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Abstract 

The order of genes in a eukaryotic genome has classically been considered random. However, 

large-scale genomics and transcriptomics studies as well as the frequent discovery of gene 

clusters have established that eukaryotic gene order is far from random. Indeed, there is 

increasing realisation that the positioning of genes influences expression patterns. For 

example, a characteristic feature of gene clusters, groups of neighbouring and functionally 

related genes, is the co-ordinate regulation of the clustered genes.  

 

Here, using the model organism Arabidopsis thaliana and its specialised metabolic gene 

clusters we have investigated the importance of genomic integrity in gene cluster regulation 

and aimed to identify key regulatory factors that lead to its co-regulation.  

By exploiting T-DNA mutant lines with disrupted linear and, putatively, the 3D cluster 

organisation, we have analysed how these disruptions change the expression profile of an 

exemplar gene cluster. Furthermore, we have applied genome editing technologies to re-

localise a cluster gene to assess if the native genomic context is important for gene regulation. 

We have applied bioinformatic data analyses, carried out mutant screens and quantitative 

gene expression analyses to unveil novel chromatin regulatory enzymes of gene clusters. 

Moreover, we have investigated sequence and expression conservation of metabolic gene 

clusters across A. thaliana ecotypes.   

 

Our results show that the genomic integrity of the entire cluster space as well as its 

neighbouring genomic sites is important for cluster regulation. We present preliminary 

evidence that changing the genomic environment of a gene cluster results in the drastic 

misregulation of the gene. In addition, we have identified the chromatin marks H3K4me3, 

H3K18ac, H3K36me3 and H3K9me2 as putative epigenetic regulators of metabolic gene 

clusters in A. thaliana and discovered novel chromatin mutant lines with a role in gene cluster 

regulation. Our pilot evolutionary analyses indicates that the expression of one gene within 

the cluster can alter the expression profile of the remaining genes. Collectively, the work 

presented here has provided novel insights into the coordinate regulation of metabolic gene 

clusters and the importance of genomic integrity and chromatin environment. It forms a 

foundation for future research that will design synthetic gene clusters, further advancing our 

understanding of transgenesis, and unveiling the evolutionary principles of gene cluster 

formation.  
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1 Introduction 

The regulation of genes in any genome is multifaceted and relies on a complex orchestration 

of many layers of molecular systems that gets more complicated as organisms evolve. Over 

time the genome evolves by changing its structure, sequence and size through mutation, 

horizontal gene transfer, recombination and other processes.1  

 

Here, we focus on the importance of gene order in eukaryotes. We ask why the order in which 

genes occur on a linear level along chromosomes can alter gene expression by analysing 

metabolic gene clusters in Arabidopsis thaliana (A. thaliana). We also look on a larger scale at 

how these gene clusters are co-regulated and which enzymes are involved in their regulation. 

 

In this section, we will first explain the organisation of the three-dimensional eukaryotic 

genome and the key elements for maintaining and altering its structure. Then, we will provide 

detailed information about gene clusters. We will describe exemplar clusters and their 

regulation. Finally, we will introduce the A. thaliana genome and focus the rest of the thesis 

on the thalianol gene cluster. 

 

1.1 Chromatin organisation 

A chromosome is a dynamic and complex structure consisting of DNA and tightly associated 

proteins. In contrast to prokaryotes, where DNA is usually arranged in a circular single 

chromosome within the cell, eukaryotes usually contain multiple linear chromosomes 

localised within a distinct cellular compartment, the nucleus. Eukaryotic chromosomal DNA is 

wound around histone proteins, together forming chromatin.2 A nucleosome is a basic unit 

of chromatin which is made up of an octamer of core histones, made up of two copies of each 

histone protein: H2A, H2B, H3 and H4, with 147 base pairs of DNA wrapped around it (Figure 

1).3 Nucleosomes are connected to each other by short stretches of linker DNA typically 

associated with histone H1 proteins. The repetitive arrangement of the core histone octamers 

along a DNA molecule is called a nucleosomal array.4 The dynamic structural organisation of 

the nucleosomal array has been linked to changing transcriptional activities of genes, and the 

level of chromatin compaction has been inversely correlated with the transcription rate.5 

Chromatin is a flexible structure that can be actively re-arranged by chromatin remodelling 
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enzymes and by modification with small chemical residues. Highly condensed chromatin is 

typically referred to as heterochromatin while less condensed ‘open’ chromatin is called 

euchromatin.6 The specific structural properties of chromatin at a chromosomal locus define 

its accessibility to proteins and therefore the efficiency of all chromosome related processes, 

from transcription to repair and replication.7 

 

 

1.1.1 How chromatin can be modified 

Chromatin structure can be modified locally and dynamically by addition and removal of small 

chemical groups. By modifying the histone variant protein or the histone tail post 

translationally, the chromatin state can be altered to either allow or restrict access of the 

transcription machinery to the DNA. A nucleosome unit contains histone tails at the N-

terminal end of histones. These protrude from the histone octamer3 and are exposed to 

possible modifications, such as acetylation, phosphorylation, methylation, ubiquitination and 

ADP-ribosylation8. Histone modifications affect inter-nucleosomal interactions and therefore 

modify chromatin structure.  

 

1.1.1.1 Histone acetylation 

The acetylation of histones, first described in 19649, is catalysed by a family of enzymes called 

histone acetyltransferases. Histone deacetylases (HDACs) are responsible for the removal of 

Figure 1: Nucleosome unit. Histone octamers make up a nucleosomal unit, 147 base pairs are 
wrapped around 2 pairs of four histone proteins. Histone proteins have a histone tail where 
histone modification marks can occur, such as methylation and acetylation. (Created with 
BioRender.com) 
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acetyl groups. The cofactor acetyl CoA is utilised to catalyse the transfer of an acetyl group to 

the ε-amino group of lysine side chains. Most commonly, acetylation occurs on the H3 histone 

protein at lysine residues 9, 14, 18 and 23.8,10 The acetylation of lysine residues is 

accompanied by a neutralisation of the positive charge of lysine. This has been suggested to 

weaken the interaction between DNA and histones and therefore loosening chromatin 

structure and increasing accessibility of the transcriptional machinery. As such, histone 

acetylation is widely linked to active transcription.   

 

1.1.1.2 Histone methylation 

Methylation of histones occurs on lysine and arginine amino acids. The lysine residue holds 

up to three methyl groups whereas arginine only holds up to two methyl groups.11 

Methylation marks are typically found on lysine residues (K) 4, 9, 27 and 36. In contrast to 

acetylation, methylation is associated with both activation, at K4 and K36, and silencing at K9 

and K27. The deposition of methyl groups is carried out by a group of enzymes called 

methyltransferases, and the removal is carried out by demethylases.12 

 

The normal development of animals and plants requires H3K27me3 to suppress the 

expression of genes in specific tissues at appropriate developmental stages.13  In A. thaliana 

H3K27me3 is present at 15 to 60% of protein-coding genes in a given tissue14. Polycomb group 

(PcG) proteins have been shown to be involved in the deposition of H3K27me3, specifically  

the polycomb repressive complex 2 (PRC2) which acts as a methyltransferase and is conserved 

in plants and animals.15 In plants PRC2 is an important regulator of developmental transitions 

such as seed formation and flowering and inactivation of PRC2 function leads to embryo 

abortion or non-viable callus-like structures.16 H3K27me3 associated gene repression is 

described as facultative because promoters remain accessible for transcription factor binding 

and often a paused RNA polymerase remains at the site.17–20 

 

Constitutive heterochromatin is typically marked by di- and tri-methylation of histone 3 lysine 

9 (H3K9me2/3) throughout eukaryotes.21 However, in plants constitutive heterochromatin is 

enriched in H3K9me1/2 and euchromatin is associated with H3K9me3.22 H3K9me3 is a mark 

enriched in animals over gene family clusters, this mark has been suggested to protect 

repetitive gene clusters from recombination.23 In A. thaliana H3K9me3 marks approximately 
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40% of genes, but low levels are generally detected at regions enriched with transposons.24 

H3K9me2 is the most studied H3K9 methylation mark in A. thaliana  and is linked to regulating 

seed dormancy and suppressing genes relates to the ABA (abscisic acid) signalling 

pathway.25,26 

 

Methylation marks at histone 3 lysine 36 (H3K36) are often linked with active transcription, 

however, they are associated with both active and repressed genes.27,28 H3K36 methylation 

is implicated in diverse processes such as DNA repair, recombination and alternative 

splicing.29 Genome-wide analysis of H3K36me3 showed that the mark is typically enriched at 

the 3’ end of the gene body.30 In Saccharomyces, H3K36me3 is bound by Eaf3 (Esa1 associated 

factor 3) histone acetylase proteins, which recruit the Rpd3 (Reduced Potassium Dependency 

3) HDAC complex to nucleosomes. These HDACs remove transcription-coupled 

hyperacetylation and reduce transcriptional activity.31 The enzymes that facilitate the transfer 

of a methyl group to the histone, histone methyltransferases, contain a catalytic SET (SET 

(Su(var) 3‐9,E(z),Trithorax) domain.29 In A. thaliana, H3K36 di- and tri- methylation is 

associated with active transcription of the Flowering Locus C (FLC).32 FLC encodes a 

transcription factor which represses genes that initiate flowering, thus when plants are 

flowering the FLC locus is repressed33. H3K36me also has major functions in the temperature 

response and nitrate signalling, indicating a role for H3K36 methylation in the abiotic stress 

response.34,35 

 

Active chromatin, or euchromatin, is frequently associated with the methylation of histone 3 

lysine 4.36 H3K4me1 colocalises with the acetylation mark H3K27ac and is typically found in 

enhancer regions. It is acting as a signature mark for enhancers to increase gene 

transcription.37 H3K4me2 typically labels  the centre of  genes, usually at a higher density than 

H3K4me1, however its function remains unclear.38 Highly enriched near the transcription 

start sites of genes is the activation mark H3K4me3.39 Although, H3K4me3 has been 

extensively studied it remains unclear whether H3K4me3 triggers active transcription or is 

associated with transcriptional memory.38,39  
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1.1.1.3 Histone variants 

Some histone genes encode distinct paralogs, known as histone variants, that differ in amino 

acid sequence from the original. Such variants primarily exist of H2A and H3.40 Histone 

variants change the structural properties of the canonical nucleosome and function in 

chromatin remodelling and modulation of transcription. 41  

 

1.1.1.3.1 H2A variants 

The entry and exit position for DNA at the nucleosome is occupied by H2A. Therefore, it is a 

key histone in controlling DNA access.40 In A. thaliana nucleosomes usually only contain one 

single type of H2A variant at a time.42 

 

The H2A.X histone variant is an essential component of the DNA damage repair. The C-

terminal phosphorylation motif of H2A.X is differing from the core histone structure. The 

variant is usually deposited in response to DNA damage to recruit enzymes that repair double 

stranded breaks.43 In A. thaliana, the partial loss of two H2A.X variants leads to weak 

sensitivity to DNA damage.44,45 In some single-cell eukaryotes such as yeast, H2A.X is the 

primary form of H2A.41 Due to its function, genomic sites prone to DNA damage during cell 

cycle often become enriched with H2A.X, whereas those not involved in cell cycle show lower 

levels of enrichment.46 In mouse embryonic stem cells, H2A.X has also been shown to be 

deposited at rRNA (ribosomal RNA) promoter regions, repressing rDNA transcription to limit 

cell proliferation.47 Mice without H2A.X are viable, however they show genomic instability 

and males are infertile.48  

 

