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Abstract 

Although marine microorganisms drive the major biogeochemical cycles in 
marine ecosystems, there is a dearth of information on interactions between 
phototrophic and heterotrophic organisms co-occurring in oceanic waters. The 
aim of this project was to study these interactions using Synechococcus sp. as 
the model phototroph – a cosmopolitan and highly abundant member of the 
picophytoplankton. 

Heterotrophic bacteria most-frequently present in non-axenic Synechococcus 
sp. cultures, were identified by PCR screening using primers targeting the 16S 
rRNA gene. Members of the Nitratireductor, Rhodobacteraceae, Muricauda and 
Phyllobacteriacae genera were present in more than half of all the cultures 
tested (Chapter 3). 

Using a member of the Rhodobacteraceae as the model heterotroph, specific 
metabolites present in axenic cultures and co-cultures were analysed (Chapter 
4). Much lower concentrations of these specific metabolites were present in the 
milieu of Synechococcus – Roseobacter co-cultures compared to axenic 
Synechococcus cultures as discovered by LC-MS. Natural product database 
searches suggest that these may be a group of novel compounds. 

A Synechococcus sp. WH7803 null mutant in the gene encoding a type III 
polyketide synthase was constructed (Chapter 5). A targeted exometabolomic 
analysis showed a decreased production of the metabolites identified above in 
the mutant strain compared to the wild type. Growth was considerably affected 
in the T3 PKS mutant and T3 PKS mutant culture supernatants had a stronger 
negative growth effect on a range of picocyanobacteria and green algal species 
than the wild type extract. 

Further research is required to establish the precise biological function of the 
observed molecules, their biosynthetic pathway and their function in the natural 
environment. Improving our understanding of interactions between 
environmentally important microorganisms not only helps us to learn more 
about how biogeochemical cycles in the ocean function, but can also provide 
new natural products for use in the pharmaceutical industry.  
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1. Introduction 

1.1 Interactions between microorganisms in the marine environment 

1.1.1 Microorganisms in the marine environment 

Numerous different interactions between marine organisms have been 
described in the literature – for example cnidarians and foraminifera with 
endosymbiotic unicellular algae (Lee, 2006; Rowan, 1998), sponges with 
bacteria (Althoff et al., 1998; Unson et al., 1994), bryozoans with 
proteobacteria (Lim & Haygood, 2004), cleaner shrimps operating cleaning 
stations (Bunkley-Williams & Williams, 1998), anemones and anemonefish 
(Fautin, 1991). Many of these relationships are mutualistic and involve, if 
any, only one microbe. Although marine microorganisms are responsible for 
about 50% of global carbon fixation (Field, 1998), play a crucial role in 
nutrient cycling (Arrigo, 2005) and are very abundant in surface ocean 
waters with about 106 microbial cells per ml (Cole, 1982; Giovannoni & 
Stingl, 2005), there is a dearth of information about relationships between 
microbes. 

The two major ways of obtaining energy in the photic zone of marine 
environments are photoautotrophy (fixation of carbon using photons) and 
heterotrophy (acquisition of carbon from organic sources). The pool of 
organic matter (OM) leaked or released from photo- and heterotrophic cells 
voluntarily or upon cell death contains dissolved and particulate carbon 
(DOC and POC, respectively), nitrogen (DON, PON), phosphorus (DOP, 
POP) and other elements which can be recycled by organisms or sink to the 
aphotic zone and eventually, if unused, be stored on the ocean floor (Figure 
1.1.1.1) (Cho & Azam, 1988; Buchan et al., 2014; Letscher et al., 2015; 
McCarren et al., 2010; Strom, 2008). 
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Figure 1.1.1.1 Role of microorganisms in nutrient cycling and the marine 
food web. Modified from: Buchan et al., 2014. 

The interactions between phototrophs and heterotrophs that have been 
studied most extensively are between microalgae and heterotrophic 
bacteria. Heterotrophic bacteria provide nutrient regeneration and vitamins 
to algae, facilitate iron uptake, as well as modify the environmental 
conditions, such as oxygen concentration, in close proximity to algal cells 
(Amin et al., 2009; Amin et al., 2012; Bolch et al., 2011; Cole, 1982). This 
may enhance the growth of both organisms, as microalgae can provide a 
source of carbon for heterotrophs. There are also some studies indicating 
competition between microalgae and heterotrophic bacteria for nutrients and 
even parasitism, when only heterotrophic bacteria benefit from the 
relationship causing microalgal cell lysis (Grossart, 1999; Ramanan et al., 
2016). 
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1.1.2 Microalgae – heterotroph interactions 

Proteobacteria and Bacteroidetes (especially Alteromonas, Glaciecola, 
Pseudoalteromonas, Hyphomonas, Ruegeria, Roseobacter, Sulfitobacter, 
Paracoccus, Flavobacterium, Lacinutrix, Cytophaga) are consistently 
observed to be associated with diatoms (Amin et al., 2012; Schafer et al., 
2002), while the Cytophaga-Flavobacterium-Bacteroides group, α- and γ- 
classes of Proteobacteria are usually observed with dinoflagellates (Fandino 
et al., 2001; Moustafa et al., 2010). A study of Ostreococcus tauri cultures 
found that Gammaproteobacteria dominate the green alga’s phycosphere 
(Lupette et al., 2016), while sequencing coccolithophore cultures revealed 
mainly α- and γ- classes of Proteobacteria and Bacteroidetes (Green et al., 
2015). Diatom-dominated biofilms have increased relative abundance of 
Gammaproteobacteria – diatoms produce large amounts of extracellular 
polymeric substances which provide a good pool of polysaccharides and 
glycoproteins for these heterotrophic bacteria (Haynes et al., 2007). 

Up to 60% of diatom cells did not have heterotrophic bacteria attached to 
them after a 30 days long culture experiment, while the diatoms that did 
carry bacteria on their surface, usually displayed one to five bacterial cells 
(Kaczmarska et al., 2005). The absence of heterotrophic bacteria was 
observed to cause a reduction in cell length and morphological aberrations 
of frustules in diatom cultures (Windler et al., 2014), whilst the presence of 
bacteria in dinoflagellate cultures results in increased growth, cell volumes 
and photosynthesis after several months of culture (Jauzein et al., 2015). 
Colonization by bacteria does not impede diatom growth (Smith et al., 1995) 
and the communities living on microalgal cells appear to be distinct from 
bacteria free-living in the surrounding water (Grossart et al., 2005; Sapp et 
al., 2007). 

There is some discussion as to whether heterotrophic bacteria growing on 
diatoms as epiphytes could be responsible for changes in domoic acid 
production, a neurotoxin, between axenic and non-axenic diatom cultures 
(Bates et al., 1995; Bates et al., 2004; Guannel et al., 2011; Kobayashi et 
al., 2009; Osada & Stewart, 1997) and whether domoic acid plays a role in 
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acquisition of iron and copper (Maldonado et al., 2002; Rue & Bruland, 
2001; Wells et al., 2005). Another function of epiphytic bacteria may be 
consumption of hydrogen peroxide produced during photosynthesis by a 
diatom, to protect the microalgae from oxidative stress (Hunken et al., 
2008). In contrast, an enhanced expression of photoprotection and oxidative 
stress response genes by microalgae was observed in dinoflagellate – 
heterotrophic bacteria co-cultures, compared to axenic cultures (Moustafa et 
al., 2010). 

Motile heterotrophic bacteria were found to be able to track motile 
microalgae, which suggests that, taking into account the higher swimming 
speeds of bacteria compared to that of algae, they are able to enter and 
leave the phycosphere as needed to make use of the available nutrients 
(Barbara & Mitchell, 2003). Heterotrophic bacteria were also shown to 
facilitate photochemical redox cycling of iron, which promotes algal 
assimilation of iron and supports photosynthesis (Amin et al., 2007; Amin et 
al., 2009). 

Different bacterial species or assemblages were shown to reduce the 
mobility of dinoflagellates (Mayali et al., 2008), stimulate their growth 
(Ferrier et al., 2002; Jauzein et al., 2015), affect their reproduction (Adachi 
et al., 2002), induce temporary cyst formation (Mayali et al., 2007) and 
influence toxin production (Hold et al., 2001; Uribe & Espejo, 2003). A study 
investigating the effect of a natural marine community and three different 
bacterial isolates on the growth of a marine diatom showed that transparent 
exopolymer particles and protein-containing particles were produced only in 
the presence of bacteria, but also that the effect of bacteria addition on 
growth of a diatom culture may vary depending on the growth media used 
for culturing (Grossart & Simon, 2007). There is also some evidence that 
bacteria-induced phosphate limitation, due to better uptake of phosphate by 
bacteria than diatoms, results in higher polysaccharide production in 
diatoms (Guerrini et al., 1998; Thingstad et al., 1993). On the other hand, 
diatoms are superior in nitrogen uptake and outcompete ammonia-oxidising 
bacteria in microcosm experiments (Risgaard-Petersen et al., 2004). A 
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study of a diatom – Roseobacter co-culture identified a compound, C3-
sulfonate, that may play an important role in carbon and sulfur cycling 
(Durham et al., 2015). The authors also note that chemical analysis of a 
seawater sample can yield several thousands of unique compounds, which 
poses a question of how to identify compounds which are of biogeochemical 
relevance from such a pool. 

In a study of 41 strains of 27 species of marine microalgae, 95% of strains 
were shown to be auxotrophs of vitamin B12, 76% - of vitamin B1 and 29% - 
of vitamin B7 (Tang et al., 2010). In the case of vitamin B12 supply (Haines & 
Guillard, 1974), these interactions may be different even between closely 
related species (Croft et al., 2005), as symbiosis arises through loss of the 
metE gene (encoding the vitamin B12-independent methionine synthase) in 
response to an available environmental pool of vitamins (Helliwell et al., 
2011). Although it is usually considered to be a mutualistic relationship in 
laboratory cultures, there are arguments that it is not a direct symbiosis in 
the natural environment, but indirect scavenging for available molecules 
present in seawater (Droop, 2007). 

This loss of genes otherwise essential for survival is well-described by The 
Black Queen Hypothesis, which states that gene loss may provide an 
advantage to the organism, as long as the function is leaky in other 
organisms providing an available public pool of the product (Morris et al., 
2012). Unlike Hamilton’s rule, this is not based on altruistic action, but just a 
simple, selectively favoured, reduction in living costs. Examples supporting 
the hypothesis include: hydrogen peroxide removal (Morris et al., 2011), iron 
and reduced sulphur acquisition (D'Onofrio et al., 2010; Tripp et al., 2008) 
and algae-bacteria biofilm formation (Lubarsky et al., 2010; Roeselers et al., 
2007). Helper strains are always present in the community, although in 
significantly smaller numbers than the organisms requiring help and thus 
may be considered to be keystone species (Morris et al., 2012). If removed, 
the organism with a reduced genome may not be able to grow due to 
toxicity or lack of nutrients. However, apart from explaining the hypothesis 
and examples supporting it, no data was presented to explain how these 
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relationships form and evolve, how specific they are and whether this is the 
reason why axenic cultures are difficult to grow. It has also been suggested 
that a similar relationship can be formed not through a loss of function, but 
through a gain of function – if a species acquires a gene, through horizontal 
gene transfer or a mutation that increases the production of the common 
good, it will become the key species in a community and will have a reduced 
risk of being replaced by competing species (Mas et al., 2016). 

Heterotrophic bacteria also play a role in aggregation of microalgae 
(Grossart et al., 2006) – in some diatom species bacterial degradation of 
DOM prevents aggregation until the stationary phase of growth of the 
diatom, while in other diatom species aggregation of cells is enhanced by 
bacterial presence. Another study, by the same authors, also observed a 
difference in diatom – heterotrophic bacteria relationships depending on 
diatom species, growth and physiological state (Grossart et al., 2005). 
Axenic diatom cultures were inoculated with natural heterotrophic bacterial 
cultures and bacterial growth and composition was monitored by DAPI 
counts, FISH and 16S rRNA sequencing. Bacterial growth was found to be 
affected by diatom species, growth and health. Free-living bacteria were 
identified to be mostly Roseobacter, similar for all diatom cultures, while 
bacteria attached to diatoms belonged mostly to the Flavobacteria-
Sphingobacteria group, but specific species were different in different 
diatom cultures. Within the same diatom species, there seems to be a 
difference in aggregation between photosynthetically active and inactive 
cells – with photosynthetically inactivated diatoms not aggregating 
regardless of the presence of bacteria and photosynthetically active diatoms 
aggregating in the presence of specific, cell-attaching bacteria (Gardes et 
al., 2011), which suggests that the relationship between diatoms and 
heterotrophic bacteria may be nutrient-driven rather than a constant 
symbiosis. 

Microalgae – heterotrophic bacteria relationships can also change with time 
– Phaeobacter gallaeciensis promotes the growth of Emiliania huxleyi by 
producing antibiotics and auxins until it detects a lignin breakdown product, 
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which signals ageing of the algae, and then it switches to producing algicidal 
compounds, roseobacticides (Seyedsayamdost et al., 2011a; 
Seyedsayamdost et al., 2011b; Wang et al., 2016). A similar interaction, 
with a different Roseobacter strain, Phaeobacter inhibens, was also 
described, where growth of E. huxleyi is first promoted by a phytohormone 
indole-3-acetic acid, but after a while the same compound triggers algal 
death (Segev et al., 2016). An earlier study suggested a positive effect of 
indole-3-acetic acid on diatom growth, but did not describe an eventual 
algicidal effect (Amin et al., 2015). Another study, which manipulated 
nutrient concentration in algal non-axenic cultures, observed that bacterial 
community structure change due to a change in bacterial activity and 
function can cause algal lysis (Wang et al., 2010). However, although 
bacteria capable of algicidal activity have been described, there is no 
conclusive evidence whether they play a significant role in phytoplankton 
mortality in the natural environment (Paul & Pohnert, 2011; Furusawa et al., 
2003; Lee et al., 2000; Mayali & Azam, 2004; Skerratt et al., 2002).  

On the other hand, there have also been some reports of production of 
antibacterial compounds by marine diatoms (Desbois et al., 2008; Findlay & 
Patil, 1984). Polyunsaturated aldehydes, produced by diatoms as a 
response to grazing, have antibacterial properties, suppressing most of the 
33 bacterial strains tested, but not those typically associated with diatoms 
isolated during a diatom bloom (Ribalet et al., 2008; Wichard et al., 2007). 

Apart from the environmental importance of studying microalgae – 
heterotrophic bacteria interactions, there is also an interest in this topic from 
industry: to improve biofuel yields (Cho et al., 2015; Kim et al., 2014; 
Fuentes et al., 2016; Santos & Reis, 2014), sustainability and disease 
control in aquaculture (Natrah et al., 2011; Natrah et al., 2014), to convert 
biogas into bioproducts (van der Ha et al., 2012) and to control harmful algal 
blooms (Kim et al., 2008; Roth et al., 2008; Su et al., 2007). Microalgal – 
bacterial consortia are also used for wastewater treatment – where oxygen 
produced by the phototroph is used as an electron acceptor by the 
heterotroph to degrade organic pollutants and the carbon dioxide released 
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by the heterotroph is used as a carbon source by the phototroph (Bahr et 
al., 2011; Cho et al., 2015; de Bashan et al., 2004; Ferrero et al., 2012; 
Subashchandrabose et al., 2011); to enhance nitrification rates in 
wastewater treatment lagoons (McLean et al., 2000) and combining 
wastewater treatment with biofuel production (Hernandez et al., 2013). 

1.1.3 Cyanobacteria – heterotrophic bacteria interactions 

However, the most abundant photoautotrophic organisms in the global 
ocean are not eukaryotic. Marine picocyanobacteria are responsible for 
about 25% of ocean net primary productivity and the two main genera, 
Prochlorococcus and Synechococcus, have mean global abundances of 2.9 
× 1027 and 7.0 × 1026 cells, respectively (Flombaum et al., 2013). At the end 
of the 21st century, an increase in cell number of 29% and 14% respectively 
is predicted due to global climate change. The two genera have small 
genomes (Prochlorococcus: 1.64-2.7 Mb with 1716-3022 genes; 
Synechococcus: 2.2-2.86 Mb with 2358-3129 genes) and carry no plasmids, 
which can lower nutrient intake and improve the surface-area-to-volume-
ratio, contributing to the success of the genera (Scanlan et al., 2009). 

Prochlorococcus are highly abundant, globally distributed phototrophic 
bacteria (Partensky et al., 1999), that make up 51% of phytoplankton 
biomass and are responsible for about 45% of carbon dioxide fixation in the 
northeast Atlantic (Jardillier et al., 2010). They are present between 40°N 
and 40°S (Johnson et al. 2006), from the surface to a depth of about 150 m 
(Flombaum et al., 2013) and have developed specific adaptations to 
different light conditions – known as high-light and low-light ecotypes 
(Moore & Chisholm, 1999). 

Synechococcus is a phototrophic picocyanobacteria, highly abundant in the 
marine ecosystem (Scanlan et al., 2009). In the northeast Atlantic it forms 
about 20% of phytoplankton biomass and contributes about 21% to primary 
production (Jardillier et al., 2010). It can be found in almost all oceanic 
waters, including polar regions up to 82.5°N (Paulsen et al., 2016) and high 
nutrient waters (Martin et al., 2005), at shallower depths than 
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Prochlorococcus (Flombaum et al., 2013). It can reach cell densities of up to 
1.2-3.7 x 106 cells ml-1 (Saito et al., 2005). 

Synechococcus clades I and IV dominate in cold, coastal waters, clade II is 
found in warmer, subtropical areas between 30°S and 30°N, while clades III, 
V, VI, VII showed no latitudinal preference (Zwirglemaier et al., 2008). A 
later study, using a specific petB marker, confirmed the distribution and 
assigned sequences with no corresponding 16S rRNA clade to provisional 
names EnvA-C, clades with no cultured representatives (Mazard et al., 
2012). It has been suggested that different clades have evolved 
independently to succeed in similar environments and can co-occur in 
oceanic waters increasing diversity and chances of survival of 
Synechococcus (Sohm et al., 2016). 

An extensive review of ecological genomics, including nutrient acquisition, 
has compared and contrasted the differences between Prochlorococcus and 
Synechococcus (Scanlan et al., 2009). Although a lot is known about the 
genomics and physiology of the organisms, it is difficult to grow them 
axenically in laboratory conditions. To study growth of Prochlorococcus in 
axenic culture, especially on semi-solid media, a method of growing the 
phototrophic bacteria together with heterotrophic bacteria and subsequently 
removing these “helpers” to obtain a pure culture was proposed (Morris et 
al., 2008). The authors proposed that these “helper” bacteria removed 
oxidative stress, though they did not investigate the precise mechanism or 
whether it happens in the natural environment. Subsequently, the same 
authors confirmed the relationship in the open ocean – if helper species are 
absent, the hydrogen peroxide concentration increases to levels lethal for 
Prochlorococcus causing cell envelope damage and loss of photosynthetic 
activity (Morris et al., 2011). A transcriptomics study of a Prochlorococcus 
co-culture revealed that the first response to a heterotrophic partner, within 
6 hours of inoculation, was reduction in stress (downregulation of DNA 
repair enzymes and stress-response proteins genes), followed by an 
increase in photosynthesis (Biller et al., 2016), which supports earlier 
findings. 
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Another study, on interactions between Prochlorococcus and 344 different 
heterotrophic bacterial isolates, revealed that the response of cells to co-
culture is different between Prochlorococcus ecotypes adapted to low or 
high light conditions (Sher et al., 2011). Positive interactions, resulting in 
faster growth or higher final chlorophyll fluorescence, were observed only in 
the low-light Prochlorococcus ecotype and were more common than 
inhibitory interactions. They were possibly caused by small, diffusive 
molecules, not cell to cell contact, in contrast to interactions that caused a 
delay in growth, which were observed only when cell to cell contact was 
possible. In the case of Alcanivorax sp. HOT7G9 and Rhodobacter sp. 
HOT5F3 strains, the peak chlorophyll fluorescence was higher for co-
cultures separated by a membrane than those grown together (Sher et al., 
2011). 

A study of Prochlorococcus – Alteromonas co-culture also showed a 
different response of low- and high- light ecotypes to a heterotrophic partner 
(Aharonovich & Sher, 2016). No effect was observed for the high-light 
ecotype, while the growth of the low-light ecotype was inhibited at high 
heterotroph concentrations, but promoted at low heterotroph concentrations. 
Although most genes differentially expressed in co-cultures were of 
unknown function, there is some indication of a modification of the 
membrane/cell wall (changes in expression of genes involved in 
biosynthesis and modification of peptidoglycan and liposaccharides), stress 
response (upregulated antioxidants, DNA and photosystem repair systems) 
as well as production or response to antimicrobials or signalling compounds 
(expression of transporters, prochlorosins, genes with hemolysin-like or 
RTX domains). There was little evidence of competition for or recycling of 
nutrients and genes related to production of amino acids, purines, 
pyrimidines, fatty acids, phospholipids and vitamin B12 were downregulated. 

In a study using atomic force microscopy (Malfatti & Azam, 2009), 6-42% of 
Synechococcus cells were found to be conjoint with heterotrophic bacteria 
(Figure 1.1.3.1). Some of these were further connected to other 
Synechococcus – heterotrophic bacterial cells through fine pili or cell-
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surface gel matrices, forming networks of up to 20 connections (Figure 
1.1.3.2). Although the percentage of cells conjoined with heterotrophs in 
coastal and offshore samples was the same, more networks were observed 
in coastal than offshore samples (55% and 4% respectively). 

 

Figure 1.1.3.1 Synechococcus cell (SC) conjoint with heterotrophic 
bacterium (HB). Modified from: Malfatti et al., 2010. 

 

Figure 1.1.3.2 Network of two Synechococcus cells conjoint with three 
heterotrophic bacteria. Modified from: Malfatti & Azam, 2009. 
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A study of Synechococcus sp. WH8102 – Vibrio parahaemolyticus 
interactions suggests that this cyanobacterium had upregulated genes 
related to photosynthesis (synthesis of chlorophyll and phycobilins), 
nucleotide biosynthesis, cell wall synthesis, as well as experienced 
phosphate stress in response to its heterotrophic partner (Tai et al., 2009). 
Bacteria-induced phosphate limitation has previously been described in 
diatoms (Guerrini et al., 1998; Thingstad et al., 1993). Downregulated genes 
included those responsible for amino acid synthesis, proteases, DNA repair 
(antioxidants), as well as photosynthesis (photosystem II) and transporters 
(Tai et al., 2009). There is some evidence that the cyanobacterium was 
using ammonia generated by the heterotroph as a nitrogen source – also 
described in detail in a recent paper by Christie-Oleza et al (2017). 

In a study examining Synechococcus sp. PCC 7002 – Shewanella 
putrefaciens in co-culture using transcriptomics, upregulation of carbon 
fixation genes (including RuBisCo) and downregulation of iron uptake and 
acquisition genes (suggesting increased availability of iron) were observed 
(Beliaev et al., 2014). The major metabolites excreted from Synechococcus 
sp. cells were formate, acetate, lactate and alanine. Surprisingly, the study 
suggests that Synechococcus sp. rather than the heterotroph was 
responsible for scavenging of reactive oxygen species. The heterotroph 
showed a downregulation of methionine and tryptophan biosynthesis and 
upregulation of surface attachment factors. 

