACCCGAAGGCCGTCATCCCTCACGCGGCGTCGCTGCATCA 

TGTAACCGGGCGTTTCCCCTACGCTATGACCACCGAAACC 

TGTGTTCAGCAGCGGGTGACAGCCCATGACGACTGCCGGGTTTCCCCATTCGGACACCC 

TGTGTTTTTAGTAAACAGTCGCTTCTCGCTGGTCTCTGCGGCCACCCCCAGCTCAGA 

TGTTACTCACCCGTTCGCCACTAATCCCCACCGAAGTGGTTCATCGTTCGACTT 

TTAAACTACCCATCAGACACTGTCCCTGATCCGGATCACGGACCCAGGTTAGACAT 

TTAACCCAACATCTCACGACACGAGCTGACGACAGCCATGCACCACCTGTACACCGA 

TTAGACATCCAGCACGACCAGACTGGTATTTCAACGACGACTCCACCCACACTGGCGTG 

TTAGATGCTTTCAGCGGTTATCCCTCCCGAACGTAGCCAACCAGCCATGCCCTTGGCA 

TTAGCATCACGATGCTCGATGTTTGACGCTTCACAGCGGGTACCGGAATATCAA 

TTAGGATGGTTATAGTTACCACCGCCGTTTACTGGCGCTTAAGTTCTCAG 

TTATCCATCGACTACGCCTGTCGGCCTCGCCTTAGGTCCCGACTTACCCTGGGCA 

TTCAAAGGAACCTCAACCCGAACGGAGATCCGATCAGGTCGGGGTATCAACATAT 

TTCACCGCCGGAGCTTTCGACCCTCGCAGATGCCTGCGAG 

TTCCTTCTTGACCTTGCTCCGGGTGGGGTTTACCTAGCTGCCCAGGTCGCCCTG 

TTCGACCCTCGCAGATGCCTGCGAGGGTCAGTATCCGGTATTAGACCCCGTTTCCAG 

TTCGACTTGCATGTGTTAAGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCT 

TTCGGCGGCGTCCTACTCTCCCACAGGGTCCCCCCTGCAGTACCATCGGCGCTGTAA 

TTCGTCCCAATCGCCAGTCCCACCTTCGACAGCTCCCTCCCACAAGGGGTTGGG 

TTCTCACTCGTGAACCGTCCACAACTCGCTTCCGCGGCTGCTTCACCCGGCACACGACG 

TTCTTCGCGTTGCGTCGAATTAAGCCACATGCTCCGCCGCTTGTGCGGGCCCCCGTCAA 

TTCTTCTGCAGGTACCGTCACTTTCGCTTCTTCCCTGCTGAAAGAGGTTTACAA 

TTGTTTTCTCTTCCTGCGGGTACTGAGATGTTTCACTTCCCCGCGTTCCCTCCACA 

TTTAATGGGCGAACAGCCCAACCCTTGGGACCGACTCCAGCCCCAGGATGCGACGA 

TTTAGGGTACGGGCCGCCATGAAACTCGCTAGAGGCTTTTCTC 

TTTCGCATGTCCTTCGCCTACATCAACGGTTTCTGACTCGTCTCACGGCCGGCAGA 

TTTCTGACTCGTCTCACGGCCGGCAGACCGTAAAAGAGAGATCCCACAACCCCGCACA 

TTTTAGCCTTGCGGCCGTACTCCCCAGGCGGGGCACTTAATGCGTTAGCTGCGGCAC 

TTTTCTCGACAGCATAGGATCATCCACTTCACCACAATCGGCTCGGCATCAGGTCT 

TTTTGAGATTCGCTCCACCTTGCGGTATCGCAGCTCATTGTAC 

TTTTGAGATTCGCTCCACCTTGCGGTATCGCAGCTCATTGTACCGGCCATTGTAGCACGT 

TTTTTCGGCCTGTGGTTTACGAGATCATGGCCGCTTCCTC 
Probes are designed to remove all 18 rRNAs plus rnpB, ssrA and srp 
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Set two – to remove selected tRNAs 

 

tRNAs targeted for removal are t03, t08, t11, t26, t30, t36, t37, t40, t41, t43, t44, t46, t49, t50, 

t51, t52, t53, t56, t61 and t62.  

Table A14.2 Unwanted RNA removal probes, set two. Probes are shown 5 to 3. 