The best studied histone variant, H2A.Z, plays a prominent and complex role in transcriptional 

regulation, DNA repair and centromeric heterochromatin regulation.49  H2A.Z only shares 60% 

amino acid similarity with the canonical H2A, and the major differences which directly 

influence nucleosome stability are in the C and N terminal domains and the L1 loop.50,51 H2A.Z 

deposition promotes RNA polymerase II recruitment, stimulating ATP-dependent chromatin 

re-modelers  and poising genes for transcription52–54.  Commonly, H2A.Z has been found to 

be enriched within the nucleosomes that surround the transcriptional start site in genome-

wide studies of fungi, animals, plants and protozoa.55,56 H2A.Z has been found to be a key 

regulator of genes in response to environmental changes in Saccharomyces cerevisiae and 
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Schizosaccharomyces pombe.57–59 In A. thaliana, impaired  deposition of H2A.Z results in the 

misregulation of many genes involved in the innate immune response.60 H2A.Z also aids in 

the correct transcription of genes by facilitating the deposition of H3K27me3 during 

developmental processes.61 

 

The histone variant H2A.W is a plant specific histone variant that is strictly and specifically 

localized to constitutive heterochromatin in A. thaliana.45  H2A.W has an extended C-terminal 

tail with a SPKK motif, which is often present in linker H1 which enables it to bind more DNA.62 

It is suggested to have evolved to facilitate the DNA damage response in highly condensed 

heterochromatin. In conjunction with H1 and H3K9me, H2A.W works to silence a distinct set 

of transposable elements, thus aiding to prevent transposition.63 

 

1.1.1.3.2 H3 variants 

There are two major histone H3 variants in eukaryotes: H3.1 and H3.3, which differ only by a 

few amino acid residues.64 

 

An important variant for the development of Drosophila, mice and the reprogramming events 

during development in animals and plants is H3.3.65–67 H3.3 was originally described as being 

incorporated at actively transcribed genes at transcription end sites however recent data has 

shown that H3.3 can accumulate at silent loci in pericentric heterochromatin and telomeres 

in mice.68  The mechanisms by which H3.3 promotes gene transcription is unclear.  Studies in 

A. thaliana indicate that lines deficient in H3.3 had a decrease in gene body methylation 

marks. H3.3 has been shown to prevent the deposition of the linker protein, H1, thus relaxing 

the chromatin to allow access to DNA methyltransferases to increase transcription.69  

 

The histone variants H3.1 and H3.2, however, are enriched in silent areas of the genome 

marked by H3K27 and H3K9 methylation.70,71 Only differing by one amino acid,  H3.1 and H3.2 

display different expression pattern and associate with different histone modification 

marks.72 73,74  
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1.1.2 Nuclear organisation of chromosomes  

Many factors contribute to the regulation of gene expression.  The folding of chromatin is a 

central unit in the interplay of these factors in gene regulation. The plasticity of the 

chromosome architecture allows genes to switch between active and inactive folding states 

and enables the interaction of genes with enhancers, promoters, non-coding RNAs and 

transcription factors. Eukaryotic genomes are typically organised into compartments, 

domains and loops. 

 

Typically, eukaryotic genomes are segregated into the A and B compartment. The A 

compartment is associated with open chromatin and active genetic elements, while the B 

compartment is comprised of closed chromatin and inactive genes.75 Within the same 

compartment pairs of loci will interact at a higher frequency and more consistently than pairs 

of loci in two different compartments.75 These compartments are enriched with distinct 

histone modifications that are representative of the observed transcriptional state.76 The 

open and closed domains occupy different spatial compartments in the nucleus, the A 

compartment is often associated with nuclear bodies whereas the B compartment is 

preferentially associated with the nuclear envelope or nucleolus.77,78  

 

Regions that interact with each other more frequently segregate into sub-megabase scale 

domains, known as topologically associating domains (TADs). TADs are regions of the genome 

with a high degree of self-interaction and are formed by active extrusion of chromatin loops 

by cohesin.79 They are generally conserved between different cell types and can switch 

between compartments A and B in a cell-type specific manner.80 The partitioning of the 

genome into TADs correlates with many of the regulatory processes of the linear genome 

such as co-ordinated gene expression, DNA replication and deposition of histone modification 

marks alongside the facilitation of enhancer-promoter interaction.81,82 In mammals, TADs are 

a prominent feature  that can range in size from 40 kb to 3 Mb83, whereas in plants they are 

not common.  Larger plant genomes, such as maize, rice and tomato, have TAD-like features 

which in rice have been shown to cover approximately 25% of the genome and be around 45 

kb in size.84 Chromatin architectural proteins, often the CTCF-cohesin complex, demarcate 

the TAD boundaries and promote their formation by loop extrusion.81,85–87 Importantly, the 
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loss of the CTCF-cohesin complex or of the cohesion loading factor eliminate TADs, however 

A/B compartments remain.88  

 

Plant genomes do not contain a CTCF encoding gene, thus do not contain canonical TADs.89 

A/B compartments and chromatin-interacting domains have however been identified in many 

plant species.90 In rice genomes, TAD-like domains have been detected and TAD boundaries 

regions with properties similar to animal TAD boundaries have been identified, however they 

are not a prominent feature of the A. thaliana genome.84,91 A unique feature of plant genomes 

is that they form compartment domains that interact with each other on an inter- and 

intrachromosomal level.92 These domains often contain either active or inactive genes which 

are defined by the sharp change in the corresponding histone modification mark, for example 

repressive domains contain inactive genes and histone marks such as H3K27me3 which shows 

a sharp depletion at the border.92  

 

Chromatin loops bring stretches of genomic sequences that are separated by intervening 

sequences in close proximity to each other.93 These loops often aid the regulation of genes 

by bringing enhancer regions in closer proximity to its target gene.94 The locus control region 

(LCR), which will be explained in more detail later, is a well-known example of a chromatin 

loop. Gene-loops, a prominent feature of the A. thaliana genome,95 are another type of 

chromatin loop in which the transcription termination site of a gene loops upstream to be in 

closer contact with the gene promoter, thus reinforcing the directionality of RNA synthesis.96 

In A. thaliana, the FLC gene forms a gene-loop which is disrupted in the early phase of 

vernalization.97 Loop formation relies on RNAs and multivalent proteins such as the mediator 

protein complex. In A. thaliana, the mediator complex enhances chromatin looping between 

jasmonic acid (JA) enhancers and their promoters to trigger the jasmonic acid signalling 

pathway.98 

 

On a smaller scale, beyond loops, dynamic nucleosome-nucleosome interactions have been 

described. These may organise cell-type specifically into linear or clutched arrangements. 99  
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1.2 Importance of gene order 

There is increasing evidence of a non-random gene order in eukaryotes and that the position 

of genes along chromosomes serves a function. For example, neighbouring genes often show 

similar expression profiles100 and genes can share regulatory elements such as bidirectional 

promoters.101 A genome wide study in eukaryotes analysed cell-cycle-dependent expression 

patterns, and found that a quarter of genes which are induced in the same phase of the cell 

cycle were directly adjacent to one another102, thus providing evidence of a non-random gene 

order. Furthermore, a random gene order would give rise to random transcription levels of 

genes across the eukaryotic genome, however is has been found that genes neighbouring 

highly transcribed genes are more likely to have a higher transcription level and vice versa100. 

These neighbouring genes often share promoters and transcriptional regulatory signals, 

resulting in them being co-expressed103. Gene clusters provide good evidence and a model 

for non-random gene order. These clusters are often functionally related and associated with 

metabolism, development and immunity.104  

 

 

1.3 Gene clusters 

1.3.1 What are gene cluster? 

The co-localisation of functionally related genes into operons is a defining feature of bacterial 

genomes. In contrast, the organisation of functionally related genes in eukaryotes has 

historically been considered random. However, large scale genomics and transcriptomics 

experiments have shown that gene order is not random. Furthermore, it was found that genes 

neighbouring highly transcribed genes are more likely to have a higher transcription level and 

vice versa100. Similar to prokaryotic operons, functionally related genes have also been found 

to be clustered within the eukaryotic genome which are often co-regulated, and it has been 

suggested that co-ordinated expression of genes is favoured by selection100. Different types 

of gene clusters can be identified in eukaryotic genomes, such as arrays of homologous or 

non-homologous genes and clusters of functionally related genes. Although they may appear 

similar to operons, clustered genes in eukaryotes differ in that they transcribe each gene 

within the cluster into monocistronic pre-messenger RNA (mRNA), with rare exceptions in 

some nematodes105. Gene clusters encode for vital functions such as immunity in animals and 
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plants, for example the major histocompatibility complex and resistance factors, and for 

embryonic patterning, such as Hox transcription factors.106 Secondary metabolic gene clusters 

are prominent in fungal and plant genomes and play important roles in the ability of these 

organisms to interact with their environment.107 

 

An example of clusters of homologous genes is the Hox (homeobox) gene cluster that encodes 

a major class of transcription factors required during embryonic development.108 The precise 

activation of the Hox genes allows for the specific co-ordinated expression of the anterior to 

posterior body axis, in bilaterian animals they are responsible for the patterning of the main 

body axis.109 Mammals have four Hox clusters which appear to be the same across 

tetrapods.110 Following transcription, the chromatin at the specific loci is condensed, showing 

a rapid transition in chromatin state.111 It was shown that co-ordinate activation of the Hox 

genes is associated with H3K4me3 and transcriptional repression with H3K27me3.112 Two 

distinctive TADs have been identified in the HoxD cluster, which is involved in vertebrate limb 

development, the T-TAD and C-TAD (telomere-proximal and centromere-proximal).113 

Interestingly, this cluster goes through two subsequent waves of transcription, the centre of 

the cluster is activated first followed by the flanking genes.114 The change from the activation 

of central cluster genes to  outer genes is associated with the remodelling of the cluster 

specific  TAD structure.113  

 

Metabolic gene clusters, or biosynthetic gene clusters, are widespread in the genomes of 

plants and fungi and encode for a significant proportion of their metabolic capacity.115 These 

gene clusters provide a great insight into the evolutionary processes as these genes have been 

brought together by genome reorganisation, whereas Hox gene clusters have arisen through 

gene duplication.106,110  Fungal and plant metabolic gene clusters are primarily associated with 

secondary metabolism. Secondary metabolic pathways are described as being non-essential 

but with important ecological functions, such as initiating an immune response to a pathogen 

or acting as an attractant to pollinators116. The immense diversity of secondary metabolites 

provides a rich source of drugs and antibiotics, as almost 25% of modern medicine is derived 

from products naturally occurring in plants117,118.  Secondary metabolic gene clusters encode 

the different enzymatic steps of a biosynthetic pathway115 that metabolises primary 

metabolites into secondary metabolites, as shown in Figure 2. The enzymes encoded within 
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secondary metabolic gene clusters that divert primary metabolites into the metabolic 

pathway are often called scaffolding enzymes. The enzymes that modify the metabolic 

scaffold (such as methyltransferases and acyltransferases115) are called tailoring enzymes . 

The overexpression or silencing of metabolic cluster genes is often detrimental to the 

organism due to the accumulation of toxic pathway intermediates106,115.  Plant metabolic 

gene clusters consists of three or more neighbouring genes and range from approximately 

35kb to several hundred kb in size119.  