Although not necessarily a phototroph-heterotroph interaction, production of 
membrane-bound extracellular vesicles by Prochlorococcus and 
Synechococcus may also play a role in these types of interactions (Biller et 
al., 2014). These vesicles may contain proteins, toxins, DNA, RNA and 
other compounds and one of their hypothesised functions is stimulating 
heterotrophic growth by releasing food. 

1.1.4 Synechococcus – Roseobacter interactions 

Roseobacter is a diverse heterotrophic bacteria clade, estimated to form 
about 20% of all bacteria in coastal waters and about 15% in mixed-layer 
open ocean systems (Buchan et al., 2005), which has metabolically 
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versatile cells able to compete well with other microorganisms (Moran et al., 
2007). Roseobacter, SAR11 and SAR86 were found to be dominant in both 
bloom and non-bloom surface ocean bacterial communities in 9 different 
studies, despite differences in methodologies (Gonzalez et al., 2000). They 
also play an important environmental role in regulating the generation of 
DMS (Zubkov et al., 2001). Ruegeria pomeroyi, basonym Silicibacter 
pomeroyi (Yi et al., 2007), was the first major marine heterotrophic bacterial 
clade to have its genome sequenced (Moran et al., 2004). 

Roseobacter genes suggest frequent interactions with neighbouring cells 
and possibly direct capture of organic matter from eukaryotes - for example 
vir-related genes encoding a type IV secretion system for translocating DNA 
or proteins to other cells and close homologs of non-ribosomal peptide 
synthase genes, which may encode a novel peptide responsible for 
signalling or host-microbe interactions (Moran et al., 2007). Many 
interactions between Roseobacter strains and other organisms have been 
described – including with red and green macroalgae, diatoms, bryozoans, 
dinoflagellates, cephalopods and oysters (Geng & Belas, 2010; Wagner-
Dobler & Biebl, 2006). Confocal laser scanning microscopy showed 
Roseobacter cells living intracellularly or as epiphytes with Pfiesteria-like 
heterotrophic dinoflagellate associated with harmful algal blooms (Alavi et 
al., 2001). 

Based on the global importance of Synechococcus and Roseobacter, as 
well as indications that both organisms can interact with other microbes, but 
with a relative dearth of literature on phototrophic-heterotrophic bacterial 
interactions generally, study of their interaction was instigated. 

Christie-Oleza et al. (2017) showed that the presence of Roseobacter 
dramatically increased the long-term survival of Synechococcus (Figure 
1.1.4.1) irrespective of nutrient levels. This is a result of circulation of 
nutrients between the two partners in a stable interaction: the phototroph 
fixes carbon, while the heterotroph remineralises leaked organic matter. 
Proteomics analysis of Synechococcus sp. – Roseobacter co-cultures 
revealed a range of secreted proteins produced by the heterotroph for 



34 

hydrolyzing biopolymers (enzymes with peptidase domains or hydrolytic-
related functions), transport (to be able to utilise different carbon sources, 
nutrients and other relevant substrates – transporters of amino acids, 
oligopeptides, carbohydrates, amines, putrescine, taurine, sulphate, 
phosphates and iron), motility (flagellar structures) and interaction purposes 
(Christie-Oleza et al., 2015). Unfortunately, the majority of identified 
enzymes had no known function. Exoproteomes of heterotrophs did not 
change much when grown with two different strains of Synechococcus sp., 
with many proteins detected in all 3 strains, which suggests that the 
relationship may be based on nutrient interactions rather than be species-
specific. 

Moreover, a metabolite produced by axenic Synechococcus cultures, which 
is absent from the milieu of Synechococcus sp. WH7803 – Ruegeria 
pomeroyi co-cultures (Figure 1.1.4.2), was discovered and awaits 
identification (Christie-Oleza et al., unpublished). 

 

Figure 1.1.4.1 Long term growth of marine Synechococcus is dramatically 
increased in the presence of Roseobacter. Control: axenic Synechococcus 
sp. WH7803; Co-culture 1: Synechococcus sp. WH7803 – Ruegeria 
pomeroyi; Co-culture 2: Synechococcus sp. WH7803 – Ruegeria 
lacuscaerulensis. (Christie-Oleza et al., unpublished). 
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Figure 1.1.4.2 Production of a metabolite (green circle) by axenic 
Synechococcus sp. WH7803 cultures, which is absent from the milieu of 
Synechococcus sp. WH7803 – Ruegeria pomeroyi co-cultures. (Christie-
Oleza et al., unpublished). 

To summarise, despite the major role that marine bacteria play in the global 
ecosystem, little is known about their interactions with other organisms. 
Although considerable work has been undertaken to understand marine 
phototroph – heterotroph interactions, especially for eukaryotic phototrophs, 
it is still unclear how these relationships form and are maintained in the 
natural environment, including the molecular basis of how different 
members of the microbial community rely on one another. The interactions 
between the second most abundant phototrophic picocyanobacteria and a 
dominant heterotroph can be studied as a model relationship to improve our 
understanding of the physiology of marine microbes, interactions between 
them, as well as the implications these relationships may have for global 
biogeochemical cycles. 

1.1.5 Secondary metabolites produced by marine cyanobacteria 

As of 2015, over 1100 secondary metabolites from different structural 
classes have been isolated from 39 genera of cyanobacteria (Dittmann et 
al., 2015; Micallef et al., 2015; Figure 1.1.5.1), including those of interest as 
antimicrobials (Swain et al., 2017), anti-cancer compounds (Leao et al., 
2013; Vijayakumar & Menakha, 2015), potential anti-acetylcholinesterase 
medicines (Carvalho et al., 2013) and agrochemical agents (Peng et al., 
2003). Their biological functions include UV-protection, feeding deterrence, 
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signaling, storage of nitrogen and allelopathy (Leao et al., 2012). A majority 
(about 90%) of cyanobacterial compounds reported for antimicrobial 
screens come from the Oscillatoriales, Nostocales and Chrococcales 
genera (Swain et al., 2017). Most reviews of marine cyanobacterial 
secondary metabolites focus on filamentous cyanobacteria and 
pharmaceutical uses of isolated compounds (Burja et al., 2001; Ehrenreich 
et al., 2005; Lau et al., 2015; Mazur-Marzec et al., 2015; Tan, 2007; Tan, 
2013), not on the Prochlorococcus and Synechococcus genera and the 
biological functions of these molecules. 

 

Figure 1.1.5.1 Examples of natural products belonging to different structural 
classes produced by cyanobacteria. NRPS/PKS compounds – microcystin; 
ribosomally synthesized and post translationally modified peptides – 
patellamide A; UV-absorbing compounds – shinorine, alkaloids – saxitoxin, 
terpenes – geosmin and hydrocarbons – heptadecane. Modified from 
Micallef et al., 2015. 
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There is some dispute whether bacteriocins are a true class of secondary 
metabolites – they are considered as such, but do not have the 
characteristics of a secondary metabolite, as they are produced during 
primary growth, are ribosomally synthesized and their antibiotic activity is 
not of a wide spectrum (Zacharof & Lovitt, 2012). In a study of 58 
cyanobacterial genomes, 145 putative bacteriocin gene clusters were 
identified in 43 cyanobacteria, including Prochlorococcus and 
Synechococcus genera (Wang et al., 2011). 

Prochlorococcus has been shown to be able to produce prochlorosins - 
lanthionine-containing peptides (Li et al., 2010; Tang & van der Donk, 2012; 
Figure 1.1.5.2), a class of extensively modified bacteriocins (Willey & van 
der Donk, 2007). Using a single, promiscuous biosynthetic enzyme and a 
range of gene-derived precursors, 29 different secondary metabolites can 
be produced. However, the biological function of prochlorosins remains 
unknown. The authors notice, however, that 0.5-5% of Prochlorococcus and 
Synechococcus genomes show the ability to produce lanthipeptides, which 
suggests that there might be thousands of cyanobacterial natural products 
awaiting discovery. 

 

Figure 1.1.5.2 Structure of prochlorosin 1.7. Modified from Tang & van der 
Donk, 2012. 

Some cyanobacteria are capable of producing bacteriocins that can act as 
antibiotics against marine picocyanobacteria – for example cyanobacterin 
produced by Scytonema hofmanni is effective against Synechococcus sp. 
(Gleason & Paulson, 1984). Over a hundred cyanobactins have been 
discovered (Sivonen et al., 2010) and a cyanobactin biosynthetic pathway 
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can be found in 24% of cyanobacterial genomes, but not in Prochlorococcus 
spp. nor Synechococcus spp. genomes (Leikoski et al., 2013). 

Microcins are bacteriocin-like antibiotics (Baquero & Moreno, 1984). Two 
Synechococcus sp. strains have microcin C-like biosynthethic gene clusters 
and it has been shown that the product of the gene cluster in 
Synechococcus sp. CC9605 is involved in inhibition of Synechococcus sp. 
WH8102 and CC9311 growth (Paz-Yepes et al., 2013). It has been 
suggested that if Synechococcus sp. CC9605 forms aggregations in the 
natural environment, as it does in some culture conditions (Apple et al., 
2011), production of antibiotics could help in keeping other microorganisms 
away from the aggregates (Paz-Yepes et al., 2013). A similar observation 
was made by Long & Azam (2001) that antagonistic interactions are more 
common between particle-attached than free-living bacteria. 

There is also some evidence of microcystin production by Synechococcus 
sp. (Carmichael & Li, 2006) or the presence of mcyB gene (marker for 
detection of microcystins producers) in Synechococcus sp., but with no 
detectable product (Barboza et al., 2017). Microcystins are cyclic 
heptapeptides produced by a polyketide-peptide biosynthetic pathway 
(Tillett et al., 2000). Three cyanobacterial genera have been shown to 
produce microcystins in culture and eight are regarded as putative 
producers (Cires et al., 2017). There has been a lot of research on 
microcystins due to their toxicity to a range of organisms, including humans 
(Ferrao-Filho & Kozlowski-Suzuki, 2011). Although there were many 
suggestions for their role in the natural environment, including oxidative 
stress protection, facilitation of carbon dioxide uptake or cell signaling there 
is no consensus on their ecological and physiological roles (Paerl et al., 
2016). In the natural environment, it is even more complicated to define their 
natural function due to the biological, chemical and physical alterations they 
undergo, as well as the effect a toxic bloom has on a microbial community 
(Schmidt et al., 2014). 

Prochlorococcus and Synechococcus spp. have been shown to live in areas 
were mycosporine-like amino acids (MAAs), UV protection compounds, can 
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be detected (Llewellyn, et al. 2012). However, the authors suggest that 
picocyanobacteria do not have and do not need MAAs as their size is too 
small for the compounds to be effective. 

Synechobactins are produced by Synechococcus sp. PCC7002 grown in 
iron-limited conditions (Ito & Butler, 2005). These are a family of 
photoreactive amphiphilic siderophores, the first siderophores from marine, 
unicellular cyanobacteria to have their structure elucidated (Figure 1.1.5.3). 

 

Figure 1.1.5.3 Structure of synechobactin A. Modified from Ito & Butler, 
2005. 

Approximately 70% of cyanobacterial genomes contain NRPS (Non-
Ribosomal Peptide Synthetase) or PKS (Polyketide Synthase) gene clusters 
(Shih et al., 2013), most of those are filamentous strains (Brito et al., 2015). 
NRPSs and PKSs are two major classes of natural products with a range of 
activities, including antibacterials (Cortes et al., 1990), toxins (Chang et al., 
2004) and siderophores (Crosa & Walsh, 2002). Prochlorococcus and 
marine Synechococcus genera are thought to lack NRPSs and have only 
Type III PKSs (Shih et al., 2013) – enzymes that catalyze the priming, 
extension, and cyclization of polyketides (Yu et al., 2012). 

T3 PKS enzymes are found in plants, bacteria and fungi and produce a 
range of compounds: chalcones, pyrones, acridones, phloroglucinols, 
stilbenes and resorcinolic lipids (Yu et al., 2012). They are small enzymes 
with single active sites, where a starter molecule is loaded before it 
undergoes chain extension via decarboxylative condensation using 
extender units and then intramolecular cyclisation. They are self-containing 
and form homodimers. Bacterial T3 PKSs usually use malonyl-CoA as 
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starter and chain extender units, but were also reported to utilise long chain 
acyl-CoAs as starter units, to use starter units bound to acyl carrier proteins 
and to use ethylmalonyl-CoA and methylmalonyl-CoA as extender units (Li 
& Muller, 2009). 

1.2 Project objectives 

Focusing on the model phototroph Synechococcus, this PhD project aimed 
to identify its most frequently occurring heterotrophic partners and, based on 
this, a model Synechococcus – Roseobacter co-culture was used to identify 
and characterise molecules produced and consumed by the phototroph and 
the heterotroph. The project is divided into three major objectives: 

I: To identify the most-frequently occurring heterotrophic bacterial partners 
present in non-axenic Synechococcus cultures. This involved PCR 
screening using “general” bacterial primers targeting the 16S rRNA gene of 
non-axenic Synechococcus cultures obtained from culture collections in 
Europe (RCC, http://www.sb-roscoff.fr/Phyto/RCC) and the US (NCMA, 
https://ncma.bigelow.org) and new Synechococcus isolates obtained during 
the 23rd Atlantic Meridional Transect cruise (AMT23, http://www.amt-
uk.org/Cruises/AMT23). 

II: To characterise the specific metabolite(s) present or absent in the milieu 
during Synechococcus – Roseobacter co-culture compared to growth of the 
axenic Synechococcus culture. This involved monitoring metabolite 
presence in different nutrient conditions, assessment of co-cultures with a 
range of different heterotrophs and elucidation of chemical structures. 

III: To determine the biosynthetic gene cluster involved in the production of 
the molecules produced by Synechococcus. This included constructing a 
biosynthetic null mutant in a gene predicted to be involved in the production 
of the molecules and subsequent phenotypic characterisation of the mutant. 
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2. General materials and methods 

2.1 Chemicals, equipment and organisms 

All chemicals were provided by ThermoFisher Scientific, except the 
following: HPLC LC-MS grade water (VWR Chemicals), magnesium 
sulphate anhydrous (Sigma-Aldrich), formic acid eluent additive for LC-MS 
(Honeywell Fluka), high-resolution agarose (AGTC Bioproducts). All 
enzymes and other molecular biology products were supplied by 
ThermoFisher Scientific, unless otherwise stated. 

Ultrapure water (18.2 MΩ·cm at 25 °C) was used for preparing solutions and 
media. For DNA and RNA applications, sterile DNase/RNase-free certified 
ultrapure distilled water was used. Routine sterilization of solutions, media 
and materials was performed by autoclaving (121°C, 15 psi, 20 min). 
Temperature-sensitive solutions of up to 100 ml were sterilized using 0.2 
μm surfactant-free cellulose acetate (CA) syringe filters. For volumes of 
more than 100 ml, 0.22 μm polyethersulfone (PES) 500ml filter systems 
were used. 

All equipment (Table 2.1.1.) was provided by and used at the School of Life 
Sciences (University of Warwick), except MiSeq sequencer (Warwick 
Medical School, University of Warwick), high resolution LC-MS (Department 
of Chemistry, University of Warwick), preparatory HPLC and rotary 
evaporator (Warwick Integrative Synthetic Biology Centre, University of 
Warwick). 

Table 2.1.1 Details of equipment used in this study. 

Type of equipment Manufacturer Model 
15°C incubator Panasonic MIR-254-PE 
22°C incubator Infors HT multitron 
Autoclave Dixon Vario3028 
Balance – analytical 
(d=0.0001g) 

Mettler Toledo  College B204-S 

Balance – toploading 
(d=0.01g) 

Sartorius BP 2100 S 

Column – analytical Agilent 
Technologies 

Zorbax Eclipse Plus C18  
4.6 x 150 mm 5 μm 
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Type of equipment Manufacturer Model 
Column – guard Phenomenex SecurityGuard kit with C18  

ID 3.2-8.0 cartridges 
Column – preparatory Agilent 

Technologies 
PrepHT XDB-C18  
21.2 x 100 mm 5 μm 

Electrophoresis 
power supply 

BioRad Power Pac 300 

Filtration (<100ml) Sartorius 0.2 μm Minisart NML 
Filtration (>100ml) Corning 0.22 μm PES 500 ml filter system 
Filtration (solvents) Grace Davidson 

Discovery 
Sciences 

0.2 μm PVDF centrifuge filters 

Flow cytometer Becton 
Dickinson 

FACScan with CellQuest software 

Fluorometer ThermoFisher 
Scientific 

Invitrogen Qubit 2.0 

Gel dock Syngene U:Genius3 
HPLC (for LC-MS) Dionex UltiMate 3000 with quaternary pump 

and thermostatted autosampler 
Light meter Skye 

Instruments 
Display meter with Lux sensor 

Lyser Retsch TissueLyser 85220 
Magnetic stirrer Drehzahl 

Electronic 
IKAMAG REO S-6 

Microcentrifuge Eppendorf 5415R with F-45-24-11 rotor 
MS (for LC-MS) Bruker amaZon SL 
MS (high resolution) Bruker maXis 
pH meter ThermoFisher 

Scientific 
Accumet AB150 with accuTupH 
Rugged Bulb pH Combination 
Electrode 

qPCR ThermoFisher 
Scientific 

AP 7500 Fast Real-Time PCR system 

Rotary evaporator GeneVac EZ-2 Elite 
Safety cabinet Envair Bio 2+ 
Sequencer Illumina MiSeq 
Spectrophotometer 
(1-2 ml) 

Amersham 
Pharmacia 
Biotech 

Ultrospec 3000 pro 

Spectrophotometer 
(microvolume) 

Thermo Fisher 
Scientific 

NanoDrop 2000 

Thermal cycler BioRad T100 
Ultracentrifuge Eppendorf 5810 R with A-4-62 rotor 
Vortex Scientific 

Industries 
Vortex Genie 2 

Water bath Grant WA11221 
Water supply Millipore Milli-Q Plus 185 

All Synechococcus spp. axenic cultures (Table 2.1.2) and co-cultures (Table 
2.1.3) were provided by the Scanlan lab (University of Warwick). All other 
phototroph and heterotroph cultures (Table 2.1.2) were provided by the 
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Christie-Oleza lab (University of Warwick). All activities that involved 
handling open cultures were performed in a UV-sterilised safety cabinet to 
minimise the risk of contamination. All experiments were carried out at 22°C 
(±2°C) unless stated otherwise. 
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2.2 Culturing 

Synechococcus spp. liquid cultures were grown at 22°C (±1°C) in Artificial 
Sea Water (ASW) medium (Wyman et al., 1985) under constant light of 5-30 
μmol photons m-1 s-1 and shaking at 140 rpm, unless stated otherwise. For 
nutrient limitation experiments, modified ASW medium was used (Table 
2.2.1.). For cultures of less than 35 ml, 50 ml polystyrene vented tissue 
culture flasks were used (Falcon). Cultures of 35 ml or more were kept in 
250 ml, narrow neck, clear, borosilicate glass Erlenmeyer flasks (Bomex) 
closed with sterile cotton wool and covered with two layers of aluminium foil.  

Table 2.2.1 Modifications of ASW medium for nutrient limitation 
experiments. All values are per 1 l of media. 

Component ASW ASW -N ASW -P ASW -Fe 
NaCl 25 g 25 g 25 g 25 g 
NaNO3 0.75 g - 0.75 g 0.75 g 
MgCl2�6H2O 2 g 2 g 2 g 2 g 
KCl 0.5 g 0.5 g 0.5 g 0.5 g 
CaCl2�2H2O 0.5 g 0.5 g 0.5 g 0.5 g 
MgSO4�7H2O 3.5 g 3.5 g 3.5 g 3.5 g 
NH2C(CH2OH)3 1.1 g 1.1 g 1.1 g 1.1 g 
K2HPO4 0.03 g 0.03 g - 0.03 g 
H3BO3 2.86 mg 2.86 mg 2.86 mg 2.86 mg 
MnCl2�4H2O 1.81 mg 1.81 mg 1.81 mg 1.81 mg 
ZnSO4�7H2O 0.222 mg 0.222 mg 0.222 mg 0.222 mg 
Na2MnO4�2H2O 0.390 mg 0.390 mg 0.390 mg 0.390 mg 
CuSO4�5H2O 0.008 mg 0.008 mg 0.008 mg 0.008 mg 
Co(NO3)2�6H2O 0.0494 mg 0.0494 mg 0.0494 mg 0.0494 mg 
FeCl�6H2O 3 mg 3 mg 3 mg - 
EDTA(Na2Mg) 0.5 mg 0.5 mg 0.5 mg 0.5 mg 

To maintain cultures, 10% (v/v) of an old culture was inoculated into fresh, 
sterile medium every 21 days. Axenic cultures were checked for 
contamination by spreading 20 μl of culture onto half of a contamination 
plate. Contamination plates were prepared by dissolving 0.8 g of yeast 
extract and 10 g of agar in 1 l of ASW, autoclaved and pouring 20 ml per 
sterile 92 x 16 mm transparent polystyrene Petri dish with ventilation cams 
(Sarstedt). The other half of the contamination plate was used as a control 
of sterility of the plate itself. Plates were sealed with plastic paraffin film 
(Parafilm M, Bemis) and kept for at least 21 days at 22°C (±1°C). In the 



51 

case of growth on a contamination plate, corresponding Synechococcus 
spp. liquid cultures were destroyed. 

For growth of Synechococcus spp. in solid media, purified agar was 
prepared using the water-ethanol-acetone wash method (Millard, 2009). SN 
medium (Waterbury et al., 1986; Table 2.2.2) was supplemented with 3 g of 
purified agar per 1 l of medium and poured into sterile 50 ml clear 
polypropylene conical centrifuge tubes (Falcon), 35 ml per tube. The tubes 
were kept in a 37°C (±1°C) water bath for at least 15 min to ensure 
temperature stability. A volume of liquid Synechococcus spp. culture 
(calculated based on the required final colony count and assuming 1% 
plating efficiency) was added to the tubes and the tubes were gently 
inverted three times to mix the cells with the medium before pouring the 
contents onto a sterile 92 x 16 mm transparent polystyrene Petri dish with 
ventilation cams. The plates were left unsealed for at least 30 minutes for 
the agar to cool down and solidify. Once solid, the plates were sealed with 
plastic paraffin film and kept at 22°C (±1°C), 5 μmol photons m-1 s-1 for the 
first 48 hours and at 22°C (±1°C), 20 μmol photons m-1 s-1 after that. 

Table 2.2.2 SN medium composition. 

Component Ammount per 1 l 
NaNO3 0.75 g 
K2HPO4 (anhydrous) 15.86 mg 
Na2EDTA·2H2O 5.6 mg 
Na2CO3 10.4 mg 
Vitamin B12 1 μg 
C6H8O7·H2O 6.25 mg 
(NH₄)₅[Fe(C₆H₄O₇)₂] 6 mg 
MnCl2·4H2O 1.4 mg 
Na2MoO4·2H2O 0.39 mg 
Co(NO3)2·6H2O 0.025 mg 
ZnSO4·7H2O 0.222 mg 

Ruegeria pomeroyi liquid cultures were grown in Marine Broth (MB) medium 
(37.4 g of Marine Broth dissolved in 1 l of water, boiled for 1 min, autoclaved 
and sterile filtered to remove any precipitate) at 29°C (±1°C), shaking at 140 
rpm, in sterile 50 ml clear polypropylene conical centrifuge tubes. For 
growth on solid medium, a liquid culture of R. pomeroyi was streaked onto a 
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MB plate (37.4 g of Marine Broth and 10 g of agar dissolved in 1 l of water, 
boiled for 1 min, autoclaved, sterile filtered to remove any precipitate and 
poured onto Petri dishes, 20 ml per plate). Plates were kept at 29°C (±1°C). 