AGCGGGGACAGGATTTGAACCTGCGACCTCTGGGTTATGA 

ATTCGAACCCGTGCTACCGCCTTGAAAGGGCGGCGTCCTAGGCCGCTAGACGATGA 

ATTTGAACCTGCGACCTCTGGGTTATGAGCCCAGCGAGCTACCGAGCTGCTCCACCCCGC 

CCCAAAACGGAATCGAACCGTTGACCTTCTCCTTACCATGGAGACGCTCTGCCG 

CCTCAACCTTGGCAAGGTTGCGCTCTACCAACTGAGCTAC 

CCTTACCATGGAGACGCTCTACCGACTGAGCTATAGGGGC 

CTTGAACCCCCAACCGCTGGTTTTGGAGACCAGTGCTCTA 

CTTGACAGGGTGGCGAGCACTCCAAACTGCTCCACAGGAC 

CTTTCGAGGCGAGCTCCTTCGGCCGCTCGGACACGCTACC 

GAACCCCCACGCCCGATAAAGGGCACTAGCACCTCAAGCT 

GAACCTAGACTAACTGAACCAGAATCAGTCGTGCTGCCAATTACACCATA 

GACGAGAATCGAACTCGCGCTCTCAGCTTGGGAAGCTGATG 

GACTCGAACCCACGGCCGACGGATTATGAGTCCGCTGCTC 

GATTCGAACCTGCAACCTTCTGATCCGTAGTCAGATGCTCTATCCGTTAA 

GATTTGAACCCCAGACCCCCTCGATGCGAACGAGGTGCGCTAC 

GATTTGAACCCTCGGTGACTTGCGCCACACTCGCTTTCGAG 

GGACAGGATTTGAATCTGCGACCTCTGGGTTATGAGCCCAGCGAGCTACCG 

GGACTTGAACCGGTGACACAGCGATTATGAGCCGCTTGCTCTACCGACTGAGCTACACCG 

GGAGCCCCCAAACGGAATCGAACCGTTGACCTTCTCCTTA 

GTCCTGACGGGATTTGAACCCGCGGCCTCCACCTTGACAG 

GTCCTGACGGGATTTGAACCCGCGGCCTCCACCTTGACAGGGTGGCGAGCACTCCA 

Set three – to remove all tRNAs based on the first 30nt of each. 

Table A14.3 Unwanted tRNA removal probes, set three. 

AAGCGCGCTACCAAGCTGCGCCACACCCCG 

AAGTGCGCTACCAAGCTGCGCCACGTCCCG 

ACAGCGCTCTACCAACTGAGCTAAGGCCCC 

ACCGTGTCTCTACCGCTGGACTACCGAGGC 

ACTGGTGCTCTACCATTGAGCTACGCCCGC 

AGCTGCTCTAACCAACTGAGCTAGCGGCGC 

AGGTGCGCTACCAGACTGCGCCACAGGCCC 

ATGCGCTCTAACCAACTGAGCTATAGCCCC 

CAGATGCTCTATCCGTTAAGCTACGAGTGC 

CAGCGAGCTACCGAGCTGCTCCACCCCGCG 

CAGCGCGTCTGCCTATTCCGCCACCCGCGC 
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CAGCGTGACTGCCAATTCCACCACGGCCGC 

CAGGCGCTCTACCAACTGAGCTATAGCCCC 

CAGGTGCTCTACCAGCTGAGCTACACCCAC 

CAGTCGTGCTGCCAATTACACCATAGACCA 

CAGTCGTGCTGCCAATTACACCATAGGCCA 

CCACTGCTCTGCCAATTGAGCTAAGGGCCC 

CCAGTGCTCTACCAATTGAGCTACGACCCT 

CCGTTGCTCTATCCCCTGAGCTACGGGGGC 

CGAAGCGCTCTCCCACTGAGCTAATCGCCC 

CGCCTGCTCTATCCACTGAGCTACGGGGGC 

CGCTGCTCTAACCGGCTGAGCTACCGCCCC 

CGCTTGCTCTACCGACTGAGCTACACCGCT 

CGGCGCTCTGACCAGCTGAGCTAAGGAGGC 

CGGCGTCCTAGGCCGCTAGACGATGAGGGC 

CGGCGTGCTAGGCCGCTACACAACGGGGGC 

CGGCTGCTCTGCCAATTGAGCTACCGAGGA 

CGGCTGCTCTGCCAATTGAGCTACGGAGGA 

CGTTGCTCTGGCCATCTGAGCTAAGGCGGC 

CTAGCGCGTCTGCCATTCCGCCACCCGGAC 

CTCAGTGCTGCCTGATTACACCATGGGGGA 

CTCGCCGTGTCTGCATTCCACCATCCGGGC 

GAGACGCTCTACCGACTGAGCTATAGGGGC 

GAGACGCTCTGCCGACTGAGCTATTGGGGC 

GAGCTCCTTCGGCCGCTCGGACACGCTACC 

GATCGCTCGTACCAACTGAGCTACCCAGCC 

GCAGGCGCTCTACCCCTGAGCTACGCACCC 

GCCGTTGCCTCGCCTCTCGGCCACTCCACC 

GCGCCATAGACCGGACTAGGCGACGCCTCC 

GCGGTGCTCTATCCCCTGAGCTACGGAGGC 

GCTGATGTTCTACCATTAAACTACACCCGC 

GGAAGCGCTCTCCCGCTGAGCTAATCGCGC 

GGAAGCGCTCTCCCGCTGAGCTAATCGTCC 

GGACGCGCTACCAAGCTGCGCCACACCCCG 

GGAGGCCGTTCCGGCACCTCACATCTGGGC 

GGCGAGCACTCCAAACTGCTCCACAGGACC 

GTGCGCCCTAGGCCACTAGGCGAATCCTCC 

GTTGCGCTCTACCAACTGAGCTACGTCCGC 

GTTGCGCTCTACCAACTGAGCTACGTTCGC 

TCACCGTGGGTTCAAATCCCACACCCACCG 

TGCTCCCTTTGGCCGCTCGGGCACACCGCC 

Probes are shown 5 to 3. 