 

Fungi produce a large array of diverse secondary metabolites, with a wide range of functions 

such as  metabolites for interaction with other organisms or defense.120,121 Interestingly, 

within the fungal genome secondary metabolic pathways are typically arranged into clusters 

adjacent to each other, whereas genes required for the synthesis of primary metabolites are 

randomly dispersed throughout the genome.121 The most commonly known product of 

biosynthetic gene clusters in fungus is the  β-lactam antibiotic penicillin, which consists of 

three neighbouring genes arranged the same order in Penicillium chrysogenum, Aspergillus 

nidulans and Penicillium nalgiovense.122,123 These biosynthetic gene clusters in fungi are co-

regulated, the whole cluster can be actively transcribed in response to an environmental 

stimuli; for example in response to bacteria124. A wide range of transcription factors 

contribute to the regulation of biosynthetic gene clusters in fungus such as PacC, an important 

regulator for pH.125 Co-regulation within fungal clusters is suggested to be partly due to the 

chromatin structure.126 The first example for the involvement of chromatin modifying 

enzymes in fungal gene cluster regulation showed that the deletion of an eraser of histone 

acetylation led to an increase in two secondary metabolites, fumitremorgin B and pseurotin, 

but a reduced amount of gliotoxin in Aspergillus fumigatus.127 Studies in Aspergillus nidulans 

Figure 2: Secondary metabolic gene cluster. Secondary metabolic gene clusters encode 
enzymes that catalyse each step of a metabolic pathway to further metabolise primary 
metabolites into secondary metabolites.  
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show that clusters often share common chromatin features but have distinctive features in 

terms of combination of histone modification marks, which are required for the activation 

and repression of transcription.126  

 

1.3.2 Mechanisms of co-regulation in gene clusters 

A typical feature of clustered genes is their co-ordinated transcription. Such co-ordination of 

transcription may arise from a variety of mechanisms as shown in Figure 3. Bidirectional 

promoters, for example, where one promoter element drives the expression of two 

divergently orientated genes, enables tight co-ordination of two neighbouring genes.128  The 

delineation of an entire gene cluster or its segments by unique histone modifications may 

enable the formation of a shared chromatin environment surrounding adjacent genes. This 

may establish a distinct platform for transcriptional co-ordination. Local 3D domains 

encompassing gene clusters may separate them from neighbouring chromatin environment 

and promote the formation of efficient promoter-enhancer contacts. Such DNA loops allow 

distant regulatory sites, for example enhancers, to come in close proximity to its target 

promoters. Enhancer DNA elements act independent of orientation and location and may 

activate target genes from 1 million bps away.129,130 They are described as clusters of DNA 

sequences that can recruit various transcription factors. These transcription factors then 

interact with components of the Mediator complex or TFIID (Transcription factor II D) by 

looping out the intervening sequences to facilitate the engagement of the RNA polymerase II 

with the promoter region. They also recruit chromatin remodelling complexes and histone 

modifying enzymes which in turn will increase the accessibility of other proteins to the 

DNA131,132. The patterning of enhancers, their DNA methylation status and specific binding of 

transcription factors is suggested to control enhancer activity and as such target gene 

expression.   

 

The facilitated co- positioning of cluster genes within the nucleus, for example at the centre, 

near the nucleolus or the nuclear envelope, may also play a role in the co-ordinate regulation 

of clusters.133 

 

Super enhancers are described as being cis-regulatory elements with unusually strong 

enrichment of Mediator and polymerases.134 A prominent example of a super-enhancer and 
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the strong effects of it when deleted is the locus control regions (LCRs) of the human β-globin 

locus.135 When this gene segment along with a 1.5kb promoter region was expressed in 

erythroleukemia cell lines, the genes were only expressed in a small proportion of cells and 

expression was significantly low.136 Loss of β-globin gene cluster expression in patients 

suffering from β-thalassemia, an inherited blood disorder, was identified to be caused by the 

deletion of the β-globin LCR. Loss of the LCR causes chromatin compaction and prevents 

polymerase binding.137,138 

 

1.3.3 Metabolic gene clusters in Arabidopsis thaliana 

More than twenty secondary metabolic gene clusters have been identified in plants thus 

far.139 A. thaliana contains four secondary metabolic gene clusters, thalianol, marneral, 

arabidiol/baruol and tirucalladienol, all of which are related to triterpene metabolism.140,141 

Figure 3: Depiction of the potential regulatory factors of gene clusters. A. Conserved 
promoter motifs, black circles, are located upstream of each cluster gene. B. Chromatin 
modifications facilitate the formation of open chromatin (red circles) and closed chromatin 
conformation (green circles). Open chromatin facilitates transcription and closed chromatin 
suppresses it. C. Chromatin hubs form in the 3D chromatin structure. Intervening DNA and 
genes (grey arrow) are looping out, bringing cluster genes in a closer proximity to regulatory 
elements. Genes close (coloured arrow) to the regulatory elements are co-expressed (black 
circles). D. Gene clusters may locate to discrete nuclear territories with characteristic 
chromosomal conformations. 
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Triterpenes are a large and structurally diverse class of natural products with over 23,000 

known triterpene structures derived from natural sources.142 The plant kingdom has the 

highest amount of structurally diverse triterpenes and are often synthesised in response to 

developmental or environmental cues.143,144 The biological function of most triterpenes are 

unknown, however triterpenes have been shown to play a critical role in plant and root 

growth145,146, while others confer a defence response.147,148 In plants, the most common 

precursor for triterpenes  is 2,3-oxidosqualene, which is converted into a variety of triterpene 

scaffolds by oxidosqualene cyclases (OSCs).144 Tailoring enzymes, such as P450 

monooxygenases (P450s), catalyse diverse reactions to add functional groups to the 

scaffold.149 In A. thaliana 13 OSCs have been identified, some of which  are encoded in gene 

clusters.150  

 

The marneral cluster consists of three clustered genes that are co-expressed, MRN1, 

CYP71A16 and CYP705A12.151 MRN1 encodes a synthase that converts 2-3-oxidosqualene to 

marneral.152 Similar to the thalianol cluster, the marneral cluster is exclusively expressed in 

roots.153 Overexpression of the marneral cluster leads to a pronounced dwarf phenotype of 

the plant, indicating that tight co-regulation of the clusters is important for plant fitness.151 

 

Five genes make up the tirucalladienol gene cluster which spans about 47 kb, which produces 

tirucalla-7,24-dien-3β-ol.154 PEN3 encodes a triterpene synthase, AT5G36130 and CYP716A2 

encode a single cytochrome protein with an unknown function and CYP716A1 was shown to 

Figure 4: Thalianol gene cluster and its product, thalianol. The organisation of the thalianol 
gene cluster (to scale), including the five cluster genes (green arrows) and the two intervening 
genes (grey arrows). The thalianol compound depicted. 
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encode an enzyme involved in the hydroxylation of tirucalla-7,24-dien-3β-ol when co-

expressed with PEN3.154 

 

The arabidiol/baruol metabolic gene cluster produces arabidiol as well as downstream toxic 

breakdown products that protect the A. thaliana roots from Pythium irregulare, and 

oomycete which causes root rot.155 The volatile organic compound (E)-4,8-dimethyl-1,3,7-

nonatriene (DMNT) and the non-volatile apo-arabidiol is produced in response to Pythium 

infection. This cluster is made up of eleven genes, two OSCs, seven CYPs and two 

acetyltransferases.156 The OSC, PEN1, is involved in the degradation of arabidiol in response 

to jasmonate (JA) treatment to produce DMNT.155 Whereas BARS1 produces baruol as its 

main product.141 

 

The thalianol cluster has an important role in ecological interactions by shaping the root 

microbiota to tailor it to its own needs for plant growth and health, which is reflected in its 

high conservation across different Arabidopsis accessions.151,157 The accumulation of thalianol 

and its derivatives is partly regulated by the phytohormone JA.158  The thalianol biosynthetic 

gene cluster consists of five adjacent cluster genes distributed over a region of 45 kb, shown 

in Figure 4. Originally, it was reported that the thalianol cluster consists of four physically 

adjacent co-expressed genes106, THAS, THAH, THAO, and THAA1. This set of genes is 

conserved in both A. thaliana and A. lyrata. However, recent findings have shown that a 

nearby acyltransferase gene, THAA2, as well as two non-linked genes, THAR1 and THAR2, are 

required for completion of the metabolic pathway.159 The four core genes of the thalianol 

cluster encode an OSC, two CYP450s and a BAHD family acyltransferase. All of these enzymes 

are exclusively active in the thalianol metabolic pathway. The four core cluster genes are 

highly co-expressed in the root and silenced in all other organs of A. thaliana.106 The 

overexpression of THAS results in thalianol accumulation in leaves and dwarfing of the 

plant.106 The BAHD acyltransferase gene THAA2, separated by two intervening genes from the 

core cluster, is co-expressed with the other four core cluster genes.  However, the encoded 

enzyme is active in multiple triterpene pathways, amongst them the thalianol and arabidiol 

pathways.157 A genome-wide study analysing the polymorphisms in A. thaliana showed that 

the thalianol gene cluster was one of the most conserved regions of the genome.106,153,160 

 



Page 28 of 258 
 

The tight co-regulation of the thalianol  gene cluster has been investigated in multiple studies, 

providing extensive prior data and information on its regulatory properties106,153,155,161–163, 

making it an interesting candidate for gene regulation and gene order analysis.  Furthermore, 

the opposing and defined change in thalianol gene cluster expression between organs 

provides an informative and clear experimental system for the investigation of transcriptional 

co-regulation in eukaryotic gene clusters. Moreover, working with the plant model system A. 

thaliana offers multiple advantages.   

 

A. thaliana is a key model organism in plant science and genetics due to its short life cycle 

which allows for rapid cultivation of large numbers of plants in a controlled environment. It 

has a relatively small genome of around 135 Mb in size.  27,655 coding genes and 6,607 small 

or long non-coding genes are distributed across  5 chromosomes  (TAIR10.1).164 Recently, the 

first complete telomere to telomere A. thaliana genome assembly has been published. Rapid 

and reproducible methodologies for transformation are available, enabling efficient genome 

manipulation.165 Available resources include genome-wide mutant libraries and more than 

1000 sequenced ecotypes with world-wide distribution.166 This plethora of existing 

knowledge and resources makes A. thaliana an ideal organism to work with to investigate 

genome organisation and its regulation.  

 

1.3.4 Regulation of metabolic gene clusters 

1.3.4.1 Key histone modification marks  

It is important to study the regulation of gene clusters to improve our understanding of 

location-specific effects on gene expression. This is crucial for further developments in genetic 

manipulations, biotechnology and safe gene therapy.  Advancing our understanding of gene 

clustering in specialised metabolism may also provide valuable new insight for the industrial 

production of higher-value metabolites. The model clusters in this study, the thalianol, 

marneral and arabidiol/baruol clusters, are exclusively expressed within root tissues and 

tightly repressed in the aerial parts of the plant.140 Previously, two post-translational histone 

modification marks, H2A.Z and H3K27me3, have been identified as being key regulators of 

these  clusters.161 A genome-wide analysis13 of H3K27me3 histone modification marks in A. 

thaliana showed a pronounced increase of the mark at all three clusters in both genic and 
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intergenic regions.161  Importantly, the immediate flanking genes were not enriched for 

H3K27me3 marks.161 The enrichment of H3K27me3 was also not detected at non-clustered 

biosynthetic pathway genes.167 Deposition of H3K27me3 at the three gene clusters is 

negatively correlated with gene expression.167 A. thaliana mutant plants with lowered 

H3K27me3 levels show increased cluster expression.163 Interestingly, strong H3K27me3 

labelling has also been shown for the rice momilactone and phytocassane as well as the maize 

DIMBOA gene clusters. In contrast to H3K27me3 marks, the deposition of the histone variant 

H2A.Z at gene clusters is positively associated with transcription. H2A.Z levels are elevated in 

gene cluster expressing tissues compared to non-expressing tissues. H2A.Z mutant lines show 

strongly reduced cluster expression levels coinciding with reduced nucleosome accessibility 

across the cluster region161. 