Escherichia coli liquid cultures were grown in a shaking incubator, in 
Lysogeny Broth (LB) medium (Bertani, et al., 1951) at 32°C (±1°C), 140 
rpm, in sterile 50 ml clear polypropylene conical centrifuge tubes. For 
growth on solid medium, a liquid culture was streaked onto a LB plate (10 g 
tryptone, 5 g yeast extract, 10 g NaCl and 10 g agar dissolved in 1 l of 
water, autoclaved and poured onto Petri dishes, 20 ml per plate). Plates 
were kept at 32°C (±1°C). 

2.3 Growth assessment 

Growth of Synechococcus sp. cultures was assessed using Optical Density 
(OD) at 750 nm measured on a spectrophotometer (Henley and Yin, 1998). 
A volume of 1-2 ml of culture was transferred to a semi-micro polystyrene 
10 mm light path cuvette (ThermoFisher Scientific). All measurements were 
taken against a blank of sterile growth medium. In the case of OD 750 nm 
readings higher than 1, cultures were diluted appropriately.  

Cells were counted using a flow cytometer with single laser excitation at 488 
nm and red (650 LP) and orange (585/42 nm) fluorescence filters on a high 
flow rate setting. Cultures were diluted with ASW to obtain no more than 
300 cells in a gate per 100 fluorescent beads (1.7-2.2 μm High Intensity Nile 
Red Fluorescent particles; BD Biosciences). The flow cytometer was 
cleaned before and after use with FACSClean and FACSRinse (BD 
Biosciences) and ultrapure water was ran between samples to prevent 
carryover. 

Growth of R. pomeroyi and E. coli cultures was assessed using OD at 600 
nm measurements on a spectrophotometer in a semi-micro polystyrene 10 
mm light path cuvette against a blank of an appropriate sterile growth 
medium, with dilution for values above 1. In the case of co-cultures, 
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presence of R. pomeroyi or E. coli was checked by streaking a co-culture 
onto a MB or LB plate respectively, as described in section 2.2.  

2.4 DNA extraction, amplification and sequencing 

DNA extraction of Synechococcus sp. cultures and co-cultures was 
performed using a DNeasy Plant Mini Kit (Qiagen) according to the 
manufacturer’s instructions. Cells were lysed mechanically using 2 ml 
Lysing Matrix E centrifuge tubes (MP Biomedicals) and three 30 s runs of 
the tissue lyser at 30 Hz. In between runs, samples were kept on ice for 1 
min. Purified DNA was stored at -20°C as two aliquots until required. 

Routine Polymerase Chain Reaction (PCR) was done using MyTaq Mix 
(Bioline), according to the manufacturer’s instructions, with annealing 
temperature being 5°C below the lower of the melting temperatures of the 
primers used (Table 2.4.1). All primers were designed manually (17-21 bp, 
40-60% GC content, GC clamp, no secondary structure, no more than 4 
runs, no more than 4 di-nucleotide repeats, similar melting temperatures for 
primer pairs) and tested for specificity using BLAST (Altschul et al., 1990) 
against the genomes of Synechococcus spp. WH7803, E. coli and R. 

pomeroyi. Melting temperatures were calculated using the online IDT 
Technologies Oligo entry tool prior to ordering (25 nmol, standard 
desalting). All reactions were run with a no DNA template control. PCR 
products for sequencing were purified using a QIAquick PCR Purification Kit 
(Qiagen) according to the manufacturer’s instructions and sent for LightRun 
Standard sequencing by GATC following submission instructions. 

For 16S rRNA gene sequencing of Synechococcus spp. and 
Prochlorococcus spp. co-cultures, samples were prepared following the 16S 
Metagenomic Sequencing Library Preparation protocol (Illumina, 2014) 
using Nextera XT Index kit with generic primers (Klindworth et al., 2013) and 
Kapa High Fidelity Hot Start reaction mix (Kapa Biosystems). The optional 
verification of size was done by running 4μl of PCR products on a 1.3% 
(w/v) agarose TAE (40mM Tris, 20mM acetic acid, and 1mM EDTA) gel 
(140V, 30 min) and comparing the size of products with a Quick-Load 100 
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bp DNA ladder (New England Biolabs). The library was quantified using 
Qubit dsDNA High Sensitivity Assay (Life Technologies) and sequenced on 
MiSeq M01757 (MiSeq Control 2.5.0.5; GenerateFASTQ workflow) with 
MiSeq Reagent Kit v2 500-cycles (Illumina). Reads were merged, quality 
filtered, dereplicated and clustered using USEARCH 10.2.240 (Edgar, 2013) 
and VSEARCH 2.4.3 (Rognes et al., 2016). Data was analysed using QIIME 
1.9.1 (Caporaso et al., 2010). 
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2.5 RNA extraction, generation of cDNA, qPCR 

To extract RNA, 15 ml of cultures were centrifuged for 15 minutes at 3220 g, 
supernatant was discarded and cell pellets were flash frozen in liquid 
nitrogen. Samples were stored at -80°C until further processing. RNA 
extraction was performed using a RNeasy Mini Kit (Qiagen) according to the 
manufacturer’s instructions. Cells were lysed in the same way as for DNA 
extractions (see section 2.4). Any residual DNA was removed using TURBO 
DNA-free Kit (Life Technologies) according to the manufacturer’s 
instructions. Purified RNA was stored at -20°C until required. 

To generate cDNA, all purified RNA samples were quantified using a 
microvolume spectrophotometer. Samples were diluted with 
DNA/RNA/RNase free water to the concentration of the sample with lowest 
amount of RNA. cDNA was generated according to the SuperScript III 
Reverse Transcriptase manufacturer’s instructions (random hexamer primer 
protocol), but using Ribolock RNase inhibitor instead of the recommended 
RNaseOUT Recombinant RNase Inhibitor. The final product was aliquoted 
to create an undiluted stock stored at -80°C and undiluted, 1:10 and 1:100 
diluted stocks to be stored at -20°C for further use. 

qPCR was performed to study the expression of the Synechococcus sp. 
WH7803 T3 PKS gene (synWH7803_1003) relative to a housekeeping gene 
(phosphoenol pyruvate carboxylase: synWH7803_454). The reaction was 
prepared using FastSYBR Green Master Mix, according to the 
manufacturer’s instructions (polymerase activation at 95°C for 20 s and 40 
cycles of denaturing at 95°C for 3 s and annealing/extending at 60°C for 30 
s), in DNA/RNA/RNase free MicroAmp Fast 96-well reaction plate 
(ThermoFisher Scientific) sealed with MicroAmp optical adhesive film 
(ThermoFisher Scientific). Concentrations of DNA for forming a standard 
curve were determined using a fluorometer (Qubit dsDNA High Sensitivity 
Assay). Primers were designed in the same way as for standard PCR 
(section 2.4) for the T3 PKS gene synWH7803_1003 (primers 
WH7803_CHS_F and WH7803_CHS_R; predicted product size 116 bp; 
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Table 2.4.1) and the housekeeping gene synWH7803_454 (7803_454_F 
and 7803_454_R; predicted product size 108 bp; Table 2.4.1). Optimal 
concentrations of primers were determined by testing a range of 
concentrations and choosing the concentration with highest efficiency and 
no extra products visible on the melting curve. For T3 PKS primers at 100 
nM and phosphoenol pyruvate carboxylase primers at 200 nM, the 
efficiencies were 99.14% and 101.40% respectively with a single amplicon. 
All samples were ran as three technical replicates. Every run included two 
controls – no reverse transcriptase reaction and no template reaction. Data 
was analysed using the AB7500 2.0.6 software and the expression level 
was normalized to that of the housekeeping gene using the Livak method 
equation (Livak & Schmittgen, 2001): 

2ΔΔCT=2[CT(target,untreat)−CT(ref,untreat)−(CT(target,treat)−CT(ref,treat)] 

where: 

CT=cycle threshold value; 

CT(target,untreat)=CT value of gene of interest in untreated sample; 

CT(ref,untreat)=CT value of control gene in untreated sample; 

CT(target,treat)=CT value of gene of interest in treated sample; 

CT(ref,treat)= CT value of control gene in treated sample. 

2.6 Assessment of metabolite production 

Routine checks of exometabolite production were done using 200 μl of 0.2 
μm filtered culture supernatant. The supernatant was combined with 200 μl 
of methanol and filtered using PVDF centrifuge filters for 5 min at 3700 g. 
The flow through was transferred into a flat bottom 31mm x 6mm clear glass 
insert (ThermoFisher Scientific) in a 2 ml snap-seal amber glass 
autosampler vial with 11 mm clear polypropylene cap with PTFE liner 
(Thames Restek). Samples were analysed by Liquid Chromatography 
coupled with Electrospray Ionisation (ESI) Mass Spectrometry (LC-MS) 
using methods “30 mins 5 95 cg7 1000ul” and “positive 100 1000 400 sf 200 
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ul” (Tables 2.6.1-2.6.2), HPLC grade water and methanol with 0.1% formic 
acid, injection of 10 μl, a guard and analytical columns. Every run of 
samples started with and ended with a blank and a medium control, with 
blanks also ran in between samples from different experiments and after 
particularly concentrated samples (e.g. extract dilutions) or samples of 
unknown concentration. Data was analysed using Bruker DataAnalysis 4.2 
software. Baseline was subtracted (flatness 0.8) and chromatograms were 
smoothed (Gauss algorithm, width 2, cycles 1) before exporting.  

As the structures of the molecules are not known, there are no standards 
available that could be used for quantification. All comparisons between 
samples within the same experiment, analysed in a single run, were done 
based on peak intensity. A positive control from the same culture of 
Synechococcus sp. WH7803 with high level of the molecules was ran with 
every batch of samples throughout the project to ensure consistency of the 
results generated. Although no inter-experiment comparisons of levels of 
metabolites were performed, the positive control was an indicator of 
consistency of the method, equipment and conditions, as well as stability of 
the compound. 
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For large volume organic solvent extraction, the pH of 1.5 l of a culture 
supernatant was adjusted to 3 with HCl, unless stated otherwise. The 
supernatant was transferred to a 2 litre borosilicate glass separating funnel 
(Pyrex) and 500 ml of ethyl acetate was added. The funnel was vigorously 
shaken for 3 min and then left for 15 min on a retort stand for phases to 
separate. The ethyl acetate phase was collected and the aqueous phase 
was poured back into the separating funnel with another 500 ml of ethyl 
acetate added to repeat the extraction. Water was removed from the 
combined ethyl acetate phases using anhydrous magnesium sulphate. The 
extract was filtered through a cellulose filter paper (Whatman) into 
borosilicate glass test tubes (Pyrex) and ethyl acetate was evaporated using 
a rotary evaporator on a “low BP” programme with a maximum temperature 
of 30°C for 1 hour. Dry extract was resuspended in 2 ml of 50% methanol 
for further processing. A 1:10 dilution of extracts was analysed by LC-MS 
using methods “60 mins 5 95 1000 ul” and “positive 100 1000 400 sf 200” 
(Tables 2.6.1-2). 

2.7 Chemical formula determination and MSn fragmentation 

The supernatant extracts of Synechococcus sp. WH7803 were ran on the 
LC-MS to identify the fragmentation pattern of the compounds of interest. 
Using method “30 min 5 95 cg7 1000ul” (Table 2.6.1), samples were ran in 
positive polarity mode (“positive 15 500 300 sf 200 ul ms”, Table 2.6.2) to 
identify ions of the compounds and then to fragment them. Two precursor 
ions of the highest intensity were chosen at every step for further 
fragmentation. 

Chemical formulae for compounds of interest were determined by running a 
Synechococcus sp. WH7803 supernatant sample on LC-MS with high 
resolution MS (“60 mins 5 95 1000ul “ and “positive HR 50 3000” methods, 
see Tables 2.6.1-2.6.2) at the Department of Chemistry, University of 
Warwick. Possible formulae were generated using Bruker DataAnalysis 4.2 
SmartFormula Manually function with tolerance of 4 ppm, M+H adduct and 
automatic location of monoisotopic peak. For every compound of interest, a 
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formula was chosen based on lowest formula error score and best isotopic 
pattern fit, as well as agreement with the MSn fragmentation of the molecule 
data, if available. 

2.8 Genetic modifications of Synechococcus sp. 

To determine whether a specific gene plays a role in the production of the 
molecules of interest, Synechococcus sp. WH7803 can be modified 
genetically. One of the methods of gene inactivation is insertion of a plasmid 
into the gene, which will disrupt the sequence inhibiting effective 
transcription and translation, while at the same time introducing a marker 
that can be used for selection of the mutant over the wild type strain. E. coli 
strains carrying kanamycin resistance can be used for conjugation with 
Synechococcus sp. WH7803. To be able to isolate single colonies that 
survive kanamycin, Synechococcus sp. has to be pour plated. Given poor 
survival of pour plating and low efficiency of conjugation, accumulation of 
organic matter in the medium due to cell death can decrease the success 
rate of the process. To improve the chances of survival of genetically 
modified Synechococcus sp. WH7803, a helper heterotrophic bacterium, 
resistant to the selectable marker, such as kanamycin-resistant strain of R. 

pomeroyi, can be introduced during pour plating to provide recycling of 
accumulated organic matter. As an axenic Synechococcus sp. WH7803 
genetically modified culture is required at the end of the process, the 
heterotroph helper has to be sensitive to another marker, such as sucrose, 
to enable its removal once the mutant strain is growing. After confirmation of 
presence of the plasmid in the disrupted gene and absence of any wild type 
copies of the gene by PCR, the axenic genetically modified culture can be 
used for further experiments. 

A Synechococcus sp. WH7803 mutant in the gene encoding a type 3 
polyketide synthase synWH7803_1003 was constructed. A T3 PKS gene 
fragment of approximately 500 bp was amplified by PCR (95°C for 3 min 
followed by two cycles of 95°C for 30s, 60°C for 30 s and 72°C for 20 s and 
30 cycles of 95°C for 30 s and 72°C for 50s and a final step of 72°C for 5 
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min) with primers PKS7803_252_XbaF and PKS7803_779_XbaR (Table 
2.4.1). The product was purified using the Purelink PCR Purification kit 
(ThermoFisher Scientific) and digested with FastDigest XbaI restriction 
enzyme according to manufacturers’ instructions. A part of the digest was 
ran on a 1% agarose TAE gel (140V, 30 min) with GeneRuler 1kb DNA 
ladder to confirm the presence and size of the product.  

E. coli S17-1 λpir pGP704 (kanamycin, chloramphenicol and ampicillin 
resistant, Figure 2.8.1; Table 2.8.1) was grown in a liquid culture overnight. 
Plasmids were extracted using the QIAprep Spin Miniprep kit (Qiagen), 
digested with FastDigest XbaI restriction enzyme, purified using the Purelink 
PCR Purification kit and dephosphorylated using FastAP Thermosensitive 
Alkaline Phosphatase according to manufacturers’ instructions. The 
dephosphorylated plasmid was centrifuged (16100 g, 5 min) and part of the 
sample was ran on a 1% agarose TAE gel (140 V, 30 min) with GeneRuler 
1kb DNA ladder to confirm the presence of a product. 
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The digested T3 PKS gene fragment (11 μl) and dephosphorylated digested 
pGP704 plasmid (3 μl) were combined and ligated using T4 DNA ligase 
(Promega) following buffer and enzyme concentrations recommended by 
the manufacturer, but with incubation at 14°C for 17 hours. Competent E. 

coli S17-1 λpir cells were received from J. Christie-Oleza (University of 
Warwick). Once thawed, 20 μl of the ligated plasmid was added to the cells. 
The cells were incubated on ice for 40 min, then heat shocked at 42°C for 
45 s and again incubated on ice for 15 min. 1 ml of LB medium was added 
to the cells before incubation at 37°C for 60 min. 100 μl of the culture were 
spread on a LB plate containing ampicillin (100 μg ml-1) and kanamycin (50 
μg ml-1). The remaining 900 μl of culture were centrifuged (16100 g, 5 min), 
the supernatant was discarded and the pellet spread on a second LB 
ampicillin kanamycin plate. The plates were incubated overnight at 30°C. 40 
colonies were picked and transferred to a fresh LB ampicillin kanamycin 
plate and incubated for another 8 hours at 30°C. 10 colonies were picked 
and used to inoculate 3 ml of LB containing ampicillin (100 μg ml-1) and 
kanamycin (50 μg ml-1) each and were incubated overnight at 30°C, 140 
rpm. A control of E. coli without the insert was also inoculated into 3 ml of 
LB. The following day, plasmids were extracted from the liquid cultures 
using a QIAprep Spin Miniprep kit according to manufacturer’s instructions 
and parts of the samples were ran on a 1% (w/v) agarose TAE gel (140V, 
30 min) with GeneRuler 1kb DNA ladder to check for the presence of the 
insert based on a change in length. Two plasmids demonstrating the 
change and were chosen for Fastdigest XbaI and SmaI digestion to confirm 
the presence of the insert. Together with a control of plasmid with no insert, 
the plasmids were digested according to restriction enzymes manufacturer’s 
instructions and the digests were ran on a 1% (w/v) agarose TAE gel (140V, 
30 min) with GeneRuler 1kb DNA ladder. Both plasmids demonstrated band 
patterns expected for a plasmid with the insert, one was chosen for further 
work and labelled pAD34 (Table 2.8.1). 
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The colony with confirmed insert and an insert-free control were used to 
inoculate 7.5 ml of LB each for overnight incubation at 30°C. 200 ml of 
Synechococcus sp. WH7803 culture were centrifuged (3220 g, 10 min) and 
the supernatant was discarded. The cells were resuspended in 300 μl of SN 
medium. E. coli overnight cultures were centrifuged (3220 g, 10 min), the 
supernatants were discarded and the pellets were resuspended in 500 μl of 
SN medium containing 10% (v/v) LB each. A mixture of 50 μl 
Synechococcus sp. WH7803 cells : 50 μl E. coli cells with the insert was 
spotted onto a centre of a 0.6% (w/v) purified agar SN plate (sterile SN 
medium with 6 g of purified agar per 1 l of medium, 20 ml per Petri dish). 
The process was repeated with 25 μl : 50 μl and 10 μl : 50 μl ratios 
(Synechococcus sp. : E. coli) and with E. coli cells without the insert. Plates 
were left to dry for 30 minutes, sealed with plastic paraffin film and 
incubated for 48 hours at 22°C (±1°C), 5 μmol photons m-1 s-1. 

The spots were resuspended in 1 ml of ASW and the cells were pour plated 
as described in section 2.2. Every tube with 0.3% purified agar SN medium 
was supplemented with 100 μl of R. pomeroyi DSS-3 pBBR1MCS-2 
pKNG101 (kanamycin resistant, sucrose sensitive; Table 2.8.1) culture (10 
ml overnight MB culture, centrifuged at 3220 g for 10 min, supernatant 
discarded and pellet resuspended in 2 ml ASW), 30 μl of kanamycin (50 mg 
ml-1 stock) and inoculated with either 100 μl or 900 μl of the resuspended 
cell spot. The contents were poured into Petri dishes, left to dry, sealed and 
incubated at low light for the first 48 hours. 
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Figure 2.8.1 E. coli plasmid pGP704 with kanamycin (red), chloramphenicol 
(blue) and ampicillin (pink) resistance used for conjugation: 500bp insert 
(green) is the middle part of the T3 PKS gene. 

Colonies which appeared after at least 21, but no more than 60 days, were 
transferred into 3 ml of liquid SN medium with 25 μg ml-1 kanamycin each. 
After 3 weeks, 1 ml of every culture was used for DNA extraction as 
described in section 2.4. Plasmid presence and the segregation of mutants 
was checked by PCR with pgp3533_F and PKS7803_835_R (approximately 
600 bp product) and PKS7803_252_XbaF – PKS7803_835_R primers 
(approximately 600 bp product) respectively. Cultures confirmed as having 
the plasmid and segregated were pour plated (section 2.2) in 1% purified 
agar SN with 1% (w/v) sucrose and 100 μg ml-1 ampicillin to remove R. 

pomeroyi. Colonies that appeared were transferred into 3 ml of liquid SN 
each and tested for the presence of R. pomeroyi and E. coli by streaking the 
liquid culture onto MB and LB plates respectively (section 2.3). An axenic 
culture was chosen for further work and was routinely maintained as 
described in section 2.2, but with additional 50 μg ml-1 of kanamycin.  
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3. Interactions of Synechococcus spp. with heterotrophic 

bacteria 

3.1 Introduction  

The global ocean is inhabited by 1.2 × 1029 prokaryotes (Whitman et al., 
1998), living in various environments with varying levels of resources and 
shaped by different pressures. Different organisms evolved to live in specific 
niches, and it is impossible to find any part of the ocean not colonized by 
microorganisms since even at great depths (Sogin et al., 2006), 
temperatures (Huber et al., 1986), concentrations of toxic compounds (De et 
al., 2008) and with no light (Nakagawa & Takai, 2008), life is possible for 
bacteria. 

However, looking at a much smaller scale, every bacterial cell is also 
shaping its own environment. Apart from adapting to the environment it is 
living in, it is also modifying it and creating new micro-niches for other 
organisms to live in by changing the physical and chemical composition of 
its immediate surroundings. Any “leaky” metabolic process, exudation of 
waste products or production of compounds specifically made for excretion 
is a possible source of nutrients for other microorganisms or can improve 
their chances of survival by, for example, changing the pH or viscosity of the 
surrounding environment. It has been suggested that extracellular vesicles 
produced by marine picocyanobacteria (Biller et al., 2014) can act as “food 
packages” to facilitate growth of heterotrophic bacteria. 

To fully understand global biogeochemistry it is extremely important to gain 
an understanding of microscale interactions between microorganisms and to 
study their biochemistry (Azam & Malfatti, 2007). As cyanobacteria are 
present in high numbers in most photic regions of the oceans, playing a 
critical role in marine carbon cycling (see section 1.1.3), it is therefore 
crucial to understand what bacterial genera are living in their closest 
proximity and with which organisms they interact. 
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Earlier studies, as described in Chapter 1, focused on either assessment of 
the character of these relationships (i.e. whether they have positive or 
negative effects on the partners), or on understanding the biochemistry of 
interactions between specific pairs of bacteria, not necessarily found to co-
exist in the natural environment. This study was designed to perform an 
identification of the bacterial heterotrophs present in Synechococcus sp. 
non-axenic cultures isolated from the natural environment, but at the same 
time giving the opportunity to study any interesting relationships in greater 
detail as all organisms used are currently in culture and can be obtained 
from culture collections. 

The aims of this Chapter were to:  

§ Identify those bacterial heterotrophs most commonly occurring in 
Synechococcus sp. co-cultures.  

§ Determine if any similarities and differences in the composition of the 
heterotrophic community in Synechococcus co-cultures are related to 
the Synechococcus ecotype, the composition of the growth medium, 
the isolation location or depth, or the length of time in culture.  