 624 

Appendix 15 

RNA size selection gels for ribosome profiling 

See Section 5.2.2.1 

 

 

Figure A15.1 RNA size selection gels for ribosome profiling batch one. Figures A and B show 

RNA from batch one following MNase digestion separated by size on 15% TBE-urea 

polyacrylamide gel. Figures C and D are the same gels following excision of the RNA 

between 15 and 45 nt. Markers on the left-hand side indicate size in nucleotides. 

 

The dye from the running buffer has formed a band between 26 and 34 bp and possibly has 

obstructed the visualisation of the RNA, particularly in the CT0A and CT0B lanes. 
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Figure A15.2 RNA size selection gels for ribosome profiling batch two. Figures A and B show 

RNA from batch two following MNase digestion separated by size on 15% TBE-urea 

polyacrylamide gel. Figures C and D are the same gels following excision of the RNA 

between 15 and 45 nt. Markers on the left-hand side indicate size in nucleotides. 

 

The circle visible in some of the images is an artefact of the tray the gel is resting on when 

visualised. 
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Figure A15.3 RNA size selection gels for ribosome profiling batch three. Figures A and B 

show RNA from batch three following MNase digestion separated by size on 15% TBE-urea 

polyacrylamide gel. Figures C and D are the same gels following excision of the RNA 

between 15 and 45 nt. Markers on the left-hand side indicate size in nucleotides. 

The circle visible in one of the images is an artefact of the tray the gel is resting on when 

visualised. 
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Figure A15.4 RNA size selection gels for ribosome profiling batch four. Figures A and B show 

RNA from batch four following MNase digestion separated by size on 15% TBE-urea 

polyacrylamide gel. Figures C and D are the same gels following excision of the RNA 

between 15 and 45 nt. Markers on the left-hand side indicate size in nucleotides. 
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Appendix 16 

 

Genes which were post-transcriptionally regulated in the ribosome profiling 

experiment 

Table A16.1 Four CSP or CSP-operon genes which were post-transcriptionally regulated 

following cold-shock. 

Cold-shock 

Gene ID Name Description Class 

sco4685  DEAD/DEAH box helicase Buffered 

sco5918  hypothetical protein Buffered 

sco5920  DEAD/DEAH box helicase Buffered 

sco6439  DNA-binding protein Buffered 

Table A16.2 Thirty post-transcriptionally regulated genes with regulatory function. 

Regulatory 

Gene ID Name Description Class 

sco0471  AraC family transcription regulator Exclusive up 

sco0857  TetR family transcriptional regulator Buffered 

sco1039  regulatory protein Buffered 

sco1094  TetR family transcriptional regulator Buffered 

sco1261  transcriptional regulator Buffered 

sco1360  GntR family transcriptional regulator Buffered 

sco1430  TetR family transcriptional regulator Buffered 

sco1646 pup hypothetical protein Buffered 

sco1904  transcriptional regulator Buffered 

sco2094  regulatory protein Buffered 

sco3373 clpC Clp-family ATP-binding protease Exclusive up 

sco3606  regulator Buffered 

sco4118  TetR family transcriptional regulator Buffered 

sco4189  hypothetical protein Buffered 
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Regulatory 

Gene ID Name Description Class 

sco4214  AbaA-like regulatory protein Buffered 

sco4263  transcriptional regulator Buffered 

sco4493  transcription regulator AsnC Buffered 

sco4673  DeoR family transcriptional regulator Buffered 

sco4907 afsQ1 transcriptional regulator Buffered 

sco4940  TetR family transcriptional regulator Exclusive up 

sco5285 lon ATP-dependent protease Buffered 

sco5518  transcriptional regulator Buffered 

sco5803 lexA LexA repressor Buffered 

sco6159  GntR family transcriptional regulator Buffered 

sco6193  transcriptional regulator Buffered 

sco6565  transcriptional regulator Buffered 

sco7137  regulatory protein Buffered 

sco7173  transcriptional regulator Buffered 

sco7585  MerR family transcriptional regulator Buffered 

sco7733  transcriptional regulator Buffered 
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Table A16.3 Five post-transcriptionally regulated genes that code for sigma or anti-sigma 

factors 

Sigma and anti-sigma factors 

Gene ID Name Description Class 

sco2954 sigU RNA polymerase sigma factor SigL Buffered 

sco4769  RNA polymerase sigma factor SigD Buffered 

sco5147  RNA polymerase sigma factor SigE Buffered 

sco5216 sigR RNA polymerase sigma factor RpoE Buffered 

sco5217 rsrA anti-sigma factor Buffered 

 

Table A16.4 Thirteen post-transcriptionally regulated two-component system genes. 