 

1.3.4.2  Cluster 3D chromatin structure  

While the importance of cluster associated chromatin marks had been identified for both 

fungal and plant specialised metabolic gene clusters over the past 15 years, the 3D 

organisation of metabolic gene clusters remained elusive. However, recent investigations 

have shown that distinct 3D domains are established at metabolic gene clusters in plants.  

These domains separate the cluster chromatin environment from the neighbouring 

chromatin environment. Indeed, at the thalianol gene cluster a conformational switch in 

domain structure can be identified in expressing and non-expressing tissues.163 When the 

cluster is inactive a chromosomal loop domain is formed encompassing the cluster whereas 

a highly compact locus domain conformation is established during expression. The compact 

domain at expressing clusters consists of two layers that have variable strength, the smaller 

layer that has a higher intensity starts at the peripheral cluster gene, THAA2, and extends to 

the final cluster gene, THAS, covering about 50 kb in size whereas the larger less intense 

domain also includes the non-cluster upstream gene At5g47910. In leaves the interacting 

region is larger than in the roots, shifting downstream covering the cluster as well as a region 

downstream, however the intensity of the interaction is reduced.140 The silencing interactive 

domain is about 110 kb in size and starts at THAA2 and ends at the non-cluster genes 

At5g48150 and At5g48160 which are not co-expressed with the cluster. The silencing domain 

structure falls into a B compartment while the expressing domain is associated with an A 

compartment.140 Similar results were also found for the marneral and arabidiol/baruol gene 
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clusters, indicating the importance of the 3D architecture for the controlled transcriptional 

regulation of these biosynthetic gene clusters. The marneral cluster forms a large 300 kb 

interactive domain when the cluster is inactive in the leaves and a more local interactive 

domain with intense interaction when active in the roots. A single local interactive domain 

which encompasses the arabidiol/baruol cluster in both the leaves and the roots, however 

the interaction is stronger in the leaves compared to the roots when the cluster is inactive.140  

 

When silenced, the thalianol, marneral and arabidiol/baruol clusters were also found to be 

engaging in interactions with the pericentromeric parts of the chromosome. In expressing 

tissues these interactions were lost. In accompanying FISH analysis, cluster visualisation 

showed that the thalianol clusters is located at the nuclear envelope in non-expressing 

tissues.140  

 

1.3.5 Evolution of metabolic gene clusters  

The evolution of metabolic gene cluster is under intense investigation and debated in the 

scientific community. Due to the similarities between prokaryotic operons and eukaryotic 

gene clusters, one proposed evolutionary path has been horizontal gene transfer from 

microbes. Indeed, some fungal biosynthetic gene clusters have been found to be acquired by 

horizontal gene transfer, such as the epipolythiodioxopiperazine (ETP) gene cluster  

implicated in animal and plant disease.168 However, there is currently no scientific evidence 

backing a microbe to plant transfer of metabolic gene clusters161. Interestingly, however, 

recent work has suggested a plant-to-plant transfer of the DIMBOA gene cluster.169  

 

The current studies suggest that metabolic gene clusters in plants have arisen by gene 

duplications and re-organisation of the host genome. Thereby, most  gene clusters are 

thought to have evolved independently of each other.106 The genes encoding the specialised 

metabolic enzymes often share homology with primary or other specialised metabolic genes 

and it is therefore thought that they have either arisen from a common ancestor, or evolved 

by gene duplication and acquired a new function.170 The thalianol gene cluster is thought to 

have formed around the progenitor of the lineage-specific OSC clade II using phylogenetic 

analysis, with sequential rearrangements, duplications and gene loss. The similarities 

between the P450 enzymes in the cluster belonging to the same clade indicates that they may 
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have formed via segmental duplication (SD) of an ancestral cluster region153, however the 

different orientations of the genes indicates a gene-inversion would have occurred following 

the SD. Also, both the marneral and thalianol clusters contain an excess number of 

transposable elements (TEs) to gene density ratio, which makes them potential key acceptor 

sites for SDs. 106  

 

The raison d’etre of gene clustering in specialised metabolism is unknown. However, a set of 

evolutionary advantages have been proposed that may explain the clustering phenomenon. 

For example, co-location of pathway genes may increase the likelihood of co-inheritance of 

all genes and thus reduce the risk of loss of individual genes only.171 Similarly, the co-

localisation of genes may support their co-regulation due to shared regulatory elements, 

epigenetic signatures, and chromatin domains. Both co-inheritance and co-regulation may be 

essential in the orderly completion of the metabolic pathway and an avoidance of an 

accumulation of potentially toxic intermediates.172 In A. thaliana for example, it has been 

shown that overexpression of THAS and MRN1  leads to dwarfing of the respective mutant 

plants.106  

 

1.4 Research scope and aims 

The importance of gene order in the regulation of genes is exemplified by the co-regulation 

of neighbouring genes in gene clusters. Pioneering research on model clusters in humans, 

animals and yeasts has shown that these clusters are often regulated on chromatin-level and 

by DNA sequence elements distant from the cluster. As such, they provide evidence that 

structural integrity of the genome is important for gene activity and serve as reminder that 

genome editing may have unexpected consequences to non-target genes.  

 

Here, we use metabolic gene clusters in plants as model systems to investigate the co-

ordinate regulation of neighbouring genes and the importance of gene positioning for gene 

activity in plants. 

 

We aim to shed light on the importance of sequence integrity of gene clusters in plants by 

disrupting the thalianol gene cluster and repositioning its genes. We will use genome editing 
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technology, mutant libraries and quantitative transcript level analyses to investigate the 

relationship between cluster integrity and expression.  

 

Furthermore, we aim to characterise the code of chromatin modifications associated with 

metabolic gene clusters and identify novel regulators of chromatin-level cluster regulation. 

Here, we will use bioinformatic data analyses, epigenetic mutant lines, chromatin 

immunoprecipitation and quantitative transcript level analyses for our investigations.  

 

Finally, we aim to analyse sequence and expression conservation of metabolic gene clusters 

within a species. We will apply bioinformatic sequence comparison as well as transcript level 

quantification for these analyses.  
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2 Materials and Methods 

2.1 Materials 

2.1.1 Plant growth and conditions 

2.1.1.1 Plant material used for genotyping  

Plants used were in the A. thaliana Columbia (Col-0) background, also referred to as wild-type 

(WT). A. thaliana T-DNA insertion lines were obtained from the Nottingham Arabidopsis Stock 

Centre (NASC).173 For genotyping, these plants were sown into F2 fine sand compost 

(Levingtons) and kept in an environment-controlled growth room (Sanyo) for up to four 

weeks. Fresh leaf samples were collected in 2ml microcentrifuge screw cap tubes containing 

four to five zirconia beads (2.0mm diameter, BioSpec) and immediately submerged into liquid 

nitrogen. Samples were either stored in a -80ºC freezer or used for DNA isolation. Plants that 

tested homozygous for the insert during genotyping were left to complete their growth cycle 

and seeds were collected at around eight weeks. The growth rooms were kept at 16-hour day 

length and a temperature of 22ºC and an 8-hour night length at 18ºC, and at a constant 

humidity of 40%.  

 

2.1.1.2 Plant material used for qPCR and ChIP 

For qPCR and ChIP A. thaliana seeds (approximately 0.01g per plate) were sterilised and 

grown on MS media (Table 1) plates. Seeds were pipetted onto MS media plates in two rows 

and left for fifteen minutes or until dry. The plates were taped with 3M Micropore tape and 

placed in growth rooms vertically until harvest. For qPCR, seeds were grown on Sterilin 100 

mm Square Petri Dishes to make one biological replicate. On day seven, root and leaf material 

were harvested separately using a razor blade. MiraCloth dried material, was transferred into 

2 mL microcentrifuge tubes and immediately submerged in liquid nitrogen. Samples were 

either stored in a -80ºC freezer or directly used for RNA isolation. For ChIP, plants were grown 

on Gosselin Square Petri Dish, on day 10 plant material was harvested and directly used in a 

ChIP experiment. Plants were grown vertically on plates in the growth room which kept a 16-

hour day length at a temperature of 22ºC and an 8-hour night length at 18ºC, at a constant 

humidity of 40%. 
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Component Volume per 1000 mL 

Murashige & Skoog Medium 4.3g 

Sucrose 10.0g 

Phytagel agar 5.0g 

 

 

2.1.1.3 Plants used for floral dip 

A. thaliana seeds, kindly donated by Miki et al174, that express a Cas9 driven by a DD45 

promoter were sown onto F2 fine sand compost and kept in an environment-controlled 

growth room (Sanyo) which kept a 16-hour day length at a temperature of 22ºC and an 8-hour 

night length at 18ºC, at a constant humidity of 40%. The primary bolts were clipped, and the 

plants were used in a floral dip when the secondary bolts reached 10 to 20 cm in size and had 

flowered. Following floral dip, the plants completed their growth cycle and bagged when the 

siliques started to brown. After 10 days the plants were no longer watered and left for another 

7 days at which seeds were harvested.  

 

2.2 Methods 

2.2.1 Polymerase Chain Reactions 

The following protocols for polymerase chain reactions (PCR) were used: 

 

2.2.1.1 Fragment amplification  

For construction of insertion, deletion and random integration constructs a PCR protocol 

using the KAPA polymerase was used. KAPA PCRs allow the integration of uracil into PCR 

products. KAPA PCR products were used for USER reactions and fusion PCRs. Bacterial 

artificial chromosomal DNA was used as a template for PCR amplification of DNA fragments 

in a 1:100 ratio, Table 2, sequences shown in Supplementary 7.1. PCR primer sequences are 

shown in Table 3. PCR reactions were run on a thermocycler (Applied Biosystems MiniAmp 

Thermal Cycler) using the reagents in Table 4 and programmes in Table 5.  

 

 

Table 1: Ingredients to make 1000 mL MS media 
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Table 2: Templates used for DNA amplification 

Artificial Chromosomal DNA template 
number 

Use for: 

2020 THAS insert homologous arms 
2813 MRN insert homologous arms 
106 All PP2AA3 regions 

2013 THAS regulatory elements 

 

 

 

Use in 
construct 

Fragment Fragment 
size (bp) 

Primers 

T1 THAS 
promoter 

3416 GGCTTAUCCACTCTCTCCTGGTAGATG 
AGGTTGCUCTAAGTTTACTTGGACAAGG 

T1 THAS 
terminator 

1349 ATGTCACAUCTATCTTCTTCACCGT 
GGTTTAUTTTCAGTGTTCAGCCGTGAACC 

P1 PP2AA3 
promoter 

2031 GGCTTAUCTAACAACAATAATACAACAGATTG 
AGCTCCUCGCCCTTGCTCACCATGACAAAGCTGACCATATA
TTG 

P1 PP2AA3 
terminator 

861 AGAACAUGATACGGCCATGCTTG 
GGTTTAUGGTTACGTAACTATTAAGCCAGAATC 

T1 eGFP/Gus 2532 AGCAACCUTACAAAATGGTGAGCAAGGGCGAGGAGCTG 
ATGTGACAUGGTCATTGTTTGCCTCCCTGCTGC 

P1 AGGAGCUGTTCACCGGGGTGGTGCC 
ATGTTCUCCACAATCATTGTTTGCCTCCCTGCTGC 

T2B MRN LA 900 ACATGGCUGGACAACATAGAAATCATTTATG 
ATGCACAUAAGATTTAATCGATGTG 

T2B MRN RA 950 AATGGTAUAATGATGTAGCACTTTAGG 
GGTTTAUAGTAACACTTAGTTTAGTTTTTACCC 

T2C THAS LA 913 ACATGGCUGTCTGACCCGTTGGGATGTTAATTTTC 
ACTCGTUAGTTACAACGGTATTGTATG 

T2C THAS RA 950 ACGGCAAUAACCTAAAACAATAACC 
GGTTTAUCCAATAACAACAGTAGAAGCC 

T2A PP2AA3 LA 945 ACATGGCUGTTCGTCAACAAAAGCAACTTCG 
AGCAGGUGTGTTGTATGTAATCATTATAATAG 

T2A PP2AA3 RA 928 ATTCGGUAAGAGAGATCTTTATTTTC 
GGTTTAUTGTTTGAAGTGCGTGGATAATG 

T2/P2 PU6-
26::TU6-26 

358 GGCTTAUCATCTTCATTCTTAAGATATG 
AGCCATGUACCCCAGAAATTGAACGCCGAAG 

 

 

 

 

Table 3: PCR primers. Primer sequence and associated fragments, fragment length and construct 
are shown. The underlining indicates the USER reaction site. 
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Reagent Volume (per 1 reaction, µL) 

KAPA enzyme mix 20 
Forward Primer (10nm) 0.8 
Reverse primer (10nm) 0.8 

Template DNA 0.5 
Nuclease free water 17.9 

Total volume 40 

 

 

 

 

2.2.1.2 Fusion PCR 

Fusion PCRs were used to fuse fragments of DNA together. The KAPA protocol was used as 

described in 2.2.1.1. 0.25 µL of each fragment in equimolar concentrations was used as 

template. The primers used are shown in Table 3.  