§ Assess how the heterotrophic bacteria ‘partner community’ changes 
during clonal purification of a Synechococcus strain.  
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3.2 Materials and methods 

3.2.1 DNA extraction 

Seventy five Synechococcus sp. non-axenic cultures (Table 3.2.1), grown 
for at least 90 days, were well mixed to ensure more uniform microorganism 
distribution and opened in sterile conditions. 2 ml of culture was then 
transferred to sterile microcentrifuge tubes for DNA extraction (see section 
2.4). 
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Seawater samples were collected during the AMT23 research cruise 
(Atlantic Ocean transect, from the UK to the Falkland Islands; October-
November 2013 see http://www.amt-uk.org/Cruises/AMT23) and enriched 
with PCR-S11 or ASW media (5 ml of medium per 20 ml of seawater and 1 
ml of medium per 4 ml of seawater, respectively). Upon confirmation of 
Synechococcus sp. presence by flow cytometry, the enrichments were 
plated in 2% weight per volume (w/v) agarose in the same medium as the 
one used for enrichment. Four random colonies resembling Synechococcus 
sp. were picked from the plates into the same liquid medium (1st liquid), and 
after developing colour were plated again in 2% (w/v) agarose in the same 
medium. One representative colony was picked into the same liquid medium 
(2nd liquid) and again, after developing colour, the culture was plated in 2% 
(w/v) agarose in the same medium. One representative colony was picked 
again and transferred into the same liquid medium (3rd liquid). This process 
of enrichment and isolation was carried out by Mónica Joyce Moniz (School 
of Life Sciences, University of Warwick). Samples for DNA extraction were 
obtained from the original enrichments (at least 5 ml; within 2 weeks of 
research cruise completion), 1st liquid (if possible; 2 ml) and 3rd liquid (2 ml) 
and were processed on the day of collection. Out of all the samples 
collected, only 8 original enrichments were maintained until the step of 3rd 
liquid (most were lost due to very poor growth, contamination or 
unsuccessful DNA extraction; some were used up for other purposes), 
including 2 full sets (with 1st liquid step sample) (Table 3.2.2). 

Every batch of DNA extraction reactions consisted of up to 23 samples and 
a blank (DNA-free water). Equal volumes of blanks from all DNA extraction 
reactions were combined to form the final combined blank sample used 
throughout the sequencing process to determine contamination levels due 
to handling, non-sterile DNA extraction kit reagents and cross-contamination 
between wells.   
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Table 3.2.2 Samples originating from the AMT23 research cruise 
enrichments. 

Sample details 
[station number, CTD 

recording, depth, medium] 

Original 
enrichment 

(O) 
1st liquid  

(L1) 
3rd liquid 

(L3) 

ST 3, CTD 5, 2 m, ASW yes no yes, P4B1 
ST 9, CTD 11, 2 m, ASW yes no yes, P4A3 

yes, P4C3 
ST 9, CTD 11, 20 m, PCR-S11 yes yes, P1D6 yes, P1D6 
ST 10, CTD 12, 2 m, ASW yes no yes, P4B2 
ST 13, CTD 17, 2 m, PCR-S11 yes yes, P1C3 yes, P1C3 
ST 37, CTD 45, 2 m, ASW yes no yes, P4C2 
ST 44, CTD 54, 2 m, ASW yes no yes, P6B1 
ST 46, CTD 56, 2 m, PCR-S11 yes no yes, P1C5 

yes, P1C6 

3.2.2 Sequencing 

Samples of DNA from the 75 Synechococcus sp. cultures, 20 cruise isolates 
and a blank were assigned to wells of a 96-well plate (Table 3.2.1) in such a 
way that no samples of the same origin (cruise enrichment for cruise 
isolates and same ocean region for culture collection samples) were next to 
each other. The blank was assigned to well D4 at the centre of the plate to 
maximise the chances of cross contamination. Sample preparation for 
sequencing followed the 16S library preparation pipeline (see section 2.4), 
which includes two PCR steps, normalisation and pooling. The first PCR 
reaction (95°C for 3 min, 25 cycles of 95°C for 30 s, 55°C for 30 s and 72°C 
for 30 s and a final step of 72°C for 5 min) was performed to generate 16S 
rRNA gene amplicons (primers targeting the V3 and V4 regions with 
overhang adapters: forward 5'-TCGTCGGCAGCGTCAGATGTGTA 
TAAGAGACAGCCTACGGGNGGCWGCAG and reverse 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTAT
CTAATCC, product of about 460-480 bp) with overhang adapters, the 
second step added a unique combination of indices to all PCR products of a 
given sample and Illumina sequencing adapters (95°C for 3 min, 8 cycles of 
95°C for 30 s, 55°C for 30 s and 72°C for 30 s and a final step of 72°C for 5 
min). All samples were then quantified (section 2.4) and, if needed, diluted 
to obtain approximately the same concentration as that of the least 
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concentrated sample (excluding the blank). Equal volumes of normalised 
samples were pooled and the library was diluted to 4nM. 5 μl of the final 
library was run on a MiSeq. 

3.2.3 Data analysis 

Fastq files for all samples were uploaded to the Vettel server (Bio-Linux 8 
running on Ubuntu Server 14.04 LTS; provided by the University of 
Warwick, School of Life Sciences IT services). Forward and reverse reads 
were merged using USEARCH 10.2.240, command fastq_merge pairs with 
no minimum/maximum merge length, a maximum of 5 mismatches per 
alignment and default filtering. Primer sequences were removed using 
fastx_truncate command with trimming 17 and 21 letters from left and right 
ends respectively. Quality filtering was performed using command 
fastq_filter, with the maximum expected error threshold set to 1.0 (Edgar & 
Flyvbjerg, 2015). Reads were then dereplicated using the fastx_uniques 
command. OTU (Operational Taxonomic Unit) clustering was performed 
using the UPARSE-OTU algorithm (Edgar, 2013) at 97% with concurrent 
chimera filtering and discarding of single reads by the cluster_otus 
command. An OTU Table was created in VSEARCH 2.4.3 (Rognes et al., 
2016) using the OTU list and merged reads database, at 97% identity by 
usearch_global. OTUs with counts of less than 0.5% of total sample reads 
were discarded (otutab_trim) and UNCROSS algorithm command (uncross) 
was executed to minimize cross-talk error (Edgar, 2016). Samples with less 
than 10 000 reads were discarded (outtab_trim) and remaining samples 
were normalized to 200 000 reads (otutab_norm). 

Taxonomy was assigned using the Ribosomal Database Project (RDP) 
Classifier (Wang, et al., 2007) at 97% identity against the Greengenes 13.8 
database by QIIME 1.9.1 script assign_taxonomy.py (Caporaso et al., 
2010). The output file was modified to include a header row (OTU ID 
taxonomy confidence). The OTU table was converted into a biom HDF5 
format using BIOM 2.1.4 convert command. Taxonomy data was added to 
the table by the “add-metadata” command. Area plots and bar charts were 
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generated in QIIME (summarize_taxa_through_plots.py). OTU heatmaps 
were created using the make_otu_heatmap.py script. Core microbiome at 
the levels of 50-90% (i.e. OTUs present in 50-90% of samples) was 
determined by the core_microbiome.py command. 

Statistical analysis used script observation_metadata_correlation for testing 
for correlation between OTU abundance and continuous data (such as 
latitude and longitude) using the Spearman’s Rho method and 
group_significance.py for comparing OTU frequencies across sample 
groups (such as sample type or medium type) using the Kruskal-Wallis test 
method. Principal Coordinates Analysis (PCoA) was performed using a 
rarefied OTU table (sampling depth 1 000) using QIIME script 
core_diversity_analyses.py.  
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3.3 Results 

3.3.1 Comparison of culture collection and cruise enrichment cultures 

The sequencing run generated 8.75 Gbp with an average ≥Q30 of 87.72% 
(i.e. the percentage of base calls with an accuracy equal to or higher than 
99.9%), a cluster density of 934 kc/mm2 and a percentage of clusters of 
reads passing filter at 88.33%. Out of 96 samples 95 passed quality and 
minimum number of reads filtering. The sample which did not pass the 
process was the combined blank (95 reads). The final OTU table comprised 
11.9 million reads, 6555 counts, for 69 OTUs and 95 samples. 

The average number of OTUs per Synechococcus sp. cruise enrichment 
sample was 9.85 (range of 4-20) and for culture collection sample 13.59 (3-
22). At both the phylum and family level, Synechococcus sp. cruise 
enrichments cultures display a different composition of taxa than culture 
collection cultures (Figures 3.3.1.1-3.3.1.2) and some OTUs have 
significantly different frequencies between the two groups of samples (Table 
3.3.1.1) 

Table 3.3.1.1 OTUs with statistically significant different frequencies 
between Synechococcus sp. cruise enrichments and culture collection 
samples. 

OTU Taxonomic assignment p value  
(FDR corrected) 

OTU72 Actinobacteria; Actinobacteria; Actinomycetales; 
Microbacteriaceae 0.0420 

OTU18 Bacteroidetes; Flavobacteriia; Flavobacteriales; 
Flavobacteriaceae; Muricauda 0.0047 

OTU319 Cyanobacteria; Chloroplast; Stramenopiles 0.0177 

OTU10 
Cyanobacteria; Synechococcophycideae; 
Synechococcales; Synechococcaceae; 
Synechococcus 

0.0117 

OTU9 Planctomycetes; Phycisphaerae; 
Phycisphaerales 0.0070 

OTU4 Proteobacteria; Alphaproteobacteria 0.0229 

OTU28 
Proteobacteria; Alphaproteobacteria; 
Kiloniellales; Kiloniellaceae; Thalassospira; 
xiamenensis 

<0.0000 

OTU79 Proteobacteria; Alphaproteobacteria; Rhizobiales 0.0070 
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OTU Taxonomic assignment p value  
(FDR corrected) 

OTU11 Proteobacteria; Alphaproteobacteria; Rhizobiales; 
Cohaesibacteraceae 0.0189 

OTU12 Proteobacteria; Alphaproteobacteria; Rhizobiales; 
Hyphomicrobiaceae; Parvibaculum 0.0117 

OTU7 Proteobacteria; Alphaproteobacteria; Rhizobiales; 
Phyllobacteriaceae <0.0000 

OTU13 Proteobacteria; Alphaproteobacteria; Rhizobiales; 
Phyllobacteriaceae; Nitratireductor <0.0000 

OTU71 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Hyphomonadaceae 0.0498 

OTU16 
Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Hyphomonadaceae; 
Hyphomonas 

0.0120 

OTU3 
Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Hyphomonadaceae; 
Oceanicaulis 

0.0008 

OTU162 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae <0.0000 

OTU43 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae <0.0000 

OTU21 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae <0.0000 

OTU68 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae <0.0000 

OTU15 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 0.0001 

OTU35 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 0.0004 

OTU2 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 0.0017 

OTU87 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae; Loktanella 0.0420 

OTU105 
Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Alteromonadaceae; 
Alteromonas 

<0.0000 

OTU14 
Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Alteromonadaceae; 
Marinobacter 

0.0171 

OTU258 
Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Alteromonadaceae; 
Marinobacter 

0.0177 

OTU48 Proteobacteria; Gammaproteobacteria; 
Thiotrichales; Piscirickettsiaceae; Methylophaga 0.0090 

OTU49 Proteobacteria; Gammaproteobacteria; 
Thiotrichales; Piscirickettsiaceae; Methylophaga 0.0117 
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Figure 3.3.1.1 Summary of taxa present in cruise enrichment and culture 
collection cultures at phylum level. 
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Synechococcus sp. was detected in 91 samples, including all cruise 
enrichment cultures. Only two cultures, both cruise enrichment samples, 
were positive for reads of “Cyanobacteria” other than Synechococcus sp. 
(Stramenopiles sp.). Although the taxonomic assignment of this sequence 
with the Greengenes database showed a confidence value of 1 when 
searched with BLAST against the 16S ribosomal RNA database, no 
matches above 90% were found. The closest matches all included 
Cyanobacteria species: Calothrix desertica strain PCC 7102 (86% identity 
with 100% query cover), Scytonema hofmanni strain PCC 7110 (85% 
identity with 100% query cover) and Trichocoleus desertorum strain ATA4-
8-CV2 (85% identity with 99% query cover), which suggests that the query 
might be more closely related to Cyanobacteria than the assigned 
Stramenopiles sp. (Eukaryota, Heterokonta). However, the USEARCH 
SINTAX algorithm (Edgar, 2016) with RDP training set v16 database, 
recognised the OTU as Bacillariophyta sp. (Eukaryota, Heterokonta, 
Ochrophyta; confidence value of 1), which suggests that it could be a 
diatom. 

3.3.2 Identification of most frequently occurring heterotrophs in 
Synechococcus sp. cultures 

The OTU heatmap (Figure 3.3.2.1) confirmed not only that there are OTUs 
present in more than one sample, but also that some species were present 
in a majority of samples. These most frequently occurring organisms were 
identified by QIIME and listed at different frequency levels (Table 3.3.2.1). 
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Table 3.3.2.1 Core microbiome of Synechococcus sp. cultures. 

OTU assignment Percentage of samples detected in: 
50% 55% 60% 65% 70% 75% 80% 85% 90% 

OTU10 
Synechococcus 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

OTU13 
Nitratireductor 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓  

OTU7 
Phyllobacteriacae 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓  

OTU18 Muricauda ✓ ✓ ✓ ✓      

OTU15 
Rhodobacteraceae 

✓ ✓        

To confirm the annotation of the core microbiome, the 5 most common 
OTUs were searched against the 16S rRNA database using BLAST (Table 
3.3.2.2). The Nitratireductor and Muricauda annotation was confirmed, while 
the Phyllobacteriacae (OTU7) search resulted in 3 hits of Aquamicrobium 
with high identity and query coverage (97-98%/100%) which suggests that 
the organism may be closely related to or a member of this genus. The 
Rhodobacteraceae (OTU15) search returned three matches of high 
sequence identity and query coverage (98%/100%), but of different genera: 
Loktanella atrilutea IG8, Primorskyibacter insulae SSK3-2 and 
Poseidonocella sedimentorum KMM9023. 

Table 3.3.2.2 BLAST annotation of the 4 most common heterotrophic 
partners. 

OTU annotation Top 3 matches (identity/query coverage) 
Nitratireductor  
(OTU13) 

Nitratireductor aquimarinus CL-SC21 (99%/100%) 
Nitratireductor aquibiodomus NL21 (99%/100%) 
Nitratireductor pacificus pht-3B (99%/100%) 

Rhodobacteraceae 
(OTU15) 
 

Loktanella atrilutea IG8 (98%/100%) 
Primorskyibacter insulae SSK3-2 (98%/100%) 
Poseidonocella sedimentorum KMM9023 (98%/100%) 

Muricauda  
(OTU18) 

Muricauda lutimaris SMK-108 (99%/100%) 
Muricauda aquimarina SW-63 (99%/100%) 
Muricauda ruestringensis DSM 13258 (98%/100%) 

Phyllobacteriacae  
(OTU7) 

Aquamicrobium defluvii DSM 11603 (98%/100%) 
Aquamicrobium ahrensii 905 (97%/100%) 
Aquamicrobium terrae hun6  (97%/100%) 
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Annotation with the RDP Classifier suggested Rhizobium sp. PRLIST04 
(S_ab score 0.961), Mesorhizobium sp. DG943 (0.961) and uncultured 
Phyllobacteriacae bacterium (0.972) for OTU7 and Ruegeria sp. LTs-2 
(0.958), uncultured Rhodobacteraceae bacterium (0.969) and 
Alphaproteobacterium SY190 (0.982) for OTU15 as closest matches. 

3.3.3 Factors explaining the variation in community composition 

Rarefaction of the OTU Table showed that 1000 sequences per sample 
formed a reliable representation of the full dataset (Figure 3.3.3.1). Principal 
Coordinates Analysis (PCoA) was performed for Synechococcus sp. culture 
collection samples for a general overview of sample diversity and whether 
any of the metadata collected for the cultures (Synechococcus sp. clades 
and subgroups, depth and location of isolation, the person isolating, year of 
isolation, medium) could explain the patterns seen (Figures 3.3.3.2-3.3.3.5). 

 

Figure 3.3.3.1 Number of OTUs observed in all Synechococcus sp. culture 
collection samples when a given number of sequences is analysed. 
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Figure 3.3.3.4 PCoA analysis of Synechococcus sp. culture collection 
samples, based on Bray Curtis beta diversity – isolator and year of isolation. 
Label colours represent the person(s) who isolated the culture and data 
points colours represent years (red to green scale representing 1980-2008). 

 

Figure 3.3.3.5 PCoA analysis of Synechococcus sp. culture collection 
samples, based on Bray Curtis beta diversity – depth of isolation and 
Synechococcus sp. subgroup. Label colours represent Synechococcus sp. 
subgroups and data points colours represent depth of isolation (red to green 
scale representing 0-1800 m). 
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Analysing the graphs in Figs 3.3.3.1 – 3.3.3.5 showed no clear patterns of 
sample clustering. There is a slight indication that high eastern and western 
latitudes may be different than mid-longitudes (Figure 3.3.3.3). Analysing 
specific OTUs instead of all OTUs per sample, a list of bacteria significantly 
different between samples was created (Table 3.3.3.1).  

OTU frequencies were different for some samples grouped by 
Synechococcus sp. clade, isolation depth and medium groups and two 
OTUs (OTU 13 and OTU95) showed a correlation with latitude, but no 
correlation was found for any OTU with longitude. Two of the OTUs with 
frequency varying in different media (OTU13 and OTU18; Table 3.3.3.1 in 
bold) and one of the OTUs correlated with latitude (OTU13) are part of the 
core microbiome of Synechococcus sp. cultures. 

Table 3.3.3.1 OTUs present at different frequencies between samples of 
different clade, depth and medium and showing correlation between latitude 
and counts. 

OTU Taxonomic assignment p value (FDR corrected) 
Latitude Clade Depth Medium 

OTU13 Proteobacteria; 
Alphaproteobacteria; Rhizobiales; 
Phyllobacteriaceae; Nitratireductor 

0.0346   0.0256 

OTU95 Proteobacteria; 
Alphaproteobacteria; 
Rhodobacterales; 
Hyphomonadaceae; Oceanicaulis 

0.0380    

OTU46 Proteobacteria; 
Alphaproteobacteria; 
Rhodospirillales; Rhodospirillaceae; 
Oceanibaculum; indicum 

 0.0053   

OTU103 Bacteroidetes; Cytophagia; 
Cytophagales; Flammeovirgaceae; 
Fulvivirga 

  <0.0000  

OTU64 Proteobacteria; 
Alphaproteobacteria; 
Caulobacterales; 
Caulobacteraceae 

  0.0015  

OTU105 Proteobacteria; 
Gammaproteobacteria; 
Alteromonadales; 
Alteromonadaceae; Alteromonas 

  0.0084  
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OTU Taxonomic assignment p value (FDR corrected) 
Latitude Clade Depth Medium 

OTU87 Proteobacteria; 
Alphaproteobacteria; 
Rhodobacterales; 
Rhodobacteraceae; Loktanella 

  0.0435  

OTU34 Proteobacteria; 
Alphaproteobacteria; 
Sphingomonadales 

   <0.0000 

OTU31  Bacteroidetes; Flavobacteriia; 
Flavobacteriales; 
Flavobacteriaceae 

   0.0002 

OTU79 Proteobacteria; 
Alphaproteobacteria; Rhizobiales 

   0.0002 

OTU49 Proteobacteria; 
Gammaproteobacteria; 
Thiotrichales; Piscirickettsiaceae; 
Methylophaga 

   0.0011 

OTU18 Bacteroidetes; Flavobacteriia; 
Flavobacteriales; 
Flavobacteriaceae; Muricauda 

   0.0020 

OTU158 Bacteroidetes; Flavobacteriia; 
Flavobacteriales; 
Flavobacteriaceae 

   0.0264 

OTU12 Proteobacteria; 
Alphaproteobacteria; Rhizobiales; 
Hyphomicrobiaceae; Parvibaculum 

   0.0264 

3.3.4 Identification of heterotrophic partners lost and retained in the process 
of Synechococcus sp. isolation from AMT23 cruise enrichments 

An OTU heatmap generated for the Synechococcus sp. cruise enrichments 
shows that there is no clear pattern of heterotroph loss (Figure 3.3.4.1). 
Some heterotrophs are no longer detected in 1st liquid and 3rd liquid 
samples, but there are also bacteria undetected in the original enrichment, 
yet present in the liquid samples (OTU105 in 4 samples, OTUs 50, 28, 7, 87 
and 68 in 2 samples and OTUs 16, 18, 40 and 65 in 1 sample). The core 
microbiome of cruise isolate samples had only one OTU in common with 
culture collection samples (OTU7 Phyllobacteriacae in more than 50% of 
samples; Table 3.3.4.1), but 3 out of 4 could be detected in some samples 
(Table 3.3.4.2). The average number of OTUs detected in the original 
enrichment was 11.5 (range of 8-17), while for the 3rd liquid it was 7.5 (4-
12). 
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Table 3.3.4.1 Core microbiome of Synechococcus sp. cruise enrichment 
cultures. 

OTU assignment Percentage of samples detected in: 
50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100% 

OTU10 
Synechococcus 

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

OTU105 
Alteromonas 

✓ ✓ ✓ ✓        

OTU16 
Hyphomonas 

✓ ✓ ✓ ✓        

OTU43 
Rhodobacteraceae 

✓ ✓ ✓         

OTU28 
Thalassospira 
xiamenensis 

✓ ✓          

OTU68 
Rhodobacteraceae 

✓ ✓          

OTU7 
Phyllobacteriacae 

✓           

Table 3.3.4.2 OTUs maintained, gained and lost from the original 
enrichment to the 3rd liquid sample. 

OTU Taxonomy Maintained Gained Lost 
OTU10 Cyanobacteria; Synechococcophycideae; 

Synechococcales; Synechococcaceae; 
Synechococcus 

10   

OTU43 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 

4  2 

OTU35 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 

4   

OTU105 Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Alteromonadaceae; Alteromonas;  

4 4 1 

OTU162 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 

4  2 

OTU16 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Hyphomonadaceae; 
Hyphomonas 

3 1 6 

OTU50 Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Alteromonadaceae; Marinobacter 

2 3  

OTU18 Bacteroidetes; Flavobacteriia; Flavobacteriales; 
Flavobacteriaceae; Muricauda 

2 1 2 

OTU28 Proteobacteria; Alphaproteobacteria; Kiloniellales; 
Kiloniellaceae; Thalassospira; xiamenensis 

2 3 2 

OTU52 Proteobacteria; Alphaproteobacteria; Rhizobiales 2  2 
OTU7 Proteobacteria; Alphaproteobacteria; Rhizobiales; 

Phyllobacteriaceae 
2 3 3 

OTU13 Proteobacteria; Alphaproteobacteria; Rhizobiales; 
Phyllobacteriaceae; Nitratireductor 

2  4 
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OTU Taxonomy Maintained Gained Lost 
OTU68 Proteobacteria; Alphaproteobacteria; 

Rhodobacterales; Rhodobacteraceae 
2 3 3 

OTU319 Cyanobacteria; Chloroplast; Stramenopiles 1  1 
OTU17 Bacteroidetes; [Rhodothermi]; [Rhodothermales]; 

[Balneolaceae]; Balneola 
1 2 4 

OTU5 Bacteroidetes; Flavobacteriia; Flavobacteriales; 
Flavobacteriaceae 

1  2 

OTU21 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 

1 2 4 

OTU40 Bacteroidetes; Flavobacteriia; Flavobacteriales; 
Flavobacteriaceae; Olleya 

 1 1 

OTU63 Bacteroidetes; Flavobacteriia; Flavobacteriales; 
Flavobacteriaceae; Psychroserpens 

 2  

OTU20 Planctomycetes; Phycisphaerae; Phycisphaerales   1 
OTU55 Proteobacteria; Alphaproteobacteria; Rhizobiales; 

Hyphomicrobiaceae; Devosia 
  1 

OTU38 Proteobacteria; Alphaproteobacteria; Rhizobiales; 
Phyllobacteriaceae 

  1 

OTU42 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Hyphomonadaceae 

  4 

OTU54 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Hyphomonadaceae; Maricaulis 

  1 

OTU47 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Hyphomonadaceae; 
Oceanicaulis 

  1 

OTU58 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 

  1 

OTU65 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae; Anaerospora 

 1 2 

OTU82 Proteobacteria; Gammaproteobacteria; 
Alteromonadales; HTCC2188; HTCC 

  1 

OTU87 Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae; Loktanella 

 2 2 

OTU34 Proteobacteria; Alphaproteobacteria; 
Sphingomonadales 

  2 

OTU6 Proteobacteria; Alphaproteobacteria; 
Sphingomonadales; Erythrobacteraceae; 
Erythrobacter 

  5 

OTU258 Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Alteromonadaceae; Marinobacter 

  2 

OTU22 Proteobacteria; Gammaproteobacteria; 
Oceanospirillales; Alcanivoracaceae; Alcanivorax 

  3 
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3.4 Discussion and conclusions 

The process of DNA extraction, sample preparation and sequencing 
generated an expected amount of data of good quality. This, together with 
the type of research question asked, allowed stringent quality filtering, which 
resulted in a dataset that can help in developing an understanding of 
heterotrophic partners present in Synechococcus sp. non-axenic cultures. 