TCS 

Gene ID Name Description Class 

sco1260  two-component system response regulator Buffered 

sco2359  two-component system sensor kinase Buffered 

sco3012 mtrB two-component system histidine kinase Exclusive up 

sco3013 mtrA two-component system response regulator Buffered 

sco3079  acetyl-CoA acetyltransferase Buffered 

sco3119  hypothetical protein Buffered 

sco4009  bifunctional histidine kinase and regulator Buffered 

sco4201  hypothetical protein Buffered 

sco5399  acetyl-CoA acetyltransferase Buffered 

sco5435  two-component sensor kinase Buffered 

sco5829  two-component sensor Buffered 

sco6471  citratelyase Buffered 

sco7649  two-component system sensor kinase Buffered 
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Table A16.5 Twelve post-transcriptionally regulated translation related genes. 

Translation 

Gene ID Name Description Class 

sco1152  helicase Exclusive up 

sco1782  hypothetical protein Buffered 

sco2599 rns hypothetical protein Exclusive up 

sco3124  50S ribosomal protein L25/general stress protein Ctc Exclusive up 

sco3425 rpsR2 30S ribosomal protein S18 Exclusive down 

sco3427 rpmE2 50S ribosomal protein L31 Exclusive down 

sco3669 dnaJ chaperone protein DnaJ Potentiated 

sco4635 rpmG3 50S ribosomal protein L33 Buffered 

sco4714 rplE 50S ribosomal protein L5 Buffered 

sco4720 rpmD 50S ribosomal protein L30 Exclusive up 

sco4734 rplM 50S ribosomal protein L13 Buffered 

sco5706 infB translation initiation factor IF-2 Exclusive up 

 

Table A16.6 Seven post-transcriptionally regulated transporter coding genes. 

Transporters 

Gene ID Name Description Class 

sco0818  ABC transporter ATP-binding protein Potentiated 

sco0819  transmembrane transport protein Exclusive up 

sco1806  ABC transporter ATP-binding protein Buffered 

sco1812  integral membrane transporter Buffered 

sco3166  membrane transport protein Buffered 

sco4359  ABC transporter ATP-binding protein Buffered 

sco4641  transmembrane efflux protein Buffered 
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Table A16.7 Ten post-transcriptionally regulated differentiation and secondary metabolism 

related genes. 

Differentiation and secondary metabolism 

Gene ID Name Description Class 

sco0774  cytochrome P450 Exclusive down 

sco1489 bldD DNA-binding protein Buffered 

sco2730 copZ regulator Buffered 

sco2950 hupA DNA-binding protein HU (hs1) Buffered 

sco3249  acyl carrier protein Buffered 

sco4775 pkaH Ser/Thr protein kinase Buffered 

sco5089 actI3 actinorhodin polyketide synthase Buffered 

sco5113 bldKb ABC transporter lipoprotein BldKB Buffered 

sco6265 scbR gamma-butyrolactone binding protein Buffered 

sco7221 gcs polyketide synthase Buffered 

 

Table A16.8 Four post-transcriptionally regulated purine metabolism related genes. 

Purine metabolism 

Gene ID Name Description Class 

sco1530  hypothetical protein Exclusive up 

sco3060 purK 5-(carboxyamino)imidazole ribonucleotide synthase Exclusive up 

sco4071 hemH 
phosphoribosylaminoimidazole-succinocarboxamide 

synthase 
Buffered 

sco4079 purL phosphoribosylformylglycinamidine synthase II Buffered 
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Table A16.9 Eight genes associated with the cell wall which are post-transcriptionally 

regulated. 

Cell wall 

Gene ID Name Description Class 

sco0974  hypothetical protein Buffered 

sco1565 glpQ1 glycerophosphoryl diester phosphodiesterase Buffered 

sco1661 gylB glycerol-3-phosphate dehydrogenase Buffered 

sco1759  transferase Buffered 

sco1968  hydrolase Buffered 

sco2168 pspA hypothetical protein Buffered 

sco3098  hypothetical protein Exclusive down 

sco3357 cseA hypothetical protein Exclusive up 

 

Table A16.10 Two genes associated with conferring antibiotic resistance which are post-

transcriptionally regulated. 

Antibiotic resistance 

Gene ID Name Description Class 

sco3366  exporter Buffered 

sco4662 tuf1 elongation factor Tu Exclusive down 

 

Table A16.11 Three genes associated with stress responses which are post-transcriptionally 

regulated. 

Stress response 

Gene ID Name Description Class 

sco0199  alcohol dehydrogenase Buffered 

sco1089  hypothetical protein Buffered 

sco2368 tdd8 hypothetical protein Exclusive down 
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Table A16.12 Ten post-transcriptionally regulated genes involved in porphyrin metabolism. 