 

2.2.1.3 Colony PCR 

Colony PCRs were performed to screen E. coli transformants for correct inserts. PCRs were 

carried out with the DreamTaq polymerase using the conditions shown in Tables 6. All PCR 

reactions were run on a thermocycler (Applied Biosystems MiniAmp Thermal Cycler) using 

the programme indicated in Table 7.  

 

 

 

 

 

KAPA 
standard 

Initial 
denaturation 

Denaturation Annealing Extension Final 
extension 

Number 
of 

cycles 

Temperature 
(ºC) 

95 98 55 72 72 30 

Time length 3 minutes 20 seconds 15 
seconds 

1 minute 
per 1kb 

2 minutes 
30 

seconds 

Table 4: Volumes for reagents to use in one reaction for a KAPA PCR protocol  

Table 5. KAPA PCR cycle conditions. The denaturation, annealing and extension cycles were 
repeated under indicated conditions. 
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DreamTaq Initial 
denaturation 

Denaturation Annealing Extension Final 
extension 

Number 
of 

cycles 

Temperature 
(ºC) 

94 94 55 72 72 35 

Time length 2 minutes 2 minutes 30 
seconds 

1 minute 
per 1kb 

1 minute 
30 

seconds 

 

2.2.1.4 Genotyping PCR 

Genotyping PCRs were carried out to screen plant material for insertion of DNA constructs 

using the Phusion PCR protocol. PCR using Phusion polymerase using the reagent volumes in 

Table 8 and ran on a thermocycler using conditions described in Table 9.  

 

 

Reagent Volume (per 1 reaction, µL) 

DreamTaq Buffer 2.5 

Forward Primer (10nm) 0.5 

Reverse primer (10nm) 0.5 

Template DNA 1 

DreamTaq polymerase 0.075 

Nuclease free water 12.925 

Total volume 25 

Reagent Volume (per 1 reaction, µL) 

Phusion Buffer 4 
Forward Primer (10nm) 0.5 
Reverse primer (10nm) 0.5 

dNTP mix (10nm) 0.5 

Template DNA 1.5 
Phusion polymerase 0.15 
Nuclease free water 12.85 

Total volume 20 

Table 6: Volumes for reagents used in one reaction for a DreamTaq PCR protocol. 

Table 7: DreamTaq PCR cycle conditions. The denaturation, annealing and extension cycles 
were repeated under indicated conditions. 

Table 8: Volumes for reagents used in one reaction for a Phusion PCR protocol. 
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Phusion Initial 
denaturation 

Denaturation Annealing Extension Final 
extension 

Number 
of 
cycles 

Temperature 
(ºC) 

98 98 55 72 72 25 
 
 
 

Time length 
(seconds) 

30 10 30 30 per 
1kb 

10 

 

2.2.1.5 Quantitative PCR 

For quantification of gene expression, quantitative PCRs (qPCR) were carried out. Synthesised 

cDNA was diluted to a ratio of 1:6 with nuclease free water. 1 µL of diluted cDNA was first 

added to the well in a 96-well plate (Applied Biosystems MicroAmp Fast Optical 96-Well 

Reaction Plate) followed by the master mix described in Table 10, then sealed with Microseal 

'B' PCR Plate Sealing Film (BioRad). To normalise the data the PP2AA3 (At1g13320) gene was 

used in each qPCR, primers shown in Supplementary 7.3. The qPCR was run in a qPCR machine 

(ARIA), using the cycle shown in Table 11. All qPCR experiments were performed using three 

biological replicates, unless otherwise indicated, and three technical replicates. Data analysis 

was performed using a ∆∆CT method.  

 

 

 

 

 

 

 

 

 

Reagent Volume (per 1 reaction, µL) 

MyTaq HS-mix 10 
Forward Primer (10nm) 0.4 
Reverse primer (10nm) 0.4 

EvaGreen dye 1 
Nuclease free water 6.7 

Total volume 18.5 

Table 10: Volumes for reagents used in one reaction for a MyTaq qPCR protocol. 

Table 9: Phusion PCR cycle conditions. The denaturation, annealing and extension cycles 
were repeated under conditions as described. 
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MyTaq 
Initial 

denaturation 
Denaturation Annealing 

Melting 
curve 

Number of 
Cycles 

Temperature 
(oC) 

95 95 62 95 65 95 40 

Time length 
(seconds) 

120 5 minutes 30 30 30 30 

 

 

2.2.1.6 PCR clean-up 

PCR products required for downstream applications were purified using the Monarch PCR & 

DNA Cleanup Kit (5µg, New England BioLabs) or by QIAquick Gel Extraction Kit (QIAGEN) 

according to the manufacturer’s instructions. Recommended procedures for salt-sensitive 

applications and heat treatment were included. DNA concentrations of purified products 

were determined by using a spectrophotometer (Thermo Scientific NanoDrop One 

Microvolume UV-Vis Spectrophotometers) and 1.2 µL of each sample. The Monarch PCR & 

DNA Cleanup Kit elution buffer was used as a blank.  

 

2.2.2 Agarose gel electrophoresis 

2.2.2.1 DNA electrophoresis 

Electrophoresis of DNA samples was carried out in 1% agarose (Bioline) gels for approximately 

30 minutes at 100V. 1x TAE was used as running buffer.  The Thermo Scientific GeneRuler 1 

kb DNA Ladder or 100bp ladder (Figure 5) were applied to gels for DNA size estimation. Gels 

were stained with ethidium bromide (1µl of ethidium bromide per 25ml of gel) and visualised 

with an UV transilluminator. 

Table 11: MyTaq quantitative PCR cycle conditions. The denaturation, annealing and 
extension cycles were repeated under indicated conditions. 
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2.2.3 Isolation of plant genomic DNA 

Plant material was collected as described in 2.1.1.1. The sample was homogenised using a 

Precellys Tissue Homogenizer at 6000 rpm for 1 minute.  400 µL of DNA extraction buffer 

(volumes shown in Table 12) was added to each sample and homogenised. The sample was 

then incubated at 65oC for 15 minutes at 400 rpm, followed by a 10-minute stationary 

incubation period. The DNA pellet was recovered by a 5-minute centrifugation step at 13000 

rpm. 300 µL of supernatant was added to 300µl of 100% isopropanol, followed by 3 minutes 

of centrifugation. After removal of all the supernatant the pellet was washed with 500 µL 70% 

ethanol and centrifuged for 10 minutes. The supernatant was removed, and the pellet was 

left to dry at room temperature and resuspended with 60 µL sterile milli-Q H20. The DNA was 

then genotyped by PCR reaction, using the Phusion and DreamPCR protocols, and target 

specific primers (see Supplementary data 7.3). 

 

 

Reagent Working concentration 

TRIS-HCl 0.2M 

NaCl 0.25mM 

EDTA 25mM 

SDS 1% 

 

Figure 5: 100 bp and 1 kb DNA ladder. DNA ladder used in AGE to identify size of PCR products. 

Table 12: Reagent and working concentration for DNA extraction buffer 
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2.2.4 RNA isolation 

2.2.4.1 Isolate RNA 

Plant material previously harvested using the method described in 2.1.1.2 was transferred to 

a 2 mL microcentrifuge tube containing 4-5 zirconia beads. 600 µL TRIzol was added and 

incubated at room temperature for ten minutes. Tissue was disrupted in a Precellys twice at 

6000 rpm for one minute with a thirty second break. 120 µL chloroform was added to the 

homogenised solution, vortexed for fifteen seconds and incubated at room temperature for 

up to three minutes. Samples were centrifuges for fifteen minutes at 4ºC at 15,000 x g. The 

aqueous phase was transferred to a new tube and one volume of 70% ethanol added and 

vortexed. The following steps used Invitrogen PureLink RNA Mini Kit spin tubes and buffers 

with an adapted protocol. The solution was transferred to a spin column and centrifuged for 

fifteen seconds at 10,000 x g, flow through was discarded. 700 µL wash buffer I was added 

and centrifuged for fifteen seconds at 10,000 x g, flow through was discarded. 500 µL wash 

buffer II was added and centrifuged for fifteen seconds at 10,000 x g, flow through was 

discarded, this step was repeated once. The spin column was centrifuged at 10,000 x g for 

ninety seconds and the spin cartridge was transferred to a new 1.5 mL Eppendorf. 35 µL 

nuclease free water was added directly to the filter of the spin column and centrifuged at 

10,000 x g for thirty seconds to elute the RNA.  

 

2.2.4.2 Removal of genomic DNA 

Ambion Turbo DNAse kit was used to remove the genomic DNA. 1/10 volume of reaction 

buffer and 1 µL DNase was added to the sample and incubated at 37ºC for thirty minutes. 

1/10 volume DNase inactivation agent was added, vortexed and incubated at room 

temperature for ninety seconds. The samples were vortexed and left to incubate at room 

temperature for ninety seconds. Samples were centrifuged at 12,000 x g for two minutes at 

room temperature and the supernatant was collected in a new 1.5 mL Eppendorf. 

Concentration of RNA in the sample was quantified using Nanodrop 2000/2000c 

spectrophotometer by Thermo Fisher Scientific. RNA was stored at -80ºC and used for cDNA 

preparation. The absence of DNA was confirmed using a genomic primer during qPCR. 
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2.2.4.3 cDNA preparation 

cDNA synthesis was performed using solutions from the RevertAid First Strand cDNA 

Synthesis Kit. 

 

1900 ng of RNA template was prepared with nuclease free water to a final volume of 11 µL. 1 

µL of oligo (dT)18 primer was added to each sampled. Samples were incubated in a 

thermocycler at 65ºC for five minutes. Temperature was reduced to 42ºC, and cDNA mix 

(Table 13) was added and incubated for ninety minutes. cDNA was stored at -20ºC or used for 

qPCR analysis.  

 

 

Reagent Volume (µL) 

5x Reaction Buffer 4 

10 nM dNTP mix 2 

RiboLock RNase Inhibitor (20U/µL) 1 

Revert Aid Reverse Transcriptase 1 

 

 

2.2.5 Seed sterilisation  

Seeds were sterilised prior to pipetting onto sterile MS media plates. 1mL 5% sodium 

hypochlorite solution (with a drop of trytone) was added to the seeds and incubated on a 

tube rotator at a medium-high speed for up to ten minutes. Seeds were briefly centrifuged, 

liquid was removed and 1 mL of sterilised ddH2O added to resuspend seeds, this was repeated 

three times. All liquid was removed and 140 µL of sterile ddH2O was added per number of 

plates to sow onto.  