It is important to note that the absence of reads in a given sample is not 
necessarily indicative of the absence of a given species in a culture. The 
process of sample collection, DNA extraction, sequence of 16S rRNA gene 
primers used, read similarity above 97% and quality filtering steps may all 
contribute to false negative results. In a similar manner, the presence of a 
species may be a false positive result due to contamination of a culture or 
DNA sample, undetected chimeras, unrecognized sequencing errors or 
cross-talk. All reasonable measures were taken to minimize these errors 
whilst trying to capture the widest community possible during the extraction 
and sample preparation process, but focusing on the reads of the highest 
quality during the data analysis stages. This approach, although not 
eliminating the risk of errors mentioned above, provided a dataset suitable 
for analysis to answer the specific questions asked, rather than to describe 
the complete community composition. 

There is some preliminary evidence that the relationship between the 
number of reads and abundance of a given species in a culture may not be 
of high correlation due to varying gene copy numbers (1-16 copies), primer 
mismatches, sequence composition (e.g. GC content) and amplification of 
biases (Edgar, 2017). Moreover, it is unclear how traditional measures such 
as alpha and beta diversity can be applied in the case of amplicon 
sequencing, taking into account both the process of sample preparation and 
data analysis, especially steps such as discarding singletons or cross-talk. 
However, in the case of this study, the main focus is to find which organisms 
are present over a number of samples, rather than their abundances. 
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The heterotrophic bacteria found co-occurring in Synechococcus sp. non-
axenic cultures have been observed in previous studies of the marine 
environment and in association with other phototrophs in cultures. Both 
Alphaproteobacteria and Bacteroidetes (see Figure 3.3.1.1) were previously 
found to be associated with diatoms, dinoflagellates and cocolithophores 
(Amin et al., 2012; Fandino et al., 2001; Green et al., 2015; Moustafa et al., 
2010; Shafer et al., 2002). Rhodobacters, members of the 
Rhodobacteraceae, were also found to coexist with Prochlorococcus (Sher 
et al., 2011). In freshwater cyanobacteria communities, Alphaproteobacteria 
and Bacteroidetes were also found to dominate cultures and samples from 
the natural environment (Zhu et al., 2016). The authors also note low 
abundance of Actinobacteria, which was also seen in the case of this study 
(Figure 3.3.1.2). 

However, the main question of this study involved evaluating which 
heterotrophic partners are most frequently present in Synechococcus sp. 
non-axenic cultures. Four heterotrophs were identified as detected in more 
than 50% of cultures and two in more than 85% cultures. Given that the 
cultures are subsampled together and media for growth are prepared in 
batches for all cultures at the same time, it could be possible that these 
bacteria were introduced as contaminants. However, as these genera are 
associated with seawater and the risk of cross-contamination between 
cultures is very low (one culture open in a flow hood at a time, transferred 
into prepoured medium), this is unlikely. Moreover, three out of four of these 
heterotrophs were later detected in the Synechococcus sp. cruise 
enrichment samples that are not maintained together with culture collection 
samples, which further suggests that the presence of these genera is not 
due to cross-contamination. 

Nitratireductor spp. have been isolated from beach sand (Kim et al., 2009), 
deep sea water of the Indian Ocean (Lai et al., 2011a), dried seaweed 
(Kang et al., 2009), Pacific Ocean sediments (Lai et al., 2011b), methanol-
fed denitrification reactor treating seawater (Labbe et al., 2003) and a 
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diatom culture (Jang et al., 2011). The three BLAST hits with highest 
identities (99%) Nitratireductor aquimarinus CL-SC21, Nitratireductor 
aquibiodomus NL21 and Nitratireductor pacificus pht-3B are all nitrate 
reducers (Jang et al., 2011; Lai et al., 2011b), which suggests that the 
organism detected in over 85% of Synechococcus sp. culture collection 
samples may also have this ability. The Synechococcus genus comprises 
organisms that can and cannot grow on nitrate and nitrite as sole nitrogen 
sources, even two strains isolated from the same water sample and 
belonging to the same clade can be different in this respect (Fuller et al., 
2003). There is also some evidence of a strain that could not grow on nitrate 
as a sole source of nitrogen, but could grow on nitrite (Moore et al., 2002). 
The presence of bacteria that reduce nitrate to nitrite could be 
advantageous for a cyanobacterium incapable of performing the process 
itself. Unfortunately, there is not enough data on utilization of different 
sources of nitrogen by all the strains used in this study to try to correlate 
these datasets. Moreover, out of 75 cultures, 49 are growing in a medium 
with nitrate as the main source of nitrogen (ASW), which suggests that the 
presence of these bacteria may simply be an effect of the type of media 
used for enrichment during the isolation process and for routine 
maintenance of cultures.  

For OTUs classified as Rhodobacteraceae, it is difficult to find a close 
match. The BLAST algorithm predicted 98% identity with three marine 
bacteria: Loktanella atrilutea IG8 (Hosoya & Yokota, 2007), 
Primorskyibacter insulae SSK3-2 (Park et al., 2015) and Poseidonocella 
sedimentorum (Romanenko et al., 2012) while the RDP Seqmatch 
suggested Rugeria sp. TCg9 (S_ab score 0.982). A strain with high 
similarity (99.4%) to Rugeria sp. TCg9 was found to be associated with the 
dinoflagellate Alexandrium tamarense (Jasti et al., 2005). It is difficult to try 
to predict the function of the organism in cultures with information only to the 
level of family, especially a family as extensive and diverse as the 
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Rhodobacteraceae. More research is required to isolate, sequence and 
establish the role of this bacterium in Synechococcus sp. cultures. 

Muricauda spp. have been isolated from Antarctic seawater (Wu et al., 
2013), mangrove sediments (Yang et al., 2013), crude-oil contaminated 
seawater (Hwang et al., 2009), coastal hot springs (Arun et al., 2009), a 
seawater sediment suspension from an intertidal sediment off the German 
North Sea coast (Bruns et al., 2001), tidal flats (Yoon et al., 2008; Lee et al., 
2012; Kim et al., 2013) as well as open ocean South Pacific Gyre waters 
(Zhang et al., 2015), which suggests that this genus of Gram negative 
bacteria is widely present in marine ecosystems. The first representative of 
this genus, Muricauda ruestringensis, was isolated from a bacterial 
community growing on hexadecane as the sole carbon source, although it 
was not able to degrade hexadecane itself (Bruns et al., 2001), which 
suggests that it was living on the chemical compounds produced or 
released by the community. It was also established that the bacterium could 
not grow on glucose, acetate, pyruvate, serine, ethanol or mannitol as sole 
carbon sources, but was able to grow on a wide spectrum of amino acids, 
mannose, fructose, lactose, sucrose, cellobiose and raffinose. Genome 
sequencing of the type species revealed a reduced number of motility-
related genes (Huntemann et al., 2012) and no motility was observed in live 
cultures (Bruns et al., 2001). Instead, the authors noted that the polar 
located appendages, a continuum of the outer membrane, could be used for 
cell-to-cell connections or adhesion to a substratum. If a Synechococcus sp. 
or other organisms it lives in a community with, could be a source of carbon 
and energy for Muricauda sp., it could potentially stick to the cyanobacterial 
cell and be very difficult to remove or be lost from a culture, which could 
explain its high frequency in Synechococcus sp. culture collection samples. 

Phyllobacteriacae was found to have its sequence most similar to 
Aquamicrobium sp. (isolated from an activated sewage sludge – Bambauer 
et al., 1998; biofilters – Lipski & Kampfer et al., 2012; polluted soil – Wu et 
al., 2014) by BLAST, but using the RDP Seqmatch, its closest matches 
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were Mesorhizobium sp. DG943 and Rhizobium sp. PRLIST04 (both 
isolated from dinoflagellate cultures; Green et al., 2004 and Prokic et al., 
1998 respectively). As in the case of Rhodobacteraceae, it is difficult to infer 
the closest relatives and the function of a bacterium when only the family is 
know. Again, more work needs to be done to learn more about how 
members of this genera may be interacting with Synechococcus. 

Synechococcus sp. was not detected in 4 culture collection samples: A15-
30, BL3, RCC0307 and RCC2378. This may be due to several reasons – 
poor susceptibility to the DNA extraction process, mismatched primer 
sequences, too stringent quality filtering (especially cross-talk filtering) or 
even absence of the cyanobacteria from the culture. The presence of the 
cyanobacterium could be confirmed by PCR with genus specific primers. 

Metadata related to the culture collection samples (Synechococcus sp. 
clade, subgroup, isolation latitude, longitude, depth, person isolating the 
stain and year of isolation) did not explain the differences in sample 
composition. There may be several reasons for this: there could actually be 
no correlation, the sample size could be too small, the composition could be 
dependent on more than one factor at the same time, the process of 
heterotroph loss or enrichment from very diverse natural communities could 
be stochastic to some extent or the process of heterotroph enrichment could 
depend largely on the metabolic functions of community members rather 
than their phylogeny. To answer these questions a wider study, with more 
samples per group and a larger number of replicates, should be designed. 
Taking into account that for most of the OTUs no reliable database matches 
at the genus level could be found, perhaps it would be more useful to look 
into community metagenomics instead of 16S rRNA gene amplicons only. 
This would provide not only a similar level of taxonomic assignment, but 
also shed some light on the pool of genes of the community which could 
help determine the metabolic abilities of its members. Transcriptomics and 
proteomics work on the same samples would provide invaluable information 
on the metabolic activities within the culture, which would help in forming an 
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understanding of the community structure, member interactions and flow of 
nutrients between Synechococcus sp. and heterotrophs. 

As less OTUs were detected on average in Synechococcus sp. cruise 
enrichment cultures than culture collection samples and the original 
enrichments had on average more OTUs than 3rd liquid samples, it is 
important to stress that the absence of reads does not necessarily imply an 
absence of an organism in a culture. Thus, it is not possible to draw 
conclusions that culture collection samples are more or less diverse than 
cruise enrichments. The samples from our culture collection were collected 
after at least 90 days of growth to capture as wide a community as possible, 
including more slowly growing members, while cruise enrichment cultures 
were collected within a few weeks of collection or inoculation, which means 
that any organism with low abundance due to, for example, slow growth 
could be missed while sampling or discarded due to low, cross-talk level, 
read numbers. The same applies to the 13 OTUs which appear to be gained 
at some point between the original enrichment and 3rd liquid steps (Table 
3.4.2). Moreover, when other OTUs (Table 3.3.4.2) were lost from the 
samples, these organisms, until then kept at low numbers due to 
competition, could gain new resources and improve their abundance up to a 
level above the detection threshold. At this point, with many of the OTUs not 
annotated to genus or species level (Table 3.3.4.2), it is not possible to 
predict why the abundance of certain members changed, as no information 
about their physiology is available. 

Identification of members of a community by 16S rRNA gene amplicon 
sequencing is only as good as the databases used for comparing the new 
reads with already known and well annotated sequences. Unfortunately, 
many OTUs were classified to the level of family only due to lack of similar 
sequences in the databases used, especially in the case of the 
Rhodobacteraceae family. To improve our understanding of the composition 
of natural and laboratory culture communities, there is a strong need for a 
reliable database of 16S rRNA gene sequences from environmental 
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samples. A good starting point for such a database would be sequences 
from organisms we currently have in cultures with other organisms. 

This study is not only useful in terms of improving our understanding of 
Synechococcus sp. – heterotroph interactions, but could also be useful for 
improving cultivation methods, especially the efforts to make cultures 
axenic. If a community composition is known, it may be easier to remove the 
unwanted species by understanding and exploiting, for example, its 
susceptibility to antibiotics or inability to use certain carbon or nutrient 
sources. 

To conclude, the heterotrophic bacteria found to be most frequently co-
occurring with Synechococcus sp. in cultures are representatives of the 
groups of heterotrophic bacteria most commonly associated with other 
phototrophs in the marine environment. A member of Rhodobacteraceae 
was found to be associated with more than 50% of all Synechococcus sp. 
cultures. Given this result and the fact that members of Rhodobacteraceae 
are consistently found to be associated with a range of phototrophs and to 
be dominant in both bloom and non-bloom surface ocean communities 
(Gonzalez et al., 2000), it seems that members of this group of marine 
bacteria could be utilised as model organisms for studying interactions 
between phototrophs and heterotrophs.   
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4. Exometabolites of Synechococcus spp. in axenic culture 
and during co-culture with heterotrophic bacteria 

4.1 Introduction 

A number of different types of interaction between members of a bacterial 
community can occur – both intra-species (Paz-Yepes et al., 2013) and 
inter-species (Sher et al., 2011); ranging from positive, such as improved 
iron assimilation (Amin et al., 2007; Amin et al., 2009), to negative, such as 
reduced growth (Ribalet et al., 2008). These interactions, even though are 
between microscopic organisms, can affect nutrient cycling (Letscher et al., 
2015), shape phytoplankton communities (Bolch et al., 2017) and change 
the physio-chemical properties of the surrounding environment (Cole, 1982; 
Roeselers et al., 2007). 

Some of these interactions can be facilitated by molecules – as a means of 
interacting with their environment, such as siderophores (Ito & Butler, 2005), 
and with other members of the community, such as antimicrobial 
compounds (Paz-Yepes et al., 2013). Compounds released into the 
environment can be produced with the purpose of excretion, come from 
leaky metabolic pathways or be released upon cell death. A metabolomics 
study of Synechococcus elongatus CCMP 1631 revealed that the most 
abundant extracellular compounds during growth of a culture are: 
adenosine, thymidine, n-acetylglutamic acid, 4-hydroxybenzoic acid, 
phenylalanine, tryptophan, succinic acid, inosine, indole 3-acetic acid, n-
acetyltaurine, 3-mercaptopropionate, cyanocobalamin and taurocholate 
(Fiore et al., 2015). Although the study has shown that Synechococcus can 
contribute nucleosides, amino acids and organosulfur compounds to the 
DOM pool, it did not differentiate between molecules released intentionally 
and those that leak passively from the cell. 

As there is a dearth of information on natural communities in the ocean – 
the members, interactions between them, pools of resources and metabolic 
dependencies – it is crucial to simplify the system to gain a better 
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understanding of the very basic principles governing the interactions 
between microorganisms. Using a cyanobacterium and a member of the 
Rhodobacteraceae, the group ‘associated’ with the vast majority of 
Synechococcus sp. cultures (see section 3.3), a simple, yet robust model of 
interactions was developed. The system involved co-culture between 
Synechococcus sp. WH7803 and Ruegeria pomeroyi DSS-3 which has 
recently been shown to stabilize the growth of Synechococcus over the long 
term (Christie-Oleza et al., 2017), while an axenic Synechococcus sp. 
WH7803 culture in the same medium can survive no more than 90 days. 
Previous studies of this model system (Christie-Oleza et al., 2017 & see 
section 1.1.4) did not involve small molecules or metabolites excreted from 
cells into the environment. 

The aims of this Chapter were to: 

• Identify and characterise the exometabolite(s) present or absent in 
Synechococcus sp. WH7803 – Ruegeria pomeroyi DSS-3 co-
cultures compared to an axenic Synechococcus sp. WH7803 control 
culture; 

• Determine if this molecule(s) is found in other axenic 
Synechococcus sp. cultures and in Synechococcus sp. WH7803 co-
cultures with a range of different heterotrophs representing different 
taxonomic groups; 

• Elucidate the effect of the presence of Ruegeria pomeroyi DSS-3 on 
the production and stability of this molecule(s). 
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4.2 Materials and methods 

4.2.1 Screening of Synechococcus sp. strains 

Three axenic Synechococcus sp. WH7803 cultures (each 100ml volume) 
and three Synechococcus sp. WH7803 co-cultures with Ruegeria pomeroyi 
DSS-3 (each 100 ml volume) were grown under standard conditions (see 
section 2.2) and sampled after 45 days of growth. Samples (2 ml) of all 
cultures were assessed in terms of growth via spectrophotometry (OD 750 nm) 
(see section 2.3), filter-sterilized to remove cells and frozen at -20°C until 
they were thawed and ran on a LC-MS in a single run following the routine 
protocol described in section 2.6 for metabolite level assessment. 

Five axenic Synechococcus strains, Synechococcus spp. WH5701, 
WH7803, WH7805, WH8102 and CCMP9311 were grown under standard 
conditions (see section 2.2) for 45 days, in 15 flasks each containing 100 ml 
volume. The cultures were subjected to centrifugation (15 minutes, 3220 g) 
and the supernatants were filtered through a 0.22 μm pore size PES filter. 
The flow through was used for extraction with ethyl acetate (see section 
2.6). 

The extraction process was performed on 1500 ml of Synechococcus sp. 
WH7803 culture supernatant three times, at pH 3, 7 and 11. Also, 50 ml of a 
Synechococcus sp. WH7803 cell pellet (obtained by centrifugation at 3220 g 
for 15 minutes) was washed 3 times with 10 ml ASW and then sonicated 3 
times (highest intensity, 15 s) in ethyl acetate. Then the broken cells 
underwent a standard ethyl acetate extraction process (see section 2.6), 
with volumes of solvents appropriately adjusted for 50 ml instead of 1500 
ml.  

Samples from three axenic Synechococcus sp. WH7803 cultures and three 
co-cultures with every heterotroph strain (Table 4.2.1.1; strain information in 
Table 2.1.2) collected after 40 days of growth in standard conditions (see 
section 2.2) were obtained from Despoina Sousoni (School of Life Sciences, 
University of Warwick). The filtered supernatants were prepared for a LC-
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MS run and ran following the routine protocol (see section 2.6) in a single 
run. 

Table 4.2.1.1 Heterotrophic organisms grown in co-culture with 
Synechococcus sp. WH7803 for exometabolomic analysis. 

Group Organism 

Actinobacteria Salinispora tropica 
Aeromicrobium marinum 

Bacteroidetes 

Polaribacter sp. 
Algoriphagus machipongonensis 
Gramella forsetii 
Formosa agariphila 

α-proteobacteria 
Ruegeria pomeroyi 
Roseobacter denitrificans 
Dinoroseobacter shibae 

γ-proteobacteria 

Pseudoalteromonas citrea 
Alteromonas macleodii 
Marinobacter adhaerens 
Pseudomonas stutgeri 

Planctomycetes Planctomyces limnophilus 
Rhodopirellula baltica 

Verrucomicrobia Verrucomicrobiae bacterium 

4.2.2 Monitoring metabolites throughout the growth curve 

Three Synechococcus sp. WH7803 cultures of 100 ml volume were grown 
under standard conditions (see section 2.2) and sampled every 5 days for 
the first 60 days and every 10 days thereafter, until 100 days. Each time, 2 
ml of culture was removed, an OD reading at 750nm was taken (see section 
2.3) and then the samples were filter-sterilized and frozen at -20°C until 
further analysis. Once all the samples were frozen, they were thawed and 
ran on a LC-MS following the routine protocol (see section 2.6) for 
metabolite level assessment in a single run. 

For nutrient limitation studies, three Synechococcus sp. WH7803 cultures of 
100 ml volume were grown in standard ASW medium as well as -N, -P and -
Fe media (see Table 2.2.1). Before inoculation from a standard ASW 
culture, cells were pelleted (10 ml centrifuged at 15 min, 8050 g) and 
washed three times with nutrient limited medium and resuspended in 10 ml 
of the nutrient limited medium, except for –N medium (10 ml of unwashed 
culture used for inoculation). 2 ml of culture was removed every 5 days for 
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70 days (or until death of the culture) for monitoring growth (OD reading at 
750 nm) and LC-MS analysis (routine protocol, single run; see section 2.6). 

4.2.3 Assessing the effect of adding a bacterial heterotroph on 
Synechococcus metabolite production 

Nine Synechococcus sp. WH7803 cultures each of 100 ml volume were 
grown under standard conditions (see section 2.2) and sampled (2 ml) every 
5 days until day 65, and then every 10 days until day 120. Ruegeria 
pomeroyi DSS-3 was added to separate cultures at day 40 and 65 in 
triplicate (i.e. 3 axenic cultures and 6 co-cultures at the end of the 
experiment). Samples for LC-MS were prepared from filter-sterilised 
supernatant of three axenic cultures and all co-cultures on days 0, 15, 25, 
40, 50, 60, 75 and 85 and processed in a single run (routine protocol, see 
section 2.6). 

The Ruegeria pomeroyi DSS-3 culture was washed 3 times in ASW (10 ml 
of 36 h culture, centrifuged at 15 min, 8050 g, and resuspended in 1.2 ml 
ASW) and 100 μl added to 20 ml of ASW and 20 ml of filter-sterilised 
Synechococcus sp. WH7803 supernatant (from a 45 day old culture, grown 
in standard conditions – see section 2.2). Together with axenic ASW and 
axenic filter-sterilised Synechococcus sp. WH7803 supernatant, the flasks 
were kept at 22°C (±1°C) under constant light of 5-30 μmol photons m-1 s-1 
and shaking at 140 rpm. Samples for LC-MS (2 ml) were taken every 10 
days for 50 days, prepared and ran following the routine protocol (see 
section 2.6). 

4.2.4 Chemical formulae of the molecules 

Synechococcus sp. WH7803 supernatant was ran on high resolution LC-MS 
at the Department of Chemistry, University of Warwick. The m/z values and 
isotopic patterns of the compounds were used to generate possible 
chemical formulae of the molecules (see section 2.7). 