Porphyrin metabolism 

Gene ID Name Description Class 

sco1847 cobD cobalamin biosynthesis protein Exclusive up 

sco1848 cobQ cobyric acid synthase Buffered 

sco1849 cobN cobaltochelatase subunit CobN Buffered 

sco1851 cobO cob(I)yrinic acid a,c-diamide adenosyltransferase Buffered 

sco1852 cobB cobyrinic acid a,c-diamide synthase Buffered 

sco1855  precorrin-4 C11-methyltransferase Buffered 

sco1856  precorrin-6Y C5,15-methyltransferase Buffered 

sco1934  protoheme IX farnesyltransferase Buffered 

sco2267  heme oxygenase Buffered 

sco2299  bifunctional RNase H/acid phosphatase Buffered 

 

Table A16.13 Four post-transcriptionally regulated genes involved in B-vitamin metabolism 

B-vitamin related 

Gene ID Name Description Class 

sco1996 coaE dephospho-CoA kinase Buffered 

sco2157  aminotransferase Buffered 

sco3403 folE GTP cyclohydrolase I Buffered 

sco4744 acpS 4'-phosphopantetheinyl transferase Buffered 

 

Table A16.14 Nineteen post-transcriptionally regulated genes involved in amino acid 

metabolism. 

Amino acid metabolism 

Gene ID Name Description Class 

sco0560 cpeB catalase/peroxidase Buffered 

sco0911  hypothetical protein Exclusive down 

sco1378  glycine dehydrogenase Buffered 
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Amino acid metabolism 

Gene ID Name Description Class 

sco1591  3-hydroxybutyryl-CoA dehydrogenase Exclusive up 

sco2115 aroH 2-dehydro-3-deoxyphosphoheptonate aldolase Exclusive down 

sco2180 pdhL dihydrolipoamide dehydrogenase Exclusive down 

sco2528 leuA 2-isopropylmalate synthase Buffered 

sco2640 asd1 aspartate-semialdehyde dehydrogenase Buffered 

sco2999  hypothetical protein Intensified 

sco3079  acetyl-CoA acetyltransferase Buffered 

sco3614 asd2 aspartate-semialdehyde dehydrogenase Buffered 

sco3615 ask aspartate kinase Buffered 

sco3830 bkdB2 
branched-chain alpha-keto acid dehydrogenase E1 
subunit beta 

Exclusive up 

sco5399  acetyl-CoA acetyltransferase Buffered 

sco5470 glyA serine hydroxymethyltransferase Buffered 

sco5471 gcvH glycine cleavage system protein H Buffered 

sco5657  aldehyde dehydrogenase Buffered 

sco5676 gabT 4-aminobutyrate aminotransferase Exclusive down 

sco7507  dioxygenase Buffered 

 

Table A16.15 Seven post-transcriptionally regulated TCA cycle genes. 

TCA cycle 

Gene ID Name Description Class 

sco2180 pdhL dihydrolipoamide dehydrogenase Exclusive down 

sco2181 sucB 
2-oxoglutarate dehydrogenase, E2 component, 
dihydrolipoamide succinyltransferase 

Exclusive down 

sco2183 aceE1 2-oxoacid dehydrogenase subunit E1 Buffered 

sco2736 citA type II citrate synthase Buffered 

sco4979 pck phosphoenolpyruvate carboxykinase Buffered 

sco5999 sacA aconitate hydratase Buffered 

sco7000 idh isocitrate dehydrogenase Buffered 



 636 

Table A16.16 Nine post-transcriptionally regulated pyruvate metabolism genes. 

Pyruvate metabolism 

Gene ID Name Description Class 

sco0199  alcohol dehydrogenase Buffered 

sco2180 pdhL dihydrolipoamide dehydrogenase Exclusive down 

sco2181 sucB 
2-oxoglutarate dehydrogenase, E2 component, 
dihydrolipoamide succinyltransferase 

Exclusive down 

sco2183 aceE1 2-oxoacid dehydrogenase subunit E1 Buffered 

sco2528 leuA 2-isopropylmalate synthase Buffered 

sco3079  acetyl-CoA acetyltransferase Buffered 

sco3563 acsA acetyl-CoA synthetase Buffered 

sco4979 pck phosphoenolpyruvate carboxykinase Buffered 

sco5399  acetyl-CoA acetyltransferase Buffered 

 

Table A16.17 Eight post-transcriptionally regulated glyoxylate metabolism genes. 

Glyoxylate metabolism 

Gene ID Name Description Class 

sco1378  glycine dehydrogenase Buffered 

sco2180 pdhL dihydrolipoamide dehydrogenase Exclusive down 

sco2736 citA type II citrate synthase Buffered 

sco3563 acsA acetyl-CoA synthetase Buffered 

sco4323  hydrolase Buffered 

sco5470 glyA serine hydroxymethyltransferase Buffered 

sco5471 gcvH glycine cleavage system protein H Buffered 

sco5999 sacA aconitate hydratase Buffered 
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Table A16.18 Seven post-transcriptionally regulated glycolysis genes. 

Glycolysis 

Gene ID Name Description Class 

sco0199  alcohol dehydrogenase Buffered 

sco2180 pdhL dihydrolipoamide dehydrogenase Exclusive down 

sco2181 sucB 
2-oxoglutarate dehydrogenase, E2 component, 
dihydrolipoamide succinyltransferase 

Exclusive down 

sco2183 aceE1 2-oxoacid dehydrogenase subunit E1 Buffered 

sco3563 acsA acetyl-CoA synthetase Buffered 

sco4979 pck phosphoenolpyruvate carboxykinase Buffered 

sco7511 gap2 glyceraldehyde 3-phosphate dehydrogenase Exclusive down 

 

Table A16.19 Thirty-three miscellaneous post-transcriptionally regulated genes. 