 

2.2.6 Cloning E. coli  

To transform A. thaliana using Agrobacterium tumefaciens-mediated infiltrations, vectors 

were created using USER reactions. The vectors were then transformed into E. coli, colonies 

positively selected for containing the vector then undergo plasmid extraction for 

transformation into A. tumefaciens. The USER reaction to create the vector and processes to 

transform E. coli will be described next. 

Table 13: Volume and reagents for one reaction of cDNA mix. 
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2.2.6.1 USER reaction 

The USER reaction allows ligation of multiple DNA fragments into a vector by creating sticky 

ends which combine with other DNA fragments. To increase ligation efficiency all fragments 

were diluted to equimolar levels. The USER vector to fragment ratio was 5:1. The USER 

reaction was set up to a final volume of 10 µL as shown in Table 14 and incubated at 37oC for 

20 mins followed by 25oC for 20 mins. 1.2 µL of T4 DNA ligase buffer and 1 µL of T4 DNA ligase 

was added and thoroughly mixed and left to incubate for 1 hour or overnight (~16 hours). The 

ligated vector is then transformed into E. coli. 

 

 

Reagent Volume (µL) 

DNA fragment(s) 1 (each) 

Cutsmart buffer 1 

USER enzyme 1 

LBJJ233 USER vector 1 

Nuclease free water Up to 10 µL 

 

 

2.2.6.2 E. coli transformations 

E. coli was transformed with a ligated vector either using heat shock or electroporation: 

 

2.2.6.2.1 E. coli heat shock 

For E. coli heat shock transformations, 5 µL of USER reaction was used to transform 25 µL of 

chemically competent E. coli (NEB® 5-alpha Competent E. coli) cells. Both solutions were 

mixed by swirling with a pipette, and left on ice for 5 minutes, followed by a 42oC water bath 

for 30 seconds. The solution was briefly put on ice and after addition of 100 µL of SOC 

outgrowth (NEB) media incubated at 37oC and 200 rpm for 1 hour. Transformed E. coli cells 

were spread on ½ salt LB media (Table 15) plates with kanamycin (50mg/ml, Melford) and 

incubated overnight at 37oC.  

 

 

Table 14: Reagent volumes for the USER cloning reaction. 
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LB media ingredients  
(per litre) 

Volume (g) 

Peptone 10 

Yeast extract 5 

NaCl 10 

Agar (plates only) 20 

 

2.2.6.2.2 E. coli electroporation 

For E. coli transformations by electroporation, 50 µL of E. coli (NEB 10-beta Electrocompetent 

E. coli) was added to 5 µL of the USER reaction, swirled with a pipette tip and then added to 

a 0.1 cm cuvette (Gene Pulser/MicroPulser Electroporation Cuvettes, BioRad) on ice. The 

cuvette was placed inside the electroporator (MicroPulser Electroporator, BioRad) and pulsed 

with 1800v. 500 µL of SOC (NEB 10-beta/Stable Outgrowth Medium) was immediately added 

and the sample incubated at 37oC for at least 1 hour at 180 rpm. The cells were then spread 

on ½ salt LB media plates containing kanamycin (50mg/ml) and incubated overnight at 37oC. 

 

2.2.6.3 Identification of positive transformants  

One or more single E. coli colonies were picked for PCR colony screening. Colonies were either 

directly added to the DreamTaq PCR mix or before addition to the PCR mix dissolved in 1 µL 

of nuclease free water and incubated at 95oC for 5 min. For screening of multiple single 

colonies, up to 5 colonies were dissolved in 10 µL sterile water and incubated at 95oC for 10 

minutes followed by a brief vortex. 1.25 µL of this solution was added to the DreamTaq PCR 

mix. Primer pairs used for colony screening are shown in Table 10. 

 

2.2.6.4 Plasmid extraction 

Colonies that were positively identified from the colony screen were grown overnight (12-16 

hours) at 37ºC and 180 rpm in 10 mL liquid LB media containing kanamycin (50 mg/mL). 

Cultures were centrifuged for ten minutes at 5000 rpm and the plasmid was extracted using 

the Monarch Plasmid Miniprep Kit (New England BioLabs) according to manufacturer’s 

instructions. Elution buffer was heated to 50ºC. Concentrations were analysed as described 

in 2.2.1.6 with a spectrophotometer, using the Monarch Plasmid Miniprep Kit elution buffer 

as a blank.  

Table 15: Reagents for 1 litre ½ salt LB media. Addition of agar to make solid LB media, 
exclusion will produce liquid LB. 
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2.2.6.5 HindIII restriction digest 

To verify colony PCR results, restriction digestions were carried out on extracted plasmids. 

The reaction volumes are shown in Table 16.  

 

 

Reagent Amount 

Plasmid DNA 1 µg 
2.1 Cutsmart buffer 2 µL 

HindIII enzyme 0.1 µL 
Nuclease free water Make up to 20 µL 

 

2.2.6.6 Sequencing  

Positively identified extracted plasmids were sequenced by Sanger Sequencing using primers 

(Table 11) and a Mix2Seq Eurofins sequencing kit. 50 to 100 ng/ µL of plasmid DNA is added 

to 2 µL of primer and the final volume is made up to 15 µL using nuclease free water.  

 

2.2.7 Agrobacterium tumefaciens transformation  

For transformation of plasmids into A. tumefaciens, 3 µl (or 1 µg) of plasmid DNA was mixed 

with 500 µL of chemically competent GV3101 Agrobacterium tumefaciens (A. tumefaciens) 

cells and submerged in liquid nitrogen for 5 minutes. Then, samples were incubated at 37ºC 

for 5 minutes and after addition of 500 µL low salt liquid LB media incubated at 28ºC for 2 

hours. The solution was then spread onto LB media plates containing Kanamycin (50 mg/mL) 

and Rifampicin (50 mg/mL) and incubated overnight at 28ºC. Colonies can be stored in 60% 

glycerol stock in -80oC. 

 

2.2.8 Transformation of A. thaliana by floral dip 

A. tumefaciens cultures were grown overnight at 28ºC at 200 rpm in 10 mL liquid LB containing 

Kanamycin (50 mg/mL) and Rifampicin (50mg/mL. Overnight culture was centrifuged at room 

temperature at 5000 rpm for 15 minutes and the supernatant was removed. The cell pellet 

was then resuspended in 500mL 5% sucrose solution and 200 µL Silwet L-77 was added 

(0.04%). The solution was transferred to a 500mL beaker for transformation. A. thaliana 

plants were inverted into the A. tumefaciens sucrose solution and immersed for 15 seconds. 

Once removed from the solution the plants were blotted dry and placed in the dark overnight. 

Table 16: Reagents used for one reaction of a plasmid restriction digest with HindIII. 
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After around 16 hours the plants were removed from the dark and further incubated in long-

day A. thaliana growth conditions as described in 2.1.1.1.  The plants were bagged as soon as 

siliques started to brown. After 10 more days the plants were no longer watered and left for 

another 7 days to dry before seed harvest.  

 

2.2.9 Chromatin Immunoprecipitation 

Chromatin immunoprecipitation (ChIP) was carried out to identify histone modifications at 

specific target sites across the gene clusters of interest. The buffers used throughout the 

experiment are listed in Table 17. Protease inhibitor cocktail (cOmplete, Roche, 4693116001) 

was added at 1 tablet per 50ml solution. 

 

 

Buffer Reagents 

Formaldehyde buffer 1% formaldehyde in 1 x Phosphate Buffered Saline 
Glycine buffer 2M Glycine in ddH2O. 

Buffer A 0.4 M sucrose, 10 mM Tris–HCl, pH 8.0, 5 mM β-
mercaptoethanol, protease inhibitor cocktail 

Buffer B 0.25 M sucrose, 10 mM Tris–HCl, pH 8.0, 10 mM MgCl2, 1% 
Triton X-100, 5 mM β-mercaptoethanol, protease inhibitor 
cocktail 

Buffer C 1.7 M sucrose, 10 mM Tris–HCl, pH 8.0, 0.15% Triton X-100, 2 

mM MgCl2, 5 mM β-mercaptoethanol, protease inhibitor cocktail 

Buffer D 50 mM Tris–HCl, pH 8.0, 10 mM EDTA, 1% SDS, protease inhibitor 
cocktail 

ChIP buffer 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris–HCl, pH 8.0, 167 
mM NaCl, protease inhibitor cocktail 

Wash buffer A 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 
Tris–HCl, pH 8.0 

Wash buffer B 500 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 
Tris–HCl, pH 8.0 

Wash buffer C 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 
mM Tris–HCl, pH 8.0 

TE buffer 10 mM Tris–HCl, pH 8.0, 1 mM EDTA. 

 

2.2.9.1 Fixation and sonication 

10-day old seedlings were harvested by separating roots and cotyledons using a razor blade 

and forceps. Material was dried lightly using Miracloth and a paper towel before being placed 

into a 50 mL falcon tube containing formaldehyde buffer. Gauze Mesh was inserted into the 

Table 17: Buffers used for chromatin immunoprecipitation, and their components. 
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tube and a vacuum was applied three times for five minutes each allowing light bubbles to be 

established in the solution. To end the chromatin crosslinking, 0.125 M glycine buffer was 

added, and a vacuum was applied for another five minutes. Next, material was washed three 

times with ddH20 and thoroughly dried with Miracloth and paper towel. Subsequently, the 

material was transferred into a 1.5 mL Eppendorf tube, immediately submerged in liquid 

nitrogen and then either stored at -80ºC or directly used in the next step. 

 

For further sample processing, material was ground to a fine powder in liquid nitrogen with 

precooled pestle and mortar. The powder was placed into a falcon tube containing 30 mL of 

buffer A, vortexed and incubated on ice for five minutes. The solution was then filtered twice 

through a double layer of Miracloth into a cooled 50 mL falcon tube. The samples were 

centrifuged at 2800 x g at 4ºC for 20 minutes and the supernatant was removed. The pellet, 

now containing chromatin, was resuspended in 1 mL of buffer B and transferred to a 1.5 mL 

Eppendorf tube followed by centrifugation at 12,000 x g at 4ºC for ten minutes. Following 

removal of the supernatant the pellet was resuspended in 300 µL buffer C and transferred 

onto 900 µL buffer C in a new 1.5 mL Eppendorf tube and centrifuged at 14,000 x g at 4ºC for 

one hour. The supernatant was removed and resuspended in 300 µL buffer D in a 1.5 mL 

Bioruptor Microtube (C30010016, Diagenode). 

 

For chromatin shearing, the extracted chromatin was sonicated using the BioRuptor 

(Diagenode) using the conditions shown, which was optimised for both leaves and root 

samples, conditions shown in Table 18.  