Synechococcus sp. WH7803 supernatant (1.5 l) underwent ethyl acetate 
extraction (see section 2.6). After resuspension in 50% methanol, MS 
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fragmentation patterns were obtained by LC-MSn, depending on the 
intensity of the peaks, up to MS5 (see section 2.7).  
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4.3 Results 

4.3.1 Assessing the effect of heterotroph addition on Synechococcus sp. 
WH7803 metabolites and metabolite screening of five axenic 
Synechococcus spp. strains and a range of heterotrophs 

Synechococcus sp. WH7803 – Ruegeria pomeroyi DSS-3 co-cultures 
contained lower levels of six molecules, in the m/z range of 364 to 449, than 
axenic Synechococcus sp. WH7803 cultures (Figure 4.3.1.1). These six 
compounds were not detected in other axenic Synechococcus cultures i.e. 
Synechococcus spp. WH7805, WH5701, WH8102 and CC9311 nor in ASW 
medium (Figure 4.3.1.2). Extracts of Synechococcus sp. WH7803 prepared 
at pH 3, 7 and 11 (Figure 4.3.1.3) showed that highest levels of the six 
molecules were detected at pH 3. Thus, this pH was used for all subsequent 
extractions. Four compounds were identified on base peak chromatograms 
that were present in the pellet, but not in ASW medium nor the supernatant 
(Figure 4.3.1.4) and six compounds (the same as detected previously) were 
present in the supernatant and not in the pellet nor ASW. High resolution 
MS allowed prediction of chemical formulae of the compounds present in 
the culture supernatant only (Table 4.3.1.1, Figure 4.3.1.5).  
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Table 4.3.1.1 Predicted chemical formulae of ionised Synechococcus sp. 
WH7803 compounds. 

Measured 
m/z 

Retention 
time  
[min] 

Predicted 
chemical 
formula 

Theoretical 
m/z 

Formula 
error 
[ppm] 

Isotopic 
pattern fit 

[miliSigma] 
392.2463 15.8-16.2 [C19H38NO5S]+ 392.2465 0.7 57.0 
408.2424 12.5-12.7 [C19H38NO6S]+ 408.2414 -2.5 44.6 
364.2156 10.7-10.9 [C17H34NO5S]+ 364.2152 -1.1 40.6 
449.2696 12.3-12.4 [C21H41N2O6S]+ 499.2680 -3.6 n/a 
465.2668 9.9-10.3 [C21H41N2O7S]+ 465.2629 -8.4 n/a 

421.23 9.0-9.2 [C19H37N2O6S]+ 421.2367 n/a n/a 

 

Figure 4.3.1.5 Comparison of isotopic patterns generated for predicted 
chemical formulae (green) of m/z=392 (left) and m/z=364 (right) compounds 
with patterns obtained experimentally (red). 

In supernatant collected from co-cultures of Synechococcus sp. WH7803 
with a number of different heterotrophs belonging to six major taxonomic 
groups (Table 4.2.1), no or very low levels of the six molecules were 
detected for most of the co-cultures. Two exemptions from this rule were 
observed – i.e. when the production of the molecules did not seem to be 
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affected by the presence of a heterotrophic organism. These were 
Synechococcus sp. WH7803 co-culture with Rhodopirellula baltica and 
Verrucomicrobiae bacterium (see Figure 4.3.1.6). 
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Figure 4.3.1.6 Comparison of co-cultures of Synechococcus sp. WH7803 
with a range of heterotrophs (base peak chromatograms – black; extracted 
ion chromatograms for m/z=421.72; 465.25; 364.21; 449.26; 408.22; 392.24 
– red). 
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4.3.2 Assessment of the production of the Synechococcus sp. WH7803 
exometabolites under different growth conditions 

An axenic Synechococcus sp. WH7803 culture was monitored for 100 days 
and the intensity of the m/z=392 peak assessed throughout growth. The 
m/z=392 compound was observed to increase slowly during the exponential 
phase, quickly once stationary phase was reached, peaking on day 40 
(when the optical density of the culture was already declining) before then 
starting to decrease (Figure 4.3.2.1). The peak for the m/z=364 molecule 
followed the same pattern, while the intensity of the peak representing 
compound with m/z=449 was highest in early and late exponential phase, 
with a drop in mid exponential phase. 

 

Figure 4.3.2.1 (a) Peak intensity for the m/z=364 (light blue); 449 (green) 
and 392 (dark blue) molecules measured by LC-MS throughout (b) growth 
of axenic Synechococcus sp. WH7803 cultures measured as optical density 
at 750 nm. 

The same three molecules, which have the highest concentration out of all 
six compounds, can also be observed in Synechococcus sp. WH7803 
cultures grown in natural seawater and natural seawater with additional 
nutrients (Figure 4.3.2.2). Moreover, the effect of Ruegeria pomeroyi DSS-3 
addition on the molecules was the same as in nutrient-rich seawater (Figure 
4.3.2.3). This suggests that this molecule is likely also produced under 
natural environmental conditions. 

  a) b) 
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Figure 4.3.2.2 Assessing the presence of the compounds produced by 
axenic Synechococcus sp. WH7803 in different growth media – natural 
seawater (SW), seawater with increasing amount of extra nutrients and 
artificial seawater (ASW): m/z=392 (red), 449 (green) and 364 (blue). 

  

SW 

ASW 
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Figure 4.3.2.3 Comparison of the peak intensity of the m/z=392 (red), 449 
(green) and 364 (blue) molecules produced by axenic Synechococcus sp. 
WH7803 in seawater and when grown in a co-culture with Ruegeria 
pomeroyi DSS-3, compared to a seawater control (SW). 

In nutrient-limited cultures, despite poor culture growth (see Fig. 4.3.2.4 b), 
no major difference could be observed between cultures grown in standard 
ASW medium and its nutrient limited variations – the m/z=392, 364 and 449 
molecules were produced in all conditions (Figure 4.3.2.4 a). 
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Figure 4.3.2.4 (a) Peak intensity for the m/z=364 (light blue); 449 (green) 
and 392 (dark blue) molecules measured by LC-MS throughout (b) growth 
of axenic Synechococcus sp. WH7803 cultures measured as optical density 
at 750nm in standard, no iron, no nitrogen and no phosphorus ASW media. 

  

a) 

b) 
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4.3.3 Assessing the effect of heterotroph addition at different stages of 
Synechococcus sp. WH7803 growth on the production of the 
exometabolites 

Once Ruegeria pomeroyi DSS-3 was added to Synechococcus sp. WH7803 
cultures the peak intensity for the m/z=449 compound decreased rapidly, 
with no molecule detected after 10-20 days (Figure 4.3.3.1). As for the 
molecule with m/z=392, the response depended on the growth phase 
Synechococcus sp. WH7803 was in at the time of heterotroph addition – in 
exponential phase there was no further increase in the peak intensity with 
time, but in stationary phase peak intensity followed the same pattern as 
that of an axenic culture, despite increased long-term survival due to the 
presence of the heterotroph. 

 

Figure 4.3.3.1 (a) Peak intensity for the m/z=364 (light blue); 449 (green) 
and 392 (dark blue) molecules in axenic Synechococcus sp. WH7803 
cultures and (b) co-cultures in which Ruegeria pomeroyi DSS-3 was added 
during exponential growth of Synechococcus sp. WH7803 (40 days) and (c) 
stationary phase (65 days). 

4.3.4 Assessing the effect of heterotroph addition to cell-free 
Synechococcus sp. WH7803 culture supernatant on exometabolite 
concentration 

The intensity of the m/z=392 and 364 compounds produced from 
Synechococcus sp. WH7803 supernatants with and without Ruegeria 
pomeroyi DSS-3 did not decrease with time. This suggests that the 
presence of Ruegeria pomeroyi DSS-3 does not affect the level of these 
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compounds (see Figure 4.3.4.1). However, the m/z=449 compound 
decreases only when Ruegeria pomeroyi DSS-3 is present in the 
supernatant which suggests that the heterotroph is responsible for this 
decrease. The same effect was also observed in the experiment where 
Ruegeria pomeroyi DSS-3 was added at different stages of Synechococcus 
sp. WH7803 growth (see section 4.3.3). 

 

Figure 4.3.4.1 (a) Peak intensity for the m/z=364; (b) 449 and (c) 392 
molecules following the addition of Ruegeria pomeroyi DSS-3 to cell-free 
supernatants from axenic Synechococcus sp. WH7803 cultures. Black lines 
represent peak intensities for the supernatants not inoculated with the 
heterotroph. 

4.3.5 MSn fragmentation patterns of the molecules 

MSn fragmentation data was successfully obtained for three compounds: 
m/z=392, m/z=364 and m/z=408 (Figures 4.3.5.1-4.3.5.3). The first two 
compounds have similar fragmentation patterns and are different by a C2H4 
group. MS2 of both m/z=392 and m/z=364 molecules results in a loss of a 
m/z=18 fragment (corresponding to H2O; see Figures 4.3.5.1-4.3.5.2). The 
same happens during MS3 of both compounds. MS4 of the m/z=392 
molecule results in a loss of a m/z=28 fragment (corresponding to C2H4) 
detecting a fragment ion of m/z=328, which is the same mass as that of a 
MS3 fragment ion of the m/z=364 compound. Further fragmentation of 
fragment ion m/z=328 obtained from both precursor ions, results in exactly 
the same fragment ions: m/z=198, m/z=180 and m/z=154. No similarities 
were observed between the m/z=408 and m/z=392 molecules nor the 
m/z=408 and m/z=364 molecules in positive ion mode (Figure 4.3.5.3).  
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Figure 4.3.5.1 MSn fragmentation of the m/z=392 molecule. 

 

Figure 4.3.5.2 MSn fragmentation of the m/z=364 molecule.  
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Figure 4.3.5.3 MSn fragmentation of the m/z=408 molecule.  
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4.4 Discussion and conclusions 

Synechococcus sp. WH7803 produces six exometabolites not present in 
other axenic Synechococcus spp. strains, even including a strain obtained 
in the same year and from the same location (Synechococcus sp. WH7805; 
Table 2.1.2). It is important to note that the absence of a molecule on a 
chromatogram could be due to not only a given strain not producing the 
compound, but also due to differences in expression between strains, 
production being below the detection level, or because of a high background 
signal, or to problems with sample preparation or ionization. With the LC-MS 
sensitivity in the low fg range, the amount of compounds present in the 
medium does not have to be high to give at least a weak signal, which, if not 
visible on a base peak chromatogram, can be noticed by generating an 
extracted ion chromatogram for a given m/z value. Although the same 
growth medium, sample preparation technique and MS settings were used 
for samples of all strains and the results were reproducible on more than 
one MS instrument, the search for the six molecules, and any related 
compounds, should be extended to extracts from larger culture volumes, at 
several different pH values and using more than one ionization technique 
and settings. Also, once the genes involved in the biosynthetic pathway are 
known, a study of similar gene clusters in other strains could shed some 
light on whether similar molecules can be produced by organisms related to 
Synechococcus sp. WH7803 and if so, suggest what modifications of the 
compounds may be possible. 

Although ESI-MS is not regarded as a quantitative technique, the detected 
signal is proportional to analyte concentration from the limit of detection to 
around 10 μmol/L of analyte (Ho et al., 2003) and largely independent of 
flow rate and injection volume (Bruins, 1998). However, biological samples 
often contain non-volatile materials (e.g. salts), which can affect ionization of 
the compounds of interest (King et al., 2000). The ethyl acetate extraction 
process minimizes this risk, but is not possible for samples of low volume. 
The best way to quantify these molecules would be to spike samples with a 
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stable-isotope labelled synthesized molecule of a similar structure. 
However, as structures of the molecules are not yet known, this was not 
possible for this study. 

The absence of the six Synechococcus sp. WH7803 molecules from the cell 
pellet extract suggests that the molecules are excreted from the cell – 
actively or passively – into the surrounding medium. This could suggest a 
possible toxic effect of the molecules for the cell itself – the compounds may 
have to be bound to carriers when inside the cell, to be isolated in a vesicle 
or to be modified before being released – or could be produced only outside 
of the cell. There is also the possibility of unsuccessful extraction – the cells 
may not have not been broken down properly by the solvent and sonication, 
causing the molecules to remain attached to cell debris or be degraded 
during the process. 

Three of the molecules analysed (m/z 364, 392, 449) are produced 
throughout the growth curve, with highest levels observed in late 
exponential and stationary phase. The molecules seem to accumulate and 
not be lost from culture upon the death of Synechococcus sp. WH7803. It is 
difficult to judge whether the increase is due to upregulated production of 
the molecules or just an effect of the increase in cell population – a study 
involving direct cell counts by flow cytometry or microscopy would be 
required to normalize the production of the compound to cell numbers. The 
mid-exponential drop in the m/z=449 molecule (see Figure 4.3.2.1) was also 
observed in axenic cultures during the heterotroph addition experiment (see 
Figure 4.3.3.1). This could suggest that the molecule is produced in higher 
amounts during a change in growth conditions (transition to exponential 
growth, transition to stationary phase), or that it is broken down or converted 
to another compound during the most intensive growth or other compounds 
present during the mid-exponential phase affect the ionization of this 
compound. 

Interestingly, levels of the six molecules were much lower, or absent, in co-
cultures with heterotrophic bacteria compared to those from axenic 
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Synechococcus sp. WH7803 cultures. This effect was observed in all but 
two of the co-cultures tested. In the case of R. baltica, the reason for this 
was probably very poor growth of the heterotroph (D. Sousoni, personal 
communication), possibly due to very specific nutrient needs and different 
salt and temperature optima of this heterotroph compared to the phototroph 
(Schlesner, 1994). However, this was not the case for the no change in the 
production of the metabolite in Synechococcus sp. WH7803 – V. bacterium 
co-cultures compared to the axenic control and thus this interaction should 
be studied further to find the cause of such an effect. 

The decrease, or disappearance, in the level of these molecules from co-
cultures compared to axenic cultures suggests that the expression of these 
metabolites is directly or indirectly controlled by the presence of the 
heterotroph. However, these molecules do not seem to be essential for 
growth and division since Synechococcus growth continues in co-culture, 
unless R. pomeroyi can provide similar, yet undetectable with LC-MS, 
compounds or services to Synechococcus sp. WH7803 that fulfil the same 
function as that of the six molecules.  

In co-cultures of Synechococcus sp. WH7803 with heterotrophic bacteria, 
the molecule with m/z=449 disappears within 10-20 days which suggests 
that the heterotroph is responsible for the decrease – either by using the 
molecule as a nutrient source or degrading it indirectly by producing a 
substance that breaks it down or binds to the compound and affects 
ionisation. As the molecule is stable in spent Synechococcus sp. WH7803 
media (Figure 4.3.2.1), it is also possible that a change in pH or another 
physio-chemical property of the medium caused by R. pomeroyi affects its 
stability and is the cause of the disappearance. However, molecules with 
m/z=392 and m/z=364 were not affected by the change which suggests that 
these molecules have different chemical properties to the m/z=449 
compound and react in a different way with molecules produced by R. 
pomeroyi or are not available to the heterotroph as a source of nutrients. 
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Growth of axenic Synechococcus sp. WH7803 cultures under iron, nitrogen, 
and phosphorus limitation showed no obvious differences in terms of 
production of the compounds. The three most abundant molecules could be 
detected throughout the growth curve, despite nutrient-limited growth. 
Again, a study with normalization to cell numbers would be useful to 
estimate the production of the compounds per cell. The presence of the 
molecules during nutrient-limited growth suggests that the molecules are 
either a part of an essential pathway which cannot be shut down to 
conserve nutrients or are essential themselves and their production cannot 
be stopped.  

Given the similarity in the lower (or lack of) production of the six compounds 
in co-culture compared to axenic Synechococcus sp. WH7803 cultures 
might suggest these molecules are related i.e. be different products and 
intermediates of the same pathway. Indeed, there is a difference of only one 
C2H4 group between [C19H38NO5S]+ and [C17H34NO5S]+, as well as 
[C21H41N2O6S]+ and [C19H37N2O6S]+; There is also an extra oxygen in 
[C19H38NO6S]+ compared with [C19H38NO5S]+ and [C21H41N2O7S]+ compared 
with [C21H41N2O6S]+. Full structure determination, together with identification 
of the genes involved in the production of these compounds could verify this 
hypothesis. The fragmentation patterns of the m/z=392 and m/z=364 
compounds suggest that they may contain a chain of carbons and be 
related to a group of secondary metabolites – polyketides. The fatty-acid-
like chain of carbons, formed by repetitive decarboxylative condensation 
reactions with functional group modifications, is characteristic of polyketides 
(Hertweck, 2009). 

A search of natural product databases MarinLit (http://pubs.rsc.org/marinlit/) 
and Reaxys (https://new.reaxys.com/) based on chemical formula of the 
m/z=392 compound revealed a possible similarity to spongiacysteine – a 
molecule isolated from marine sponge Spongia sp. in Japan showing 
antimicrobial activity against rice blast fungus Pyricularia oryzae (Kobayashi 
et al., 2004). However, the fragmentation pattern of the m/z=392 compound 
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indicates that the molecules are different, suggesting that the group of 
Synechococcus sp. WH7803 compounds discovered may in fact be novel. 

Although marine cyanobacteria are known to produce hundreds of 
metabolites (see section 1.1.5), Prochlorococcus and Synechococcus 
genera have not been well characterised. They do not have non-ribosomal 
peptide synthetase gene clusters in their genomes, but some strains have 
type 3 polyketide synthase gene clusters (Shih et al., 2013). Some 
freshwater stains of Synechococcus  sp. have been found to produce type I 
polyketide synthase-like compounds (Mendez-Perez et al., 2011) or were 
engineered to contain type III polyketide synthase genes for production of 
natural products with pharmacological activities (Ni et al., 2016). 

To conclude, a group of possibly novel compounds was discovered in 
Synechococcus sp. WH7803. The molecules are produced in higher 
amounts in axenic cultures than in co-cultures with heterotrophic bacteria, 
but the biological function of the compounds remains unknown. Given that 
there is not much literature about molecules produced by marine 
picocyanobacteria in co-cultures and the molecules do not correspond to 
any known natural products, is it difficult to hypothesise about the function of 
these molecules. There is some indication that the molecules might belong 
to the polyketide synthase class of natural products. Thus, further work 
should include looking at putative biosynthetic gene clusters of 
Synechococcus sp. WH7803 to determine which genes may be involved in 
the production of the compounds. This would give an opportunity to 
generate a knockout mutant to confirm the role of the gene(s) in the 
production of the molecules, but could also provide some suggestions on 
the function of the compounds if a phenotypic difference is observed 
between a wild type and a mutant culture. 
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5. Characterisation of a type III polyketide synthase gene 
cluster in Synechococcus spp. WH7803 

5.1 Introduction 

Marine cyanobacteria offer an unparalleled opportunity for natural products 
research – more than 95% of discovered compounds are novel (Tan, 2007), 
often representing unusual and versatile chemistry (Li et al., 2010). There is 
also a considerable interest in cyanobacterial natural products from the 
pharmaceutical industry – especially in compounds displaying antimicrobial 
activity (Swain et al., 2017). 

The two major classes of natural products – non-ribosomal peptide 
synthetases and polyketide synthases – have their representatives in 
oceanic waters as well. As mentioned in the introduction (see section 1.1.5), 
over 1100 secondary metabolites have been isolated from 39 genera of 
cyanobacteria (Dittmann et al., 2015), but unfortunately not much is known 
about their biological function in the open ocean. 

The first T3 PKS discovered in bacteria was chalcone synthase of 
Streptomyces griseus (Funa et al., 1999). It is involved in the production of 
melanin, but also forms intermediates of various secondary metabolites 
containing a naphthoquinone ring pathways. Disruption of the rppA gene, 
encoding chalcone synthase, results in an albino-type mutant, but does not 
affect growth nor spore formation. 

To try to shed some light on the biosynthetic basis of the metabolites 
identified in chapter 4 we searched the Synechococcus sp. WH7803 
genome for secondary metabolite gene clusters (see section 5.2.1) and this 
identified a potential Type III Polyketide Synthase (T3 PKS) which is 
functionally characterized in this chapter. Using a combination of growth 
measurements and targeted exometabolomics, possible products of the T3 
PKS gene cluster were identified and characterised to gain some insights 
into their possible functions in the natural environment. 
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The aims of this chapter were thus to: 

• Predict biosynthetic gene clusters in Synechococcus sp. WH7803, 
check their prevalence in other picocyanobacteria and, in the case of 
T3 PKS gene clusters, annotate potential functions of the genes 
present in the cluster. 

• Generate a Synechococcus sp. WH7803 T3 PKS gene mutant and 
characterise the mutant in terms of growth and metabolite production 
under different growth conditions 

• Compare the effect that molecules produced by Synechococcus sp. 
WH7803 wild type and the T3 PKS mutant have on the growth of a 
range of marine phototrophs 
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5.2 Materials and methods 

5.2.1 Identifying secondary metabolite gene clusters and predicting possible 
gene functions 

Using the AntiSMASH 4.0.0 software (with ClusterFinder on and default 
settings and all extra features on), the Synechococcus sp. WH7803 genome 
(NCBI ID: NC_009481.1; GenBank ID: CT971583.1) was screened for gene 
clusters responsible for production of secondary metabolites. Amino acid 
sequences of the products of the genes present in the polyketide synthase 
gene cluster were searched against the NCBI Protein Reference Sequences 
with protein to protein BLAST (BLASTp). A tree of distances between the 
matches and the query sequence of T3 PKS gene (synWH7803_1003) was 
generated using BLASTp, at 0.9 maximum sequence difference (maximum 
allowed fraction of mismatched bases in the aligned region), using the Fast 
Minimum Evolution method (Desper & Gascuel, 2004). 

Expression of the Synechococcus sp. WH7803 T3 PKS (synWH7803_1003) 
relative to a housekeeping gene (phosphoenol pyruvate carboxylase: 
synWH7803_454) was assessed by qPCR (see section 2.5). Samples for 
RNA extraction were taken from three Synechococcus sp. WH7803 cultures 
grown under standard growth conditions (see section 2.2) during 
exponential (OD 750 nm=0.802) and stationary (OD 750 nm=1.598) phases of 
growth. 

5.2.2 Construction and characterisation of a T3 PKS mutant in 
Synechococcus sp. WH7803 

A Synechococcus sp. WH7803 single crossover mutant in the gene 
encoding a T3 PKS (synWH7803_1003) was constructed by conjugation 
with E. coli S17-1 λpir pGP704 using a ~500 bp internal gene fragment (see 
section 2.8). Axenic mutant cultures were passaged every 21 days for three 
months (in 100 ml ASW containing 50 μg ml-1 kanamycin) under standard 
conditions (see section 2.2) before the experiment to give the culture time to 
adjust to the growth conditions. Six Synechococcus sp. WH7803 wild type 
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and fifteen T3 PKS mutant cultures were inoculated and grown under 
standard conditions (see section 2.2). Their growth was monitored in terms 
of growth by spectrophotometry (OD 750 nm)  

Twelve cultures of the Synechococcus sp. WH7803 T3 PKS mutant (three 
axenic in ASW containing 50 μg ml-1 kanamycin, three with R. pomeroyi in 
ASW with 50 μg ml-1 kanamycin, three axenic in ASW without kanamycin, 
three with R. pomeroyi in ASW without kanamycin) and six cultures of 
Synechococcus sp. WH7803 wild type (three axenic in ASW, three with R. 
pomeroyi in ASW) were grown in standard conditions (see section 2.2) and 
assessed in terms of growth by spectrophotometry (OD 750 nm) and flow 
cytometry (see section 2.3) and exometabolite production by LC-MS (see 
section 2.6; routine protocol) on the day of inoculation, after 7 days and then 
every 5 days until day 72. 