Miscellaneous 

Gene ID Name Description Class Category 

sco4916  phosphomannomutase Buffered 
Amino and nucleotide 
sugar metabolism 

sco6473  crotonyl CoA reductase Buffered Butanoate metabolism 

sco5676 gabT 
4-aminobutyrate 
aminotransferase 

Exclusive 
down 

Butanoate metabolism 

sco7681  
2,3-dihydroxybenzoate-AMP 
ligase 

Potentiated Coelibactin 

sco7686  cytochrome P450 Buffered Coelibactin 

sco7687  thioesterase Buffered Coelibactin 

sco2640 asd1 
aspartate-semialdehyde 
dehydrogenase 

Buffered Cys and met metabolism 

sco3614 asd2 
aspartate-semialdehyde 
dehydrogenase 

Buffered Cys and met metabolism 

sco3615 ask aspartate kinase Buffered Cys and met metabolism 

sco3542  
integral membrane protein with 
kinase activity 

Buffered Cytoskeletal 

sco1081  
electron transfer flavoprotein 
subunit alpha 

Buffered 
Electron transport and 
oxidative phosphorylation 

sco1082  
electron transfer flavoprotein 
subunit beta 

Buffered 
Electron transport and 
oxidative phosphorylation 
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Miscellaneous 

Gene ID Name Description Class Category 

sco2151 cox3 cytochrome c oxidase subunit III Buffered 
Electron transport and 
oxidative phosphorylation 

sco3800  acyl-CoA dehydrogenase Buffered Fatty acid beta oxidation 

sco2387 fabD ACP S-malonyltransferase Buffered Fatty acid biosynthesis 

sco2561  long-chain fatty-acid CoA ligase Buffered Fatty acid biosynthesis 

sco5535 accB carboxyl transferase Buffered Fatty acid biosynthesis 

sco3137 galE1 UDP-glucose 4-epimerase Buffered Galactose metabolism 

sco3326  epimerase Buffered Galactose metabolism 

sco1785  
iron-siderophore uptake system 
ATP-binding protein 

Buffered Iron transport 

sco1787  
iron-siderophore uptake system 
transmembrane protein 

Buffered Iron transport 

sco2093  hypothetical protein Buffered Nitrogen metabolism 

sco2999  hypothetical protein Potentiated Nitrogen metabolism 

sco5470 glyA serine hydroxymethyltransferase Buffered One carbon 

sco1934  protoheme IX farnesyltransferase Buffered 
Oxidative 
phosphorylation 

sco0975  
6-phosphogluconate 
dehydrogenase 

Buffered 
Pentose phosphate 
pathway 

sco3079  acetyl-CoA acetyltransferase Buffered Terpenoid backbone 

sco3148  
4-diphosphocytidyl-2C-methyl-D-
erythritol kinase 

Buffered Terpenoid backbone 

sco3858  UDP pyrophosphate synthase Buffered Terpenoid backbone 

sco5058 ispH 
4-hydroxy-3-methylbut-2-enyl 
diphosphate reductase 

Exclusive up Terpenoid backbone 

sco5399  acetyl-CoA acetyltransferase Buffered Terpenoid backbone 

sco4491 ubiA 
4-hydroxybenzoate 
octaprenyltransferase 

Exclusive up 
Ubiquinone and 
terpenoid quinone bio 

sco6751 zitB efflux protein Buffered Zinc export 
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Table A16.20 Two-hundred and fourteen post-transcriptionally regulated genes which are 

not categorised. 

 