 

 

Sample On (seconds) Off (seconds) Cycles 

Leaf 15 90 5 
Root 10 90 5 

 

2.2.9.2 Immunoprecipitation and DNA recovery  

For immunoprecipitation, first, 15 µL of Dynabeads (Invitrogen) were washed using 1 mL wash 

buffer A and incubated at 4ºC for five minutes on a tube rotator on a low-speed setting. The 

reaction tube was then placed into a magnetic rack. This led to attachment of the beads to 

Table 18: Sonication conditions used for chromatin shearing in leaf and root material. 
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the magnet and allowed safe removal of wash buffer A. The wash procedure was repeated 

twice. Next, the magnetic beads were resuspended in 50 µL ChIP buffer including the antibody 

of choice, (target histone modification H3K4me3 Millpore 3660317, core histone H3 abcam 

ab176842 and mock control IGG) and incubated for 1 hour at 4ºC. Afterwards, the wash step 

with buffer A was repeated three times. The chromatin solution was then diluted with 10x 

ChIP buffer and 900µL was added to the prepared magnetic beads and incubated overnight 

on a tube rotator on the lowest setting at 4ºC. The next day, the chromatin solution was 

placed on the magnetic rack and supernatant removed. Then, magnetic beads were washed 

again twice in 1mL wash buffer A. Subsequently, beads were washed once in 1 mL wash buffer 

B, once in 1 mL wash buffer C and twice in 1 ml TE buffer. Before the last wash step, beads 

were transferred into a new clean reaction tube.  To recover the chromatin, beads were 

resuspended in 100 µL 10% Chelex 100 resin (BioRad, 1422822) and incubated at 95ºC at 1300 

rpm for ten minutes. Samples were briefly centrifuged, 2 µL Proteinase K added, and 

incubated at 50ºC for 30 minutes, and 95ºC for ten minutes. Samples were then cooled on ice 

and 10 µL StrataClean resin (Agilent, 400714) added, vortexed and incubated for ten minutes 

at room temperature. Finally, the reaction tube was centrifuged at 12,000 x g at room 

temperature for two minutes. The chromatin containing supernatant was transferred to a 

clean 1.5 mL Eppendorf tube and stored at -20ºC. 1.5 µL of chromatin solution were used for 

qPCR analysis.   

 

2.2.10 Histone modification data analysis 

Histone modification data for A. thaliana was downloaded from ReMap2020175. In total 143 

ChIP-seq data sets were downloaded as .broadPeak files and analysed for the position of 

histone modification marks across the genome and narrowed down for analysis. R scripts 

were used to extract histone modification data for regions of interest, carry out a 

hypergeometric test and fold change using the following packages: MPFR version 4.1.0176, 

dplyr version 1.1.2 and tidyverse 1.3.1177, (see code in Supplementary 7.4).  

 

100 regions were selected to be controls with a region size between 20,000 and 200,000 bp, 

across all five of the chromosomes (Supplementary 7.4.3, Table S1). To allow the files to be 

easily analysed, they were converted to .csv files. The total size of the region of interest 

covered in the histone modification mark of interest was extracted from the file (using the 
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code described in Supplementary 7.4.4) using the co-ordinates of the gene clusters of interest 

in Table 19 and an average of the marks was used from the co-ordinates of the 100 randomly 

selected regions (Table S1). The fold enrichment of the histone modification marks across a 

region of interest was then calculated in comparison to either the average of the histone 

modification marks across the 100 random regions or the whole genome using (x/k)/(m/N). 

Where x is the marks across the region of interest, k is the size of the region of interest, m is 

the total marks and N is the size of the region to compare (more detail in Supplementary 

7.4.5). The hypergeometric (or Fisher’s exact test) using the code supplied in Supplementary 

7.4.6.  

 

Table 19: Co-ordinates of the gene clusters 

Region of interest Chromosome From To 

Marneral cluster 5 19200000 19550000 
Arabidiol cluster 4 8700000 8830000 
Active thalianol 
cluster domain 

5 19412077 19462516 

Inactive thalianol 
cluster domain 

5 19380000 195300000 

 

 

2.2.11 Genome rearrangement data assembly  

2.2.11.1 A. thaliana genome assemblies 

Seven A. thaliana accession de novo assemblies (An-1, C24, Cvi, Eri, Kyo, Ler and Sha) were 

downloaded from the 1001 Genomes Project. The whole genome sequence for the reference 

genome, Col-0, was obtained from TAIR using TAIR10.1 release. FASTA and GenBank files for 

the biosynthetic gene cluster locations for the accessions were obtained from NCBI, Genbank 

assembly IDs: An-1 GCA_902460265.3, C24 GCA_000222345.1, Cvi GCA_902460275.1,  Eri 

GCA_902460315.1, Kyo GCA_902460305.1, Ler-0 GCA_000835945.1 and Sha 

GCA_902460295.1. 

 

2.2.11.2 Identification of biosynthetic gene clusters and flanking genes in multiple accessions 

Biosynthetic gene cluster composition and positioning in the reference genome Col-0 was 

determined according to Huang.157 Respective cluster positioning in non-reference accessions 
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was identified by NCBI nucleotide BLAST of all cluster and neighbouring genes. Cluster regions 

for each accession were then downloaded from NCBI in both GenBank and FASTA file formats, 

files in Supplementary 7.5. These files were then used for downstream analyses in R and 

EasyFIG.  

 

2.2.11.3 Bioinformatic analysis 

2.2.11.3.1 EasyFig 

EasyFig ver. 2.2.5 (Sullivan, Petty, and Beatson, 2011) with BLAST+ version 2.11.0 (Camacho 

et al., 2009) was used to computationally generate figures to show gene locations, areas of 

similarity and differences between each genome in a pairwise manner, and where inversions 

and rearrangements may have occurred. 

 

GenBank format sequences were loaded into EasyFig.  BLAST output files and images were 

generated within the program via BLASTn as a Bitmap file. The default parameters within the 

program were used aside from colouring: the maximum (100%) BLAST sequence identity with 

the same orientation in white, while the opposing orientation in green and the minimum 

BLAST sequence identity (65%) with the same orientation in red while the opposing 

orientation in red. 

 

2.2.11.3.2 IGV 

ATAC-seq data was obtained from NCBI Gene Expression Omnibus under Series 

GSE116287178, which show the accessibility of the chromatin across the genome of 10-day old 

A. thaliana seedlings. The data was visualised on IGV_2.8.0 with the Col-0 tracks alongside to 

view the annotations along the genome.  
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3 Disrupting cluster integrity 

3.1  Overview 

The thalianol gene cluster provides an excellent example of non-random gene order in 

eukaryotes. How the co-ordinated regulation of the five thalianol cluster genes is maintained 

remains largely unknown.  Here, we hypothesise that there are key regions along the cluster, 

outside of the core promoter elements, that are vital for its regulation.  

 

To identify such regulatory sites, we screened a collection of A. thaliana T-DNA mutant lines 

for their impact on cluster expression. The integration of A. tumefaciens derived T-DNA into 

the A. thaliana genome causes natural disruptions of genomic integrity at target sites.  As 

such, they provide an efficient tool to investigate the role of specific genomic sites for genome 

activity. A previous study, using a collection of 12 mutant lines with T-DNA integrations 

surrounding the AtTERT telomerase gene identified multiple novel cis regulatory elements.179 

Here, we aimed to analyse a range of T-DNA lines with disruptions across the thalianol 

interacting active and inactive domains, within the cluster genes as well as in regions we 

predict could be regulatory regions using available data.  

 

The process for selecting T-DNA lines will be outlined, alongside genotyping and the analysis 

of the qPCR data for the mutant lines. By looking at the changes in expression patterns of the 

thalianol cluster genes we can investigate the potential factors involved in the regulatory 

outcome of the genes. This can then be linked to the 3D chromosome conformation and its 

impact on the co-regulation of the thalianol cluster, thus extending the knowledge on gene 

expression and the eukaryotic genome.  

 

Alongside this, we aim to create our own insertional mutations using CRISPR/Cas9 as well as 

deleting regions we deem key for the thalianol clusters regulation. We will outline the 

CRISPR/Cas9 process, selection of mutagen sites, cloning and screening of potential mutants. 

 

3.1.1 Genome editing techniques 

An organism's genome can be manipulated in various ways, such as deleting regions of DNA, 

inserting DNA fragments or by altering base pairs and genes180. Genetic engineering allows 



Page 54 of 258 
 

the organism’s genome to be studied intracellularly within its own environment to develop 

novel medicinal and biotechnological applications180.  Specific nucleases are often used to 

create site-specific changes in the genome, such as TALENS or ZFNs 181. Zinc-finger nucleases 

(ZFNs) contain a nuclease domain of the FokI restriction enzyme and are sequence-specific 

endonucleases that are customised to cleave a DNA target of choice182.  The low success rate 

of engineering of target site specificity is the biggest downside to using this technique183. An 

alternative is using transcription activator-like effector nucleases (TALENs). TALENs comprise 

of a FokI nuclease domain fused to a domain customizable for target DNA binding184. Proteins 

secreted from bacteria, derived from highly conserved repeats (transcription activator-like 

effectors, TALEs) alter gene transcription by binding to host DNA. An artificial DNA-binding 

domain alongside a Fokl nuclease can be created to infect an organism, thus causing a double 

stranded break.184,185 The engineering of the nuclease protein to guide the DNA cleavage 

required on both techniques described is often expensive and time consuming 181. 

 

CRISPR/Cas9 is an alternative gene editing method that relies on endonuclease activity guided 

by a programmable RNA, which is often a quicker and cheaper method 186, overview depicted 

in Figure 6. 

 

This system is based on an adaptable immune response evolved in bacteria and archaea which 

is mediated by RNA to protect the organism from invading viruses and plasmids187. The 

microbe integrates short fragments of the foreign nucleic acids into its own chromosome at 

a region of tandem repeats known as clustered regularly interspaced palindromic repeats 

(CRISPR) in response to an invading pathogen188. A protospacer, the integrated DNA, is 

directly adjacent to noncoding, repetitive element of RNA which allows spacing between 

exogenous DNA and contains a sequence associated with each protospacer called a 

protospacer adjacent motif (PAM)189. The PAM allows for these systems to recognise self from 

non-self (foreign genetic material), thus varying between organisms.190 Upon secondary 

infection of the pathogen the CRISPR loci are transcribed into a long primary transcript, then 

processed into short CRISPR-RNAs (crRNAs) of around 20 nt that is complementary to 

previously invading pathogens191. This system requires fusion with an auxiliary trans-

activating crRNA (tracrRNA) to facilitate the processing of the crRNA array and to form the 

single-guide RNA (sgRNA)192.  A complex then forms between the sgRNA and the Cas9 
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(CRISPR-associated protein 9) nuclease which directs the protein to the foreign target DNA 

using the complementary sequence provided by the crRNA. The  The target DNA must directly 

precede a PAM sequence which in this case is 5’-NGG186. The Cas9 will then cause a double 

stranded break 3 nt upstream from the PAM sequence leading to erroneous DNA with the 

aim to cause cell death for invading pathogens193. 

 

This system can be programmed for targeted genome editing by expressing Cas9 and a sgRNA 

(with a complementary sequence to the target) in an organism, the only drawback being the 

requirement of a directly adjacent PAM in the host’s genome194.  The target sequence will 

then undergo a DSB leading to a DNA repair mechanism, which can result insertions or 

deletions at the re-ligated site195. Double stranded breaks in DNA are considered the most 

dangerous as they can result in the loss of huge chromosomal regions196, organisms therefore 

have several mechanisms to repair the DSB.  

 

The double-stranded break is recognised by a Ku70-Ku80 heterodimer protein (Ku) which acts 

to recruit and activate other proteins to the site, such as the DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs) to repair the DNA by non-homologous end joining (NHEJ), 

depicted in Figure 6B 197.  The DNA-PKcs triggers cell signalling to orchestrate a downstream 

repair process such as recruitment of scaffold proteins to bind DNA Ligase 4 to seal the DSB198, 

if the DSB does not have blunt ends but rather sticky ends, an endonuclease is recruited to 

excise the overhangs199. In contrast, homology directed repair (HDR), shown in Figure 6C, a 

copy of a homologous sequence to align the DSB ends prior to ligation is required200. HDR 

usually takes place during the S phase of the cell cycle where there is a sister chromatid to be 

used as the homologous template to accurately copy and restore the DSB201.  NHEJ is typically 

the method sought after while attempting to cause deletions and mutations within a target 

genome, whereas HDR is preferred to insert new DNA fragments into the genome by 

providing the organism with a copy of the broken DNA which contains errors. 