For nutrient limitation studies, three Synechococcus sp. WH7803 wild type 
and three T3 PKS mutant cultures (30 ml volume) were grown in standard 
ASW medium as well as -N, -P, and -Fe ASW media (see Table 2.2.1). For 
inoculation, a mid-exponential phase standard ASW culture was pelleted 
(30 ml centrifuged at 15 min, 8050 g), washed three times with nutrient 
limited medium and resuspended in 30 ml of the nutrient limited medium, 
except for –N medium (30 ml of pelleted, unwashed culture used for 
inoculation). 2 ml of culture was removed every 5 days for 40 days (or until 
death of the culture, i.e. no cells detected by flow cytometry) for monitoring 
growth by spectrophotometry (OD 750 nm) and flow cytometry (see section 
2.3). Samples for LC-MS analysis (routine protocol; see section 2.6) were 
collected every 10 days for 40 days or until death of the culture. 

Three Synechococcus sp. WH7803 wild type and three T3 PKS mutant 
cultures were grown under standard conditions (see section 2.2) until the 
exponential phase of growth (OD 750 nm=0.48). Absorption spectra were 
generated in the 200-1100 nm range (50 nm intervals) using a 
spectrophotometer. During routine flow cytometry, Side and Forward Scatter 
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histograms were generated for 1200 cell counts of Synechococcus sp. 
WH7803 wild type and T3 PKS cultures. 

5.2.3 Toxicity assay of Synechococcus sp. WH7803 wild type and T3 PKS 
mutant exometabolites on the growth of axenic phototrophs 

Axenic Synechococcus sp. WH7803 wild type and T3 PKS mutant were 
grown under standard conditions (see section 2.2) for 45 days, in 15 flasks 
each containing 100 ml volume. The cultures were centrifuged (15 minutes, 
3220 g) and the supernatants were filter-sterilized using a 0.22 μm pore size 
PES filter. Sterile ASW medium (1500 ml) was kept for 45 days in the same 
conditions as cultures and then processed (centrifugation, filtration) in the 
same way. Supernatants of all three samples were used for extraction with 
ethyl acetate (see section 2.6). 

After LC-MS analysis, the extracts were dried (rotary evaporator “HPLC” 
programme, 8 hours) and resuspended in 500 μl seawater (SW; Sigma 
Aldrich). Seven day old axenic phototroph cultures (Table 5.2.3.1; see also 
Table 2.1.2) were transferred into 96 well plates (12 wells of 200 μl each), 
two cultures per plate, separated from each other and from the borders of 
the plate by at least one row of wells filled with sterile water (to minimise the 
risk of evaporation and cross-contamination). Three wells per strain were 
supplemented with 5 μl SW each, three with 5 μl ASW extract in SW each, 
three with 5 μl Synechococcus sp. WH7803 T3 PKS mutant extract in SW 
each and three with 5 μl Synechococcus sp. WH7803 wild type extract in 
SW each. Plates were put on two layers of white paper tissue (dampened 
with sterile water), sealed in transparent ziplock bags and kept at 22°C 
(±1°C) under constant light of 20-30 μmol photons m-1 s-1. Cells were 
counted on the day of extract addition and after 1, 3 and 5 days by flow 
cytometry (see section 2.3). 

  



135 

Table 5.2.3.1. Axenic phototroph cultures used in Synechococcus sp. 
WH7803 extract toxicity assays. 

Group Organism Medium Temperature 
[°C] 

Cyanobacteria Prochlorococcus marinus MED4 Pro99 22 
Synechococcus sp. 5701 ASW 22 
Synechococcus sp. 7803  
T3 PKS mutant 

ASW 22 

Synechococcus sp. 7803  
wild type 

ASW 22 

Synechococcus sp. 7805 ASW 22 
Synechococcus sp. 8102 ASW 22 
Synechococcus sp. 9311 ASW 22 

Chlorophyta Ostreococcus tauri OTH95 K 22 
Micromonas commoda NOUM17 K 22 
Micromonas pusilla PLY27 K 22 

Prymnesiophyceae Emiliania huxleyi AC665 K 22 
Ochrophyta Phaeodactylum tricornutum Pt Gen f/2+Si 15 

Thalassiosira pseudonana 3H f/2+Si 15 
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5.3 Results  

5.3.1 Gene annotation and comparison of the T3 PKS gene cluster with 
other cyanobacterial strains 

Twenty three putative biosynthetic gene clusters were identified by 
AntiSMASH (Table 5.3.1.1). Based on the chemical formulae and MSn 
fragmentation patterns generated for the molecules described in the 
previous chapter (see sections 4.3.1 and 4.3.5), a T3 PKS cluster was 
predicted to be involved in the production of the molecules and one T3 PKS 
gene cluster was found in the Synechococcus sp. WH7803 genome. Similar 
T3 PKS gene clusters were detected in 5 Synechococcus spp. and 4 
Prochlorococcus spp. (AntiSMASH, search against publically available 
genomes; strains with gene clusters in which ≥25% genes show similarity; 
Figure 5.3.1.1). Seven genes present in Synechococcus sp. WH7803 T3 
PKS gene cluster have their counterparts in all of these Synechococcus 
spp. and Prochlorococcus spp. strains: three annotated as hypothetical 
proteins (synWH7803_1001, synWH7803_1018, synWH7803_1019), a 
putative dehydrogenase (synWH7803_1002), a type 3 polyketide synthase 
(synWH7803_1003), a S26 family signal peptidase (synWH7803_1020) and 
a 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase 
(synWH7803_1021). Unfortunately, a large portion of the products of the 
genes in the cluster were annotated as hypothetical proteins and did not 
contain any conserved domains that could aid in predicting their function 
(Table 5.3.1.2). 
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Table 5.3.1.1. Types and locations of secondary metabolite gene clusters in 
the Synechococcus sp. WH7803 genome as predicted by the AntiSMASH 
software. 

Cluster Type From To 
Cluster 1 Bacteriocin / putative 

saccharide biosynthetic cluster 
42 818 76 303 

Cluster 2 Putative biosynthetic cluster 91 897 106 653 
Cluster 3 Putative saccharide 

biosynthetic cluster 
110 544 164 812 

Cluster 4 Putative fatty acid biosynthetic 
cluster 

203 954 225 201 

Cluster 5 Putative saccharide 
biosynthetic cluster 

228 528 257 255 

Cluster 6 Putative biosynthetic cluster 266 336 273 467 
Cluster 7 Bacteriocin 359 679 370 002 
Cluster 8 Putative biosynthetic cluster 451 996 460 908 
Cluster 9 Bacteriocin 497 385 507 975 
Cluster 10 Bacteriocin / putative 

saccharide biosynthetic cluster 
546 259 589 183 

Cluster 11 Putative biosynthetic cluster 655 060 659 483 
Cluster 12 Bacteriocin 710 512 740 547 
Cluster 13 Putative biosynthetic cluster 794 525 797 632 
Cluster 14 Putative biosynthetic cluster 819 528 831 907 
Cluster 15 Bacteriocin 873 198 883 473 
Cluster 16 Type III polyketide synthase 902 671 943 765 
Cluster 17 Bacteriocin 993 365 1 003 733 
Cluster 18 Bacteriocin 1 199 409 1 210 296 
Cluster 19 Bacteriocin-terpene 1 446 011 1 472 589 
Cluster 20 Bacteriocin 1 500 098 1 511 295 
Cluster 21 Putative biosynthetic cluster 1 867 735 1 873 067 
Cluster 22 Putative biosynthetic cluster 2 045 610 2 054 514 
Cluster 23 Terpene 2 065 609 2 102 561 
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Figure 5.3.1.1 Type 3 polyketide synthase clusters in Synechococcus spp. 
and Prochlorococcus spp. 
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The T3 PKS gene is present not only in a range of picocyanobacteria – 
including 16 Synechococcus spp. strains and 6 Prochlorococcus spp. strains – 
but also in heterotrophs (Table 5.3.1.3). Cyanobacterial T3 PKS genes are 
most similar to a wide range of Planctomycetes (a phylum of aquatic bacteria; 
Lage & Bondoso, 2012) and two Halomonas strains (a genus of halophilic 
proteobacteria; Wang et al., 2008; Guan et al., 2010) (Figure 5.3.1.2). 

Table 5.3.1.3. Genes with more than 40% identity (query coverage above 
80%) to the Synechococcus sp. WH7803 T3 PKS gene. 

Gene annotation Organism Query 
coverage 

Identity 

type III polyketide synthase  Synechococcus sp. WH 7805 99% 90% 
type III polyketide synthase  Synechococcus sp. RS9917 99% 74% 
chalcone synthase  Synechococcus sp. TMED90 85% 88% 
chalcone synthase (CHS)  Synechococcus sp. RS9917 97% 73% 
type III polyketide synthase  Synechococcus sp. CC9902 98% 60% 
type III polyketide synthase  Synechococcus sp. KORDI-100 99% 60% 
type III polyketide synthase  Prochlorococcus marinus 99% 61% 
chalcone synthase (CHS)  Prochlorococcus marinus MIT 9303 99% 61% 
chalcone synthase  Prochlorococcus sp. TMED223 99% 61% 
alpha-pyrone synthesis 
polyketide synthase-like 
Pks18  

Prochlorococcus marinus MIT 1312 99% 61% 

type III polyketide synthase  Prochlorococcus sp. MIT 1306 99% 61% 
type III polyketide synthase  Prochlorococcus sp. MIT 1303 99% 61% 
chalcone synthase  Synechococcus sp. TMED20 99% 60% 
type III polyketide synthase  Synechococcus sp. CC9616 99% 60% 
type III polyketide synthase  Synechococcus sp. BL107 98% 61% 
type III polyketide synthase  Synechococcus sp. CC9311 99% 57% 
chalcone synthase  Synechococcus sp. TMED66 99% 57% 
naringenin chalcone 
synthase  

uncultured marine bacterium MedDCM-
OCT-S04-C72 

98% 60% 

type III polyketide synthase  Synechococcus sp. WH 8016 99% 57% 
3-Oxoacyl-[acyl-carrier-
(ACP)] synthase III C 
terminal family protein  

Synechococcus sp. WH 8103 92% 61% 

type III polyketide synthase  Synechococcus sp. WH 8020 99% 57% 
type III polyketide synthase  Synechococcus sp. WH 5701 98% 56% 
type III polyketide synthase  Cyanobium gracile 98% 51% 
type III polyketide synthase  Gimesia maris 98% 48% 
chalcone synthase  cyanobacterium BACL30 MAG-

120619-bin27 
99% 53% 
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Gene annotation Organism Query 
coverage 

Identity 

type III polyketide synthase  Cyanobium sp. NIES-981 99% 52% 
type III polyketide synthase  Cyanobium sp. PCC 7001 99% 54% 
hypothetical protein 
BGO49_30805  

Planctomycetales bacterium 71-10 98% 51% 

type III polyketide synthase  Gemmata obscuriglobus 98% 50% 
type III polyketide synthase  Halomonas lutea 98% 46% 
hypothetical protein 
AYO47_08860  

Planctomyces sp. SCGC AG-212-M04 98% 48% 

hypothetical protein 
CBB71_18925  

Rhodopirellula sp. TMED11 94% 47% 

type III polyketide synthase  Fimbriiglobus ruber 98% 49% 
hypothetical protein 
CBC98_04740  

Planctomycetaceae bacterium 
TMED138 

98% 45% 

hypothetical protein 
CBE00_06715  

Planctomycetaceae bacterium 
TMED240 

97% 44% 

type III polyketide synthase  Roseimaritima ulvae 98% 46% 
hypothetical protein 
AY599_09790  

Leptolyngbya valderiana BDU 20041 98% 43% 

type III polyketide synthase  Prosthecobacter debontii 99% 41% 
type III polyketide synthase  Rubellimicrobium mesophilum 98% 44% 
type III polyketide synthase  Aureimonas sp. AU4 97% 42% 
type III polyketide synthase  Nesterenkonia sp. AN1 96% 43% 
hypothetical protein 
BGO14_03350  

Chlamydiales bacterium 38-26 98% 40% 

type III polyketide synthase  Rhodococcus kroppenstedtii 97% 41% 
alpha-pyrone synthesis 
polyketide synthase-like 
Pks18  

Rhodococcus sp. PBTS 1 97% 41% 

type III polyketide synthase  Rhizobiales bacterium MIMtkB18 98% 42% 
type III polyketide synthase  Rhodococcus sp. PBTS 1 97% 41% 
type III polyketide synthase  Curtobacterium sp. MMLR14_010 98% 42% 
type III polyketide synthase  Plantibacter sp. MMLR14_011 99% 42% 
chalcone synthase  Corynebacterium xerosis 98% 42% 
type III polyketide synthase  Plantibacter cousiniae 99% 41% 
type III polyketide synthase  Plantibacter sp. H53 99% 42% 
type III polyketide synthase  Plantibacter elymi 99% 42% 
type III polyketide synthase  Verrucomicrobium spinosum 98% 40% 
type III polyketide synthase  Plantibacter flavus 99% 42% 
predicted naringenin-
chalcone synthase  

Aureimonas jatrophae 97% 40% 

hypothetical protein  Geothermobacter sp. EPR-M 98% 40% 
type III polyketide synthase  Plantibacter flavus 99% 41% 
type III polyketide synthase  Curtobacterium sp. MCBA15_001 98% 44% 
type III polyketide synthase  Curtobacterium sp. Leaf261 99% 41% 
type III polyketide synthase  Brachybacterium sp. VR2415 98% 40% 
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Gene annotation Organism Query 
coverage 

Identity 

type III polyketide synthase  Mesorhizobium alhagi 97% 40% 
predicted naringenin-
chalcone synthase  

Microbacterium sp. cl140 91% 42% 

alpha-pyrone synthesis 
polyketide synthase-like 
Pks18  

Microbacterium azadirachtae 91% 42% 

type III polyketide synthase  Nesterenkonia jeotgali 98% 44% 
predicted naringenin-
chalcone synthase  

Microbacterium sp. cl127 98% 40% 

predicted naringenin-
chalcone synthase  

Friedmanniella luteola 98% 42% 

type III polyketide synthase  Agrococcus lahaulensis 98% 41% 
type III polyketide synthase  Curtobacterium pusillum 98% 42% 
type III polyketide synthase  Agrococcus pavilionensis 98% 40% 
stilbene synthase  Altererythrobacter namhicola 97% 42% 
predicted naringenin-
chalcone synthase  

Sanguibacter gelidistatuariae 98% 40% 

type III polyketide synthase  Nesterenkonia massiliensis 97% 41% 
type III polyketide synthase  Cnuibacter physcomitrellae 98% 40% 
type III polyketide synthase  Tersicoccus phoenicis 99% 42% 
type III polyketide synthase  Kocuria indica 99% 41% 
naringenin-chalcone 
synthase  

Kocuria sp. ICS0012 99% 41% 
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5.3.2 Expression of the T3 PKS in Synechococus sp. WH7803 

Quantitative PCR analysis of RNA extracted from both exponential and 
stationary phases of growth of axenic Synechococcus sp. WH7803 cultures, 
showed expression of the T3 PKS gene as well as the phosphoenol 
pyruvate carboxylase housekeeping gene control (see Figures 5.3.2.1-
5.3.2.2, Table 5.3.2.1). When normalized to the housekeeping gene 
expression level (see section 2.5), expression of T3 PKS in the exponential 
phase of growth was only 1.27-fold higher compared to the stationary phase 
of growth, which does not suggest differential expression of the T3 PKS 
gene during growth. 

 

 

Figure 5.3.2.1 Amplification of Synechococcus sp. WH7803 cDNA with 
phosphoenol pyruvate carboxylase (top) and T3 PKS (bottom) primer sets. 
Different colours represent different DNA concentrations – red the highest, 
purple – lowest. 
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Figure 5.3.2.2 Melting curves for phosphoenol pyruvate carboxylase (left) 
and T3 PKS (right) primer set. 

Table 5.3.2.1 CT, ΔCT, ΔΔCT values and fold change in expression of T3 
PKS and phosphoenol pyruvate carboxylase genes in exponential and 
stationary phase of growth of Synechococcus sp. WH7803. 

Sample Average CT ΔCT ΔΔCT Fold 
change 
(2 ΔΔC

T) 
T3 

PKS 
phosphoenol 

pyruvate 
carboxylase 

exponential phase 29.53 23.69 5.85 0.34 1.27 stationary phase 30.59 25.08 5.51 

5.3.3 Construction and growth of a Synechococcus sp. WH7803 T3 PKS 
mutant 

The T3 PKS gene was chosen for inactivation by insertional mutagenesis 
due to its predicted function in secondary metabolite biosynthetic pathways 
which may link it to the m/z 392 metabolite observed in chapter 4, the 
presence of this putative T3 PKS gene cluster in other Synechococcus 
strains suggesting a more general role across this genus, and indeed its 
prevalence in a wide range of other bacteria. A ~500 bp internal fragment of 
the gene was chosen based on its location, ability to disrupt binding sites 
and availability of sequences that can be used for designing primers of good 
quality (Figure 5.3.3.1). The disruption of the T3 PKS gene and segregation 
of the mutant were confirmed by PCR with appropriate primers (Figure 
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5.3.3.2; see also section 2.8 and Figure 5.3.3.3). No products were 
expected and seen for confirmation of plasmid presence (primers 
pgp3533_F and PKS7803_835_R; product approximately 600 bp) in the 
wild type culture and for segregation check (primers PKS7803_118_F and 
PKS7803_835_R; product approximately 700 bp) in the mutant cultures. All 
cultures were expected to give and gave products for confirmation of gene 
presence (primers PKS7803_252_Xba and PKS7803_835_R; product 
approximately 600 bp). 

 
Figure 5.3.3.1 Putative active and binding sites in the T3 PKS gene of 
Synechococcus sp. WH7803. 

 
Figure 5.3.3.2 Confirmation of gene disruption and segregation in 
Synechococcus sp. WH7803 T3 PKS mutants. Confirmation of T3 PKS gene 
presence (left), plasmid presence (middle) and segregation (right) in wild type 
(WT) and three T3 PKS mutant cultures (T3 PKS 1-3). L – ladder, C – no 
template negative control. Numbers represent primer locations (see Figure 
5.3.3.3). Ladder bands from the top: 1517 bp, 1200 bp, 1000 bp, then every 
100 bp until 100 bp (thicker bands: 1000 bp and 500 bp). 
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Figure 5.3.3.3 T3 PKS gene (synWH7803_1003) in the wild type and mutant 
Synechococcus sp. WH7803. Numbers above the illustration mark locations 
where PCR primers start, numbers below – approximate size of the expected 
products. 

Approximately half of the Synechococcus sp. WH7803 T3 PKS mutant 
cultures survive under standard growth conditions (see section 2.2) until late 
exponential phase (7 out of 15 cultures inoculated at the same time, with the 
same inoculum), compared to all wild type cultures (6 out of 6; Figure 
5.3.3.4). The T3 PKS mutant cultures that survive do not show any 
significant difference in cell counts per milliliter nor OD 750 nm compared to 
wild type cultures, irrespective of the presence of kanamycin or 
heterotrophic bacteria (Figure 5.3.3.5). 
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Figure 5.3.3.4 Growth of six Synechococcus sp. WH7803 wild type (left) and 
fifteen T3 PKS mutant axenic cultures (right) monitored by 
spectrophotometry (optical density at 750 nm). 

 

 

Figure 5.3.3.5 Growth of Synechococcus sp. WH7803 wild type (WT) and 
T3 PKS mutant cultures (T3 PKS with and without kanamycin) in axenic 
cultures and co-cultures with R. pomeroyi (Ros) monitored by flow 
cytometry (cell count per ml of culture; left) and spectrophotometry (optical 
density at 750 nm; right). Error bars represent standard deviation. 

Whilst wild type and T3 PKS mutant Synechococcus sp. WH7803 have the 
same absorption at 750 nm, the T3 PKS mutant cultures have a slightly 
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higher absorbance in the UV range (Figure 5.3.3.6) and lower cell counts 
than wild type cultures (i.e. 1.2 x 107 cells corresponds to OD 750 nm=0.54 for 
T3 PKS mutant and OD 750 nm=0.44 for wild type cells). Using flow cytometry 
although the Forward Scatter (FSC) of T3 PKS mutant cultures is very 
similar to that of the wild type cultures, the Side Scatter (SSC) histogram 
shows a skewed distribution of counts in T3 PKS mutant cultures (see 
Figure 5.3.3.7). 

 

Figure 5.3.3.6 Absorbance spectra of axenic Synechococcus sp. WH7803 
wild type (black) and T3 PKS mutant cultures (red). Error bars represent 
standard deviation. 
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Figure 5.3.3.7 Side (top) and Forward Scatter (bottom) of axenic 
Synechococcus sp. WH7803 wild type (left) and T3 PKS mutant cells (right). 

Levels of the six molecules identified previously (see section 4.3.1) in 
mutant cultures were approximately an order of magnitude lower than in 
wild type cultures (Figure 5.3.3.8). Apart from the six metabolites described 
previously, two more molecules with m/z=380 and m/z=437 were identified 
to be affected by heterotroph addition and the disruption of T3 PKS gene in 
Synechococcus sp. WH7803 (Figure 5.3.3.9). Unfortunately due to low 
signal intensity, it was not possible to generate high resolution MS m/z 
value. However, based on mass differences with other identified 
compounds, some predictions can be made – the m/z=380.18 molecule 
could be [C17H34NO6S]+ (the difference between m/z=380.18 and 
m/z=364.2156 molecules is 16 – mass of extra oxygen), while the 
m/z=437.23 molecule could be [C19H37N2O7S]+ (the difference between 
m/z=437.23 and m/z=421.23 molecules is 16 – mass of extra oxygen). 
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Figure 5.3.3.8 Levels of metabolites present in filtered supernatant of 
Synechococcus sp. WH7803 wild type (left) and T3 PKS mutant (right) 
cultures grown with (bottom) and without (top) Ruegeria pomeroyi. Error 
bars represent standard deviation. 
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Figure 5.3.3.9 Levels of the six metabolites described in chapter 4 and 
m/z=380 and 437 molecules observed during the mutant characterisation 
experiments in Synechococcus sp. WH7803 wild type (WT) and T3 PKS (T3 
PKS) mutant cultures – axenic and with Ruegeria pomeroyi (+POM). 
Molecules: m/z=437 (1), m/z=421 (2), m/z=380 (3), m/z=465 (4), m/z=364 
(5), m/z=449 (6), m/z=408 (7) and m/z=392 (8). 

All eight molecules were present at much lower concentrations, at the 
intensity of background noise (104), in co-cultures of both wild type and the 
T3 PKS mutant of Synechococcus sp. WH7803 with Ruegeria pomeroyi. 
When normalised to cell counts, there was no clear trend of a changed 
production of the eight molecules with stage of growth, but rather an 
increase in intensity per 1000 cells caused by a temporary drop in cell 
numbers in the mid exponential phase (axenic cultures) and due to cell 
death (both wild type cultures and axenic T3 PKS mutant culture) during late 
stationary phase (Figure 5.3.3.10; cell counts in Figure 5.3.3.5 and 
metabolite levels in Figure 5.3.3.9). 

WT 

WT + POM 

T3 PKS + POM 

T3 PKS 
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Figure 5.3.3.10 Levels of metabolites present in filtered supernatant of 
Synechococcus sp. WH7803 wild type (left) and T3 PKS mutant (right) 
cultures grown with (bottom) and without (top) Ruegeria pomeroyi 
normalised to cell numbers (per 1000 cells). Error bars represent standard 
deviation. 