Not categorised 

Gene ID Name Description Class 

sco0222  acetyltransferase Buffered 

sco0248  hypothetical protein Exclusive down 

sco0380  hypothetical protein Exclusive down 

sco0381  glycosyl transferase Exclusive up 

sco0385  hypothetical protein Exclusive up 

sco0388  hypothetical protein Buffered 

sco0391  transferase Buffered 

sco0402  hypothetical protein Buffered 

sco0412  hypothetical protein Buffered 

sco0437  hypothetical protein Buffered 

sco0441  LamB/YcsF family protein Buffered 

sco0442  hypothetical protein Buffered 

sco0478  hypothetical protein Buffered 

sco0504  DEAD/DEAH box helicase Potentiated 

sco0525  hypothetical protein Buffered 

sco0526  oxidoreductase Exclusive up 

sco0630  acetyltransferase Buffered 

sco0680  transmembrane efflux protein Buffered 

sco0681  ferredoxin/ferredoxin-NADP reductase Buffered 

sco0732  protease Buffered 

sco0878  hydrolase Potentiated 

sco0883 def peptide deformylase Buffered 

sco0884  oxidoreductase Exclusive down 

sco0976  hypothetical protein Buffered 



 640 

Not categorised 

Gene ID Name Description Class 

sco0991  hypothetical protein Buffered 

sco0993  hypothetical protein Buffered 

sco1022  hypothetical protein Exclusive up 

sco1044  hypothetical protein Buffered 

sco1116  hypothetical protein Buffered 

sco1165  hypothetical protein Buffered 

sco1216  hypothetical protein Buffered 

sco1247  hypothetical protein Buffered 

sco1375  hypothetical protein Buffered 

sco1434  CbxX/CfqX family protein Buffered 

sco1503  hypothetical protein Buffered 

sco1521  hypothetical protein Buffered 

sco1522  glutamine amidotransferase subunit PdxT Buffered 

sco1529  hypothetical protein Buffered 

sco1543  hypothetical protein Exclusive up 

sco1544  hypothetical protein Buffered 

sco1551  protein kinase Buffered 

sco1669  ATP/GTP-binding protein Buffered 

sco1676  hypothetical protein Buffered 

sco1704  hypothetical protein Buffered 

sco1710  integral membrane transport protein Buffered 

sco1714  hypothetical protein Exclusive up 

sco1771 hyp hypothetical protein Buffered 

sco1780  DNA repair protein Buffered 

sco1793  hypothetical protein Buffered 

sco1799  hypothetical protein Buffered 

sco1862  hypothetical protein Buffered 
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Not categorised 

Gene ID Name Description Class 

sco1863  hypothetical protein Buffered 

sco1963  integral membrane export protein Potentiated 

sco1969  DNA-methyltransferase Exclusive up 

sco1981  hypothetical protein Buffered 

sco2169  hypothetical protein Exclusive up 

sco2195  hypothetical protein Exclusive down 

sco2199  hypothetical protein Buffered 

sco2207  hypothetical protein Buffered 

sco2208  carboxylesterase Buffered 

sco2214  reductase Buffered 

sco2233  hypothetical protein Buffered 

sco2270  hypothetical protein Exclusive down 

sco2274 hmuV hemin importer ATP-binding subunit Buffered 

sco2345  peptidodoglycan-binding membrane protein Buffered 

sco2376  hypothetical protein Buffered 

sco2386  hypothetical protein Exclusive up 

sco2450  Ser/Thr protein kinase (regulator) Buffered 

sco2462  sugar kinase Buffered 

sco2468 dnaG DNA primase Exclusive up 

sco2491  oxidoreductase Buffered 

sco2538  hypothetical protein Exclusive up 

sco2584  hypothetical protein Buffered 

sco2601  hypothetical protein Buffered 

sco2602  hypothetical protein Buffered 

sco2665  hypothetical protein Buffered 

sco2666  Ser/Thr protein kinase Buffered 

sco2667  hypothetical protein Buffered 
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Not categorised 

Gene ID Name Description Class 

sco2672  hypothetical protein Buffered 

sco2673  hypothetical protein Buffered 

sco2810  hypothetical protein Buffered 

sco2903  hypothetical protein Buffered 

sco2937  transmembrane transport protein Buffered 

sco2967  carboxy-terminal processing protease Buffered 

sco2975  hypothetical protein Buffered 

sco3036  2-phospho-L-lactate transferase Buffered 

sco3038  hypothetical protein Buffered 

sco3049  acyl-CoA thioesterase Buffered 

sco3110  ABC transporter Buffered 

sco3115  hypothetical protein Buffered 

sco3206  transmembrane efflux protein Exclusive down 

sco3267  hypothetical protein Buffered 

sco3302  hypothetical protein Buffered 

sco3349  hypothetical protein Buffered 

sco3351  DNA repair protein RadA Buffered 

sco3352  DNA integrity scanning protein DisA Buffered 

sco3378  small membrane protein Buffered 

sco3396  hypothetical protein Buffered 

sco3431  hypothetical protein Buffered 

sco3548  anti-sigma factor Buffered 

sco3567  serine protease Exclusive up 

sco3568  hypothetical protein Buffered 

sco3577  ion-transporting ATPase Buffered 

sco3607  hypothetical protein Buffered 

sco3608  hypothetical protein Exclusive up 
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Not categorised 

Gene ID Name Description Class 

sco3625  hypothetical protein Exclusive up 

sco3645  hydrolase Buffered 

sco3663  hypothetical protein Buffered 

sco3673  iron-sulfur-binding reductase Buffered 

sco3677  purine phosphoribosyltransferase Buffered 

sco3678 dcd deoxycytidine triphosphate deaminase Buffered 

sco3680  hypothetical protein Exclusive up 

sco3695  hypothetical protein Buffered 

sco3710  large integral membrane protein Potentiated 

sco3724  hypothetical protein Buffered 

sco3734  hypothetical protein Exclusive up 

sco3735  hypothetical protein Exclusive up 

sco3761  hypothetical protein Buffered 

sco3766  hypothetical protein Buffered 

sco3793 yjqA hypothetical protein Potentiated 

sco3794  glycosyl transferase Exclusive up 

sco3801  aminopeptidase 2 Buffered 

sco3807  hydrolase Buffered 

sco3837  hypothetical protein Buffered 

sco3840  hypothetical protein Buffered 

sco3844  hypothetical protein Exclusive up 

sco3865  hypothetical protein Buffered 

sco3869 wdpA WD-40 repeat-containing protein Exclusive up 

sco3894  transmembrane protein Buffered 

sco3895  hypothetical protein Buffered 

sco3924  hypothetical protein Exclusive up 

sco3960  hypothetical protein Buffered 
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Not categorised 

Gene ID Name Description Class 

sco3971  hypothetical protein Buffered 

sco3999  lipoprotein Exclusive up 

sco4033  hypothetical protein Buffered 

sco4039  hypothetical protein Buffered 

sco4046  hypothetical protein Buffered 

sco4113  hydroxyglutarate oxidase Buffered 

sco4177  hypothetical protein Buffered 

sco4231  lipoprotein Buffered 

sco4250  hypothetical protein Buffered 

sco4259  ATPase AAA Buffered 

sco4260  hypothetical protein Buffered 

sco4331  hypothetical protein Exclusive up 

sco4415  hypothetical protein Buffered 

sco4424  hypothetical protein Potentiated 

sco4443  MerR family transcriptional regulator Buffered 

sco4481  Ser/Thr protein kinase Buffered 

sco4509  hypothetical protein Buffered 

sco4540  hypothetical protein Buffered 

sco4548  hypothetical protein Buffered 

sco4584  hypothetical protein Buffered 

sco4614  nucleotide-binding protein Buffered 

sco4687  hypothetical protein Buffered 

sco4742 nnrE hypothetical protein Buffered 

sco4822  hypothetical protein Exclusive up 

sco4919  flavoprotein disulfide reductase Buffered 

sco4968  hypothetical protein Buffered 

sco4992  hypothetical protein Buffered 
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Not categorised 

Gene ID Name Description Class 

sco5024  oxidoreductase Buffered 

sco5030  hypothetical protein Exclusive up 

sco5056 xseA exodeoxyribonuclease VII large subunit Buffered 

sco5128  hypothetical protein Buffered 

sco5172  hydrolase Buffered 

sco5192  hypothetical protein Buffered 

sco5203  hypothetical protein Buffered 

sco5220  hypothetical protein Buffered 

sco5263  hypothetical protein Buffered 

sco5375  hypothetical protein Buffered 

sco5439  hypothetical protein Buffered 

sco5445  hypothetical protein Buffered 

sco5450  ABC transporter Buffered 

sco5451  ABC transporter Exclusive up 

sco5464 cabB hypothetical protein Buffered 

sco5485  small hydrophobic membrane protein Buffered 

sco5491  hypothetical protein Buffered 

sco5601  hypothetical protein Buffered 

sco5605  hypothetical protein Buffered 

sco5606  hypothetical protein Buffered 

sco5649  hypothetical protein Buffered 

sco5733  hypothetical protein Buffered 

sco5734  ATP/GTP binding protein membrane protein Buffered 

sco5741  hypothetical protein Potentiated 

sco5750  ftsK-like protein Buffered 

sco5837  zinc protease Buffered 

sco5838  protease Exclusive down 
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Not categorised 

Gene ID Name Description Class 

sco5873  hypothetical protein Exclusive up 

sco5901  RNA methyltransferase Buffered 

sco6019  hypothetical protein Buffered 

sco6039  flavoprotein oxidoreductase Buffered 

sco6068 cvnB6 hypothetical protein Buffered 

sco6083  hypothetical protein Buffered 

sco6127  carboxylesterase Buffered 

sco6324  hydrolase Buffered 

sco6429  hypothetical protein Buffered 

sco6430  hypothetical protein Buffered 

sco6493  hypothetical protein Buffered 

sco6524  hypothetical protein Buffered 

sco6627 pglX hypothetical protein Buffered 

sco6632  hypothetical protein Buffered 

sco6760  phytoene synthase Buffered 

sco6762  phytoene dehydrogenase Buffered 

sco6766  hypothetical protein Exclusive down 

sco6811  hypothetical protein Buffered 

sco6828  hypothetical protein Buffered 

sco6994  hypothetical protein Buffered 

sco7013  sugar-binding lipoprotein Buffered 

sco7038  hypothetical protein Buffered 

sco7102  hypothetical protein Buffered 

sco7271  ion channel subunit Buffered 

sco7490  oxidoreductase Buffered 

sco7657  hypothetical protein Buffered 

sco7729  hypothetical protein Buffered 
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Not categorised 

Gene ID Name Description Class 

sco7732  hypothetical protein Buffered 

 

Appendix 17 

 

sgRNA cassette templates 

 

See Section 6.1.2. 

Table A17.1 20-base sequences adjacent to PAM used in sgRNA to guide location of DSB 

induced by pCRISPR-Cas9-ScaligD plasmid. 

 

 

 

Template sgRNA sequence

A GAAGTGGTTCAACGCGGAAA

B ACGCCCGCTCTGTGAAGCTG

C GTAGGCGCTCTCCCATTGCG

D CATGGCCCTTAGGATTTCGC

E GTACGCGGAACCGTTCCGTA

F CAAGGACATAACCCAGATCC

G GTGAACTTCGACATCGCGCA

H GTGGTGGGCGGGATGTCGAT

I CGCTCTCCCATTGCGCGGCA

J CAGCACCGGCGAAATCCTAA

K CGCGGCCGGACCCCAGGTCT

L TCGTACGACCTTCTCGTGAT

M None (control)