5.3.4 Assessing the effect of nutrient limitation on growth and exometabolite 
production in Synechococcus sp. WH7803 T3 PKS mutant 

Both the wild type and T3 PKS mutant cultures of Synechococcus sp. 
WH7803 were affected by nutrient limitation in terms of growth (Figure 
5.3.4.1). Iron limited T3 PKS mutant cultures started to show a decline in 
cell numbers 10 days earlier than the wild type culture, which suggests that 
the mutant may be more sensitive to iron depletion. Metabolite levels in wild 
type cultures of Synechococcus sp. WH7803 grown in nutrient depleted 
media showed the same pattern of metabolite level increase with growth 
and the same peak of the m/z=449 molecule before a peak in the m/z=392 
metabolite as cultures grown in nutrient replete media (Figure 5.3.4.2; 
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compared with Figure 5.3.3.8 – a drop in m/z=449 started when m/z=392 
molecule increased). T3 PKS mutant cultures again show an approximately 
one order of magnitude lower concentration of all eight metabolites 
compared to the wild type. There is also a steep increase in the level of 
m/z=449 and m/z=421 molecules at the time of a sharp decrease in cell 
numbers (days 30-40) in the T3 PKS mutant grown under standard 
conditions and m/z=392, m/z=449 and m/z=364 molecules in T3 PKS 
mutant in P-deplete growth conditions (Figure 5.3.4.2 bottom left two 
panels). 

 

 

Figure 5.3.4.1 Growth of axenic Synechococcus sp. WH7803 wild type (WT) 
and T3 PKS mutant cultures (T3 PKS) in standard ASW and ASW depleted 
of phosphorus (-P), iron (-Fe) and nitrogen (-N) monitored by flow cytometry 
(cell counts per ml of culture; left) and spectrophotometry (optical density at 
750 nm; right). Error bars represent standard deviation. 
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5.3.5 Assessing the effect of extract addition on the growth of a range of 

phototrophs 

Growth of the various phototroph cultures (see Table 5.2.3.1) under 

standard conditions was similar in both the presence or absence of ASW 

extract (Figure 5.3.5.1), suggesting little or no growth effect of ASW extract 

addition on the phototrophs. Emiliania huxleyi and the diatoms Thalassiosira 
pseudonana and Phaeodactylum tricornutum, were not affected by the 

addition of either the Synechococcus sp. WH7803 wild type extract or the 

T3 PKS mutant extract. In contrast, Ostreococcus tauri and the 

Synechococcus sp. WH7803 T3 PKS mutant itself were most affected by 

the T3 PKS mutant extract, with no cells detected after 3 days. In most 

cultures, the T3 PKS mutant extract seemed to have a stronger negative 

effect on the growth of phototrophs than the wild type extract. 
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5.4 Discussion and conclusions 

The presence of twenty three putative biosynthetic gene clusters in the 
genome of Synechococcus sp. WH7803 suggests that the cyanobacterium 
is able to produce a range of different secondary metabolites. As discussed 
earlier, free-living, single celled marine cyanobacteria are known to produce 
secondary metabolites, such as prochlorosins (Li et al., 2010), despite 
having relatively small genomes, often living in oligotrophic areas and at low 
cell densities. 

Cyanobacteria were shown to have an average of five NRPS/PKS gene 
clusters per genome, forming about 5% of their genomes (Shih et al., 2015). 
Thus, whilst it is perhaps not surprising to find a T3 PKS gene cluster in a 
number of Synechococcus spp. and Prochlorococcus spp. the number of 
PKS/NRPS in Synechococcus sp. WH7803 appears well below this average 
of five. With 80% of these gene clusters associated with unknown products 
(Calteau et al., 2014), it is also difficult to predict the biosynthetic pathways. 
The problem of encountering proteins of no known function, with no 
conserved domains that could help in predicting their function, was noted 
previously, during proteomics studies of various marine Synechococcus 
strains (Christie-Oleza et al., 2015). 

Genes of known function in the T3 PKS gene cluster of Synechococcus sp. 
WH7803 (see Table 5.3.1.2) are related mainly to membrane associated 
proteins and transport systems. Of the seven genes present in 
Synechococcus sp. WH7803 that have their counterparts in all other 
Synechococcus spp. and Prochlorococcus spp. strains tested, three are 
annotated as hypothetical proteins (synWH7803_1001, synWH7803_1018, 
synWH7803_1019). However, based on a conserved domains search, it 
looks like the first of the three genes may be a S-adenosylmethionine-

dependent methyltransferase dehydrogenase (synWH7803_1001) 
suggesting a role of cysteine or methionine in formation of the metabolite. 
Describing the role of all of the seven genes would be most helpful for 



167 

studying the biosynthetic pathway involved in the production of the 
secondary metabolite. 

The presence of genes with high amino acid identity to the Synechococcus 
sp. WH7803 T3 PKS gene in genomes of a range of marine bacteria, 
including marine heterotrophic bacteria, suggests the possibility of 
horizontal gene transfer. Moreover, studies showed that NRPS/T3 PKSs are 
more common in more recent branches of the phylogenetic cyanobacterial 
tree and that NRPS/PKS diversification and species clustering based on 
NRPS/T3 PKS pathways do not match species phylogeny (Calteau et al., 
2014; Ehrenreich et al., 2005). However, Calteau et al. also note that the 
diversity of pathways observed required complex evolution, including gene 
duplication and shuffling, indels, inversions and domain diversification. 

Constitutive expression, across growth phase, of the T3 PKS gene from 
Synechococcus sp. WH7803 under standard growth conditions (see section 
5.3.2) confirms that the gene cluster is not silent, but does not explain the 
changing metabolite levels per cell throughout growth of the culture. 
However, the one order of magnitude decrease in concentration of the eight 
molecules in the Synechococcus sp. WH7803 T3 PKS mutant does suggest 
a clear link between the gene and the metabolites observed in chapters 4 
and 5. A question remains how the molecules are produced at all, with a 
disrupted T3 PKS gene. There is some evidence of successful PKS gene 
disruption, with production of the compound of interest completely stopped, 
but unfortunately not in cyanobacteria (Yu et al, 2007). There could be a 
compensation mechanism, less efficient, but capable of performing a similar 
function to that of the product of the T3 PKS gene. Although no other PKS 
genes were found in the genome of Synechococcus sp. WH7803, there 
could be a hypothetical protein of a similar function somewhere in the 
genome. 

Another explanation is that the gene was not fully inactivated by insertional 
mutagenesis. Although the malonyl-CoA binding site was separated from 
the active site and product binding site, the active site itself was not 
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disrupted and the enzyme could have remained partially active. Generating 
a clean mutant, with T3 PKS gene completely removed instead of 
inactivated by plasmid insertion, would solve this problem. 

There seems to be a pattern of molecule m/z=449 peaking before the 
m/z=392 compound, which could suggest that the m/z=449 is an 
intermediate step in the production of the m/z=392 molecule. A chemical 
structure and biosynthetic pathway elucidation would be crucial to determine 
the relationship between the eight molecules. The two compounds observed 
for the first time during this study, m/z=380 and m/z=437, based on their 
mass to charge ratio and elution times, could be [C17H34NO6S]+ and 
[C19H37N2O7S]+ respectively. This suggests a set of eight compounds, four 
of which have one extra oxygen, which could suggest sulphur oxidation, and 
four – an additional C2H4 group, which suggests a longer carbon chain 
(Table 5.4.1).  

Table 5.4.1 Predicted chemical formulae for eight compounds produced by 
Synechococcus sp. WH7803. 

Extra 
C2H4 

Extra oxygen 
no yes 

no [C17H34NO5S]+ 
[C19H37N2O6S]+ 

[C17H34NO6S]+ 
[C19H37N2O7S]+ 

yes [C19H38NO5S]+ 
[C21H41N2O6S]+ 

[C19H38NO6S]+ 
[C21H41N2O7S]+ 

The difference in cell numbers at the same OD 750 nm value between 
Synechococcus sp. WH7803 wild type and T3 PKS mutant cultures, as well 
as a difference in side scatter, suggest a change in cell granularity. Slightly 
higher absorbance in the UV-B region by the T3 PKS mutant also points 
towards a change in internal structures or a change in UV protection 
mechanisms. 

In plants and some bacteria, expression of chalcone synthase, a T3 PKS, is 
regulated by a photoreceptor in response to red, blue or UV light (plants) 
(Kreuzaler et al., 1983; Martin, 1993) and infrared light (bacteria) (Jiang et 
al., 1999). Flavonoids, for production of which chalcone synthase is the first 
committed enzyme, can absorb UV-B to protect plant cells (Jenkins et al., 
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2001). The authors suggest that the pathway is not mediated by oxidative 
stress signalling, as hydrogen peroxide added to the cell culture did not 
stimulate chalcone synthase expression. Whether the Synechococcus T3 
PKS is affected by exposure to light or plays a role in UV protection is 
unresolved. Some genes, although annotated as chalcone synthase, are 
predicted to have different roles, using different starter molecules and 
producing different compounds (Dixon, 2001; Moore & Hopke, 2001; 
Schroder, 1997). 

As only approximately half of the Synechococcus sp. WH7803 T3 PKS 
mutant cultures survive until typical late exponential phase compared to all 
wild type cultures, there is a clear growth disadvantage due to disruption of 
the T3 PKS gene. Although all cultures were inoculated with the same 
medium and kept in the same conditions, sudden culture collapse did not 
affect all of them. The T3 PKS mutant cultures were checked at the end of 
the experiment for presence of the plasmid and to confirm segregation, but 
there was no difference between the cultures that did survive and those that 
died early. 

A possible explanation could be a toxic intermediate that cannot be 
removed from the culture due to T3 PKS gene disruption, which is not 
produced constitutively, but rather in bursts. If the burst coincides with a 
temporary drop in cell numbers or stress (e.g. a change in light intensity and 
temperature when cultures are removed from the incubator for sampling), 
the culture may not recover. Another explanation could be that the m/z=392 
molecule plays a protective role in cultures – when in wild type cultures 
concentration of the compound peaks between mid-exponential and 
stationary phases, i.e. after the m/z=449 molecule peaks, there is no such 
peak in axenic Synechococcus sp. WH7803 T3 PKS mutant cultures and 
some of the cultures die (see Figure 5.3.2.7). On the other hand, it could 
also be argued that rather than the absence of the m/z=392, it is the rather 
higher relative concentrations of the m/z=449 and m/z=421 molecules that 
is the problem. In wild type cultures, the molecules with the highest 
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concentration are those with m/z=392, m/z= 449 and m/z=364, compared to 
m/z=449 and m/z=421 in Synechococcus sp. WH7803 T3 PKS mutant 
cultures. 

To test whether molecules in the Synechococcus sp. WH7803 T3 PKS 
mutant culture have any effect on the growth of phototrophs, including 
Synechococcus sp. WH7803 wild type and T3 PKS mutant cultures, large 
volume supernatant extracts of wild type and T3 PKS mutant cultures 
redissolved in seawater were added to 13 different phototrophs. The growth 
of all Synechococcus spp., Prochlorococcus and some green algae were 
affected more by the addition of the T3 PKS extract and, with the exception 
of Synechococcus sp. WH5701, all showed culture decline or death after 5 
days of culture. This suggests that the molecules produced by 
Synechococcus sp. WH7803 T3 PKS mutant cultures are more toxic than 
those produced by the Synechococcus sp. WH7803 wild type culture. To 
determine which molecules are responsible for the effect of higher toxicity or 
which molecule has a protective influence on the culture, fractionation of the 
extract could be performed. A fraction of the extract found to be active could 
then be analysed further to purify the compound(s) responsible for the 
effect. A study of antimicrobial and cytotoxic activity of cyanobacterial 
extracts suggested that marine Synechococcus sp. extracts can induce 
apoptosis in eukaryotic cells and cause inhibition of Gram-positive bacteria, 
but do not affect Gram-negative bacteria (Martins et al., 2008). A study 
focusing on purified compounds instead of crude extracts could improve our 
understanding of the mechanisms behind these effects. Also, a study of 
toxicity of marine Synechocystis and Synechococcus extracts on marine 
invertebrates suggested that a crude extract may have a stronger negative 
effect on survival of invertebrates than a partially purified extract due to a 
possible synergistic effect of different toxic compounds (Martins et al., 
2007). 

There is no evidence of cyanobactin gene clusters present in 
Synechococcus spp. genomes (Leikoski et al., 2013) and no bacteriocidal 
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activity was observed for prochlorosins (Li et al., 2010). Given the high rate 
of discovery of novel cyanobacterial compounds, it is possible that the 
molecules are a novel class of antibacterial compounds. However, it is 
important to remember that, taking into account cyanobacteria cell densities 
in the open ocean, the likelihood of close phototroph – phototroph 
interactions is not high and the compounds may in fact have a different role, 
perhaps related to metabolism of the cell, environmental sensing, protection 
from stress or interaction with heterotrophic bacteria. To improve our 
understanding of the function of these compounds, a broad –omics 
approach would be advisable. A proteomics study would provide some 
insights into what happens inside the T3 PKS mutant cell compared to a 
wild type cell and suggest what to focus on for further physiological 
experiments. 

To conclude, the T3 PKS gene cluster in Synechococcus sp. WH7803 is not 
silent and plays a role in the production of at least eight different 
compounds, produced in all nutrient conditions, in both axenic cultures and 
co-cultures. Insertional inactivation of the T3 PKS gene may cause early 
death of a culture and the changes in the molecules released from the cells 
into the surrounding environment can have a negative effect on the growth 
of other phototrophs and the Synechococcus sp. WH7803 T3 PKS mutant 
itself. 
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6. Conclusions and future work 

The overall aim of this work was to improve our understanding of marine 
phototroph – heterotroph interactions. Despite the importance of marine 
microorganisms for our planet, surprisingly little is known about the 
interactions between two major groups of microbes – phototrophs that 
produce every second molecule of oxygen we breathe and heterotrophs that 
drive the biogeochemical processes in the ocean. 

By trying to determine which heterotrophic bacteria are the most frequent 
partners in Synechococcus spp. non-axenic cultures, a better appreciation 
of its community interactions was achieved (Chapter 3). Over half of all the 
cultures tested were hosting the same 4 heterotrophic bacteria belonging to 
the following genera: Nitratireductor spp., Rhodobacteraceae, Muricauda 
spp., Phyllobacteriacae. All of these genera are known to be associated with 
seawater and have been observed in cultures of other phototrophs or in 
environmental enrichments previously. 

To determine the nature of the relationships, a broad –omics approach 
study would be advisable, together with co-culturing physiological 
experiments to confirm the predicted interactions. A look into the proteomics 
of co-cultures, similar to that of Synechococcus sp. – R. pomeroyi (Christie-
Oleza et al., 2015, 2017), would provide some overview of what the 
relationship is giving to and requiring from its members, for example 
whether it is provision of a specific resource, remineralisation of organic 
matter to provide nutrients or removal of specific toxic compounds that 
keeps the partners together. Once an overview of metabolic or other 
interactions between a model Synechococcus sp. and its most frequently 
occurring heterotrophic partners is available from proteomics data, 
physiological studies, accessing growth of partners and relationship 
dynamics can determine if the relationship is beneficial to both, one or none 
of the partners. 
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Ultimately, to advance the field of interactions between marine bacteria, a 
model community should be developed. Focusing the scientific community’s 
efforts on understanding a simple, yet representative system, would speed 
up research and enable us to push the field much more than by studying 
various systems separately – just like focusing efforts on studying E. coli as 
a model bacterium advanced the field of microbiology. With known 
metabolic relationships and including genome-sequenced representatives of 
most dominant phyla, a simple, yet robust oceanic community could be 
formed – a concept similar to the development of a maize community model 
system, which includes 7 strains from three of the four most dominant 
bacterial phyla found in maize roots (Niu et al., 2017). Studies like this one 
provide invaluable data on preliminary community member selection for 
development of such a system, especially those including one of the most 
abundant phototrophs in oceanic systems. 

Although the metadata collected for the non-axenic Synechococcus sp, 
cultures did not explain the observed differences in community composition, 
it is important to remember that the sample size, especially for specific 
geographic locations, was very small and thus could have been inadequate 
to observe any differences, if they in fact exist. For future studies, it would 
be important to include parameters such as nutrient concentration, water 
temperature, light level and cell densities at the place of sample collection, 
as these types of information could give more insights on what drives 
specific relationships and would characterise the natural environment of the 
microorganisms much better than values such as latitude, longitude or 
depth of collection. Unfortunately, very rarely full datasets containing all 
these types of information are available, especially for cultures isolated 
twenty and more years ago, so it might mean designing a completely new 
study from the point of sample collection to sequencing a clonal isolate 
maintained in culture for a few years. 

The study of how partner community changes during clonal purification of 
Synechococcus sp. was based on a very low number of samples, and as 
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such should be treated with caution, and as a preliminary experiment 
highlighting the challenges and opportunities that would be associated with 
a similar large-scale study. Especially, the questions to what extent is the 
process of heterotroph survival stochastic and to what extent is it driven by 
metabolic interactions rather than phylogeny, seems worth pursuing in the 
future to better understand the formation of phototroph-heterotroph 
relationships and their specificity. 

Taking into account the presence of Rhodobacteraceae in more than half of 
all non-axenic Synechococcus sp. WH7803 cultures and multiple reports of 
the presence of Roseobacter in the open ocean (Gonzalez et al., 2000), a 
model system of Synechococcus sp. WH7803 – Ruegeria pomeroyi was 
chosen for further work (Chapter 4). An exometabolomics approach 
targeting differences between the model phototroph – heterotroph co-culture 
compared to the axenic phototroph culture revealed a group of potentially 
novel compounds produced by Synechococcus sp. WH7803 in high 
concentrations only in axenic cultures. The same effect was observed in 14 
out of 16 Synechococcus sp. WH7803 – heterotrophic bacteria co-cultures, 
suggesting it is probably a response of the phototroph to the presence of 
heterotrophic bacteria, rather than a species-specific interaction. 

Ruegeria pomeroyi addition to an axenic Synechococcus sp. WH7803 
culture caused a sharp decrease in molecule m/z=449 concentration (no 
longer detected in the media within 10-20 days) suggesting that the 
molecule can be degraded – directly or indirectly – by the heterotroph. The 
m/z=392 molecule was not affected by the presence of the heterotroph, 
suggesting that it cannot be broken down and used as a source of nutrients. 
Molecule structure determination by NMR would help to highlight the 
differences between the two molecules and provide some insight into what 
sorts of biochemical machinery is required to break down the compounds, 
which in turn could be a source of speculation about the function and the 
pathway or organism targeted by the molecule. 
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Another advantage of elucidating a full chemical structure of the molecule(s) 
would be the ability to predict steps of their biosynthesis which would help in 
determining which genes are involved in the production of the compounds. 
Once the specific genes are known, their expression could be tested in 
axenic cultures and co-cultures, as well as in different growth conditions 
which would provide more insight into the function of the molecules and 
regulation of their production in co-cultures. 

One of the major challenges for structure determination is the low yield of 
the molecules of interest. The issue has been reported previously for 
prochlorosins produced by Prochlorococcus at the level of 10 μg from 20 l of 
culture (Li et al., 2010). Feeding a culture of Synechococcus sp. WH7803 
with 13C sodium bicarbonate could strengthen the NMR signal and help with 
full chemical structure elucidation. Once biosynthetic genes are known, use 
of a heterologous expression host, for example Synechocystis sp. or E. coli, 
becomes a possibility for specific molecules needed in high quantities. The 
time invested in developing such a system could be compensated for by 
higher growth speeds and yields of heterologous hosts compared to the 
native host. 

Further experiments to help determine the function of the molecules could 
include generation of a knockout mutant(s) in the genes involved in the 
production of the compounds and looking for any differences between the 
mutants and the wild type. Addition of purified molecules to the axenic 
culture of the phototroph, or a range of photo- and heterotrophs, could also 
be interesting. 

The fragmentation pattern of the m/z=392 compound suggested that it may 
belong to the polyketide synthases group of secondary metabolites due to 
possible presence of a characteristic fatty-acid-like chain of carbons. 
Synechococcus sp. are known to have T3 PKS gene clusters in their 
genomes (Shih et al., 2013) and Synechococcus sp. WH7803 was shown to 
contain only one of these clusters (Chapter 5). 
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Unfortunately the T3 PKS gene cluster in Synechococcus sp. WH7803 
contains some hypothetical proteins, for which not even a search for 
conserved domains is of any help in determining their function. As in the 
case of earlier studies of the same and a similar model system 
(Aharonovich & Sher, 2016; Christie-Oleza et al., 2015), this is a major 
obstacle in interpreting genomic data. Future development and verification 
of gene, protein, metabolite and other database entries is of great 
importance and would help not only in natural products discovery, but also 
in physiological studies of the metabolism of co-cultures. 

Seven genes were found to be conserved in all T3 PKS Synechococcus 
spp. and Prochlorococcus spp. gene clusters, out of which three are 
annotated as hypothetical. Trying to determine the function of these three 
genes in the first instance would be of major help in describing the 
biosynthetic pathway they form. Also, a PCR check of cDNA generated from 
RNA of Synechococcus sp. WH7803 could determine which genes are 
transcribed together, which could also provide some insight about the 
biosynthetic pathway. 

A mutant generated for the T3 PKS gene in Synechococcus sp. WH7803 
(Chapter 5) showed that growth of the axenic culture is negatively affected 
by the disruption of the gene – ‘every other’ mutant culture dies suddenly 
during the mid-exponential phase of growth. This unpredictability of growth 
of mutant cultures, as well as the results of antimicrobial assays of wild type 
and T3 PKS mutant extracts against a range of phototrophs, suggests that 
there is a toxic effect of the disrupted gene on the health of cultures. To 
determine whether the cause of this is any specific metabolite, the extracts 
could be fractionated and added to growing cultures – if a fraction causes a 
decrease in cell numbers, it should be further analysed, including 
purification and structure elucidation of any compounds present. A 
proteomics comparison of wild type and T3 PKS mutant cultures could also 
provide some insight into differences in cell metabolism and help determine 
the pathways affected by disruption of the gene. 
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All the metabolites discovered to be at lower levels in co-cultures with R. 
pomeroyi than in axenic Synechococcus sp. WH7803 were affected by the 
disruption of the T3 PKS gene, which suggests that the T3 PKS gene plays 
a role in their biosynthesis. An approximately one order of magnitude 
change in the concentration of these molecules was observed instead of a 
complete disappearance of the molecules – a clean knockout mutant of the 
T3 PKS gene could help determine whether the cause of this is the enzyme 
retaining some of its function during insertional mutagenesis, an alternative, 
less efficient backup pathway for production of the compounds or another 
compensation mechanism that affected the pathway indirectly. Generating 
T3 PKS mutants in other picocyanobacteria and looking for changes in 
growth and metabolite profiles should also be considered in future work to 
characterize the products of these gene clusters in other, also 
environmentally important, genera. 

There is also the question of non-biological roles of the molecules. As many 
cyanobacterial secondary metabolites are of interest to industry (Burja et al., 
2001), it would be interesting to screen this new group of compounds for 
potential antimicrobial, anticancer, anti-inflammatory activity and other 
activity of potential clinical interest. By learning about small molecules 
produced by microscopic organisms in the vast global ocean, we may in fact 
not only improve our understanding of the planet we live on, but also 
expand our knowledge of molecules useful to ourselves. 
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