 

Although the CRISPR/Cas9 system is highly adaptable to all organisms providing a rapid 

method for genome editing202, it is still challenging in more recently evolved plants such as A. 

thaliana due to the low efficiency of HDR and limited donor template delivery into the 

plant181. A. thaliana can be transformed much more rapidly than other plant species through 
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the floral dip method203, but due to low heritability rates and transformation efficiencies204,205 

CRISPR/Cas9 is challenging. The floral dip method has significant benefits over tissue culture 

approaches but the frequency of homozygous CRISPR/Cas9 induced mutations reported in T1 

lines are very low203. Many protocols have been developed to increase the efficiency of 

homozygous T1 mutations with the most successful being a sequential transformation 

method using a germ-line specific promoter (DD45) to drive Cas9 expression followed by a 

second transformation of the sgRNA construct, which showed a knock-in efficiency of 16–55% 

in the T2 generation174. This indicates that it is important that Cas9 is expressed in germ cells 

or during early embryogenesis for increased HDR-directed gene editing in A. thaliana 203. 

Vector design has also proved to be a limiting factor of genome editing in A. thaliana, thus 

improvement in design can lead to higher frequencies of large deletions, up to 70 kb206.  
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3.1.2 USER cloning and fragment assembly 

CRISPR/Cas9 requires a DNA construct to be assembled made up of multiple sequence-

specific DNA fragments of various sizes. Multiple methods can be used to precisely join two 

or more DNA fragments together. For example, fusion PCR allows for the seamless fusion of 

several PCR fragments by simply amplifying each fragment with overlapping complementary 

sequences and subsequent fusion PCR reaction with the combined fragments as templates207. 

Figure 6: CRISPR/Cas9 genome editing system and the double stranded break DNA repair 

mechanisms. A. Diagram representation of the Cas9 nuclease binding to the target DNA, 

guided by the 20nt sgRNA (green) when fused to the trans-activating CRISPR-RNA (tracrRNA, 

blue). Cas9 will cleave the target DNA ~3bp upstream of the protospacer adjacent motif (PAM, 

red) leading to a double stranded break (DSB). The DSB is repaired either by B non-homologous 

end joining (NHEJ) that can lead to random insertions or deletions at the cleavage site, or C 

homology directed repair (HDR) that utilised a copy of the DNA to repair itself. By providing a 

donor template with insertions or mutations these can get inserted into the genome during 

HDR following a DSB. 
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Fusion PCR is a highly versatile and efficient assembly technology, yet, it is prone to the 

incorporation of errors due to the requirement of several PCR reactions208. To avoid multiple 

PCR reactions several methods have been developed to assemble multiple DNA fragments in 

one cloning step such as Golden Gate cloning and Gibson Assembly. Golden Gate cloning 

allows for the assembly of up to nine DNA fragments without the addition of sequence 

homology onto the end of DNA fragments209. This method is based on two DNA fragments 

flanked by restriction sites and digestion by a Type IIS enzyme and ligation210. Assembled 

products do not contain restrictions sites and, therefore, are not subject to redigestion 

following ligation.  Golden Gate cloning requires the addition of restriction sites onto each 

DNA fragment and the domestication of DNA to remove any restriction sites within each 

fragment209. Gibson Assembly allows for the assembly of DNA constructs of up to 900 kb by 

creating overhangs on DNA fragments by T5 exonuclease and subsequent ligation by a DNA 

ligase211.  

 

As an alternative to the classical restriction digest based methods, Uracil excision based USER 

(Uracil-Specific Excision Reagent) cloning has been developed212. USER cloning requires a 

single-step process and approximately 1 hour to assemble a vector containing ligated DNA 

fragments (depicted in Figure 7). For USER cloning, DNA fragments are amplified with primers 

containing a deoxyuridine (U) to replace a deoxythymidine (T) approximately 7 to 9 bases 

from each end of the fragment208. All the fragments to be ligated are then put into the same 

reaction with the USER vector and USER enzyme mix (a mixture of UDG and DNA glycosylase-

lyase endonuclease VIII) to cleave the U, leaving a 7 to 9 nt complementary sticky end to fuse 

each fragment.  The USER vector cassette must be cleaved with two restriction enzymes, 

Nt.BbvCI and PacI, prior to cloning. The end fragments must be amplified with specific USER 

primers which are complementary to the vector, also eliminating insertion of flipped 

fragments209.  
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3.1.3 Project objectives 

We next will explain the selection of T-DNA mutagens, the data obtained and discuss how the 

insertion may have disrupted the 3D architecture across the genome. Then, establish a 

CRISPR/Cas9 and cloning protocol, and describe the outcomes of the genome editing.  

 

3.2 Disruption of the gene order results 

3.2.1 Selection of T-DNA lines 

There are thousands of T-DNA lines that have an insert of a known size DNA fragment at 

known locations to cause disruption of that site. We used previously published 2Chi-C data140 

Figure 7. Schematic of the USER cloning reaction. The USER reaction allows ligation of many 

DNA fragments (grey) into a USER vector (blue). The USER vector is cleaved with Nt.bbvci/paci 

restriction enzymes, exposing sticky ends. Those fragments to be inserted into the vector must 

be amplified with complementary sticky ends to the vector, and the internal fragments 

amplified with primers containing uracil. The USER enzyme cleaves the uracil exposing sticky 

ends. The sticky ends bind complementary to its neighbouring fragment, followed by ligation 

to create a construct. 
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as well as ATAC-seq data178 to identify regions that would be of interest if they were disrupted 

by a T-DNA mutant line.  

 

3.2.1.1 Thalianol cluster interacting domains 

Published Hi-C data identified two large interacting regions in the thalianol cluster that are of 

interest to us, shown in Figure 8. In the roots where the thalianol cluster is expressed an active 

interacting domain is formed spanning 50 kb from THAA2 to THAS, whereas in leaves an 

inactive domain forms spanning 110 kb from THAA2 to the non-cluster genes At5g48150 and 

At5g48160 (PAT1 and OBE2, respectively).163 This contrasting chromatin conformation 

change between leaves and roots is suggested to ensure organ-specific gene expression. Thus, 

we selected 19 T-DNA lines in the larger leaf inactive domain, which covers the thalianol 

cluster and a large region downstream of the cluster. The large interacting region which forms 

in leaves will be referred as the inactive domain, and the smaller active interacting region 

which forms in the roots as the active domain, see Figure 8C. 
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3.2.1.2 Identifying regions of interest in the thalianol gene cluster using ATAC-seq data 

Chromatin accessibility data has been shown to be a good predictor of important regulatory 

sites. The Genomic areas with ATAC-seq (Assay for Transposase-Accessible Chromatin) peaks 

are more accessible to binding of transcription factors and other DNA binding proteins, thus 

indicating their regulatory role. Available ATAC-seq data for A. thaliana allows us to identify 

differentially accessible regions (DARs) in roots and shoots throughout and nearby the 

thalianol cluster. Using this data, we have been able to narrow down the key target sites for 

T-DNA library screening to analyse for the effects of disrupting the cluster architecture on co-

regulation of the thalianol cluster. The lines selected, shown in Figure 9, contain those that 

are in more accessible regions, in less accessible regions, in intragenic as well as intergenic 

regions to allow for a comparative analysis.  

Figure 8. Interacting regions of the thalianol gene cluster. Interaction map of the thalianol 
gene cluster region in roots (A) and leaves (B) from Hi-C data. Strong to weak interaction 
tendency is indicated by yellow to blue colouring. Model of the interacting domains formed 
in the thalianol gene cluster, indicated in red. The inactive domain is weaker and forms in 
leaves during transcriptional repression, while the active domain is much stronger and 
forms during transcriptional activation in roots. (Adapted from Nützmann et al, 2020) 
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3.2.2 Genotyping  

To analyse the impact of disruption in the gene cluster and to identify points of co-regulation, 

19 different T-DNA lines were chosen. T-DNA lines used for this experimentation were 

previously genotyped and selected for homozygosity using guidelines published by The SALK 

Institute Genome Analysis Laboratory (SIGnAL). 

 

3.2.3 Transcript analysis of T-DNA cluster disruption lines  

To assess if the T-DNA insertion lines have an impact on the expression of genes within the 

cluster, qPCRs were carried out on homozygous T-DNA lines. Each set of lines was sown 

alongside a Col-0 reference to maintain comparable growth conditions. Only root samples 

were used in the experiments described below. qPCR analyses were performed to test the 

transcript levels of THAA2, THAA1, THAD, THAH and THAS with the constitutively expressed 

gene, At1g13320 (PP2AA3) as a reference gene. Most qPCR analysis was carried out with 

three biological replicates, however some had two biological replicates where indicated. A 

depiction showing an overview of the data collected is shown in Figure 10 and Figure 11.  

 

  



Page 64 of 258 
 

 

 

  

Figure 10: Overview of transcript analysis data for T-DNA mutants of the thalianol cluster 
genes in roots. Blue represents no significant change in transcript levels, grey represents no 
result taken, green represents a significant increase or an increase larger than 1.5 and red 
represents a significant decrease in or a decrease less than 0.6. Statistical significance (paired 
t-test): *P < 0.05, **P < 0.01. 
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3.2.3.1 Mutants downstream of THAA2 lead to downregulation of the thalianol cluster 

Two T-DNA lines, downstream of the THAA2 gene, were analysed to assess if any intergenic 

regions outside of the gene cluster could contain key regulatory elements. Salk_077790 

showed a trend for overall downregulation of the four core thalianol cluster genes tested 

alongside THAA2, Figure 12. Moderate reduction in the transcript levels for THAA1 was found, 

which was significant (P-value or P < 0.01) compared to the wild-type. Although the transcript 

levels were all similarly reduced for the other genes analysed in Salk_077790, they were not 

significant due to the variation between biological samples, a common limitation to this 

experimental procedure alongside THAA2 having two biological replicates. When we analysed 

the transcript levels of Salk_071586, an insertion closer to the THAA2 gene no expression 

trends or significant difference to wild type expression levels were observed.  

 

3.2.3.2 THAA2 misregulation does not alter the four core thalianol cluster genes 

Salk_080717 contains a T-DNA insert near the end of the THAA2 gene, as this gene is debated 

if it is a core thalianol cluster gene, a mutation in this locus could allow a better definition of 

its role in the cluster. Relative transcript levels of THAA2 are significantly and substantially 

decreased compared to the wild type (P < 0.05), Figure 13. A minor yet non-significant trend 

towards reduced expression levels is observed for the four core thalianol cluster genes tested. 
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Figure 12: Transcript analysis of two T-DNA mutants, Salk_071586 and Salk_077790, of the 
five thalianol cluster genes. Gene expression was measured by qPCR and compared to the 
wild-type (Col-0) transcript level and normalised to 1. An internal control was used, PP2AA3 
(AT5G13320). Error bars indicate standard error of the mean for three biological replicates. 
Statistical significance (paired t-test): *P < 0.05, **P < 0.01. Two biological replicates were 
used for Salk_077790 primer THAA2. 
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This indicates that the expression levels of THAA2 does not alter the expression levels of the 

core thalianol cluster genes. 

 

 

3.2.3.3 Disruption in THAD does not lead to cluster misregulation, however T-DNA insertion 

directly downstream of THAD causes gene cluster down regulation  

To assess if THAD contains any important regulatory elements for the co-regulation of the 

thalianol gene cluster a T-DNA line, Salk_143113, containing a T-DNA insertion within the ORF 

(open reading frame) of the THAD gene was selected.  

 

As expected, transcript levels of the THAD gene were dramatically and significantly reduced 

(P <0.05) in Salk_143113 compared to the wild type, Figure 14. However, no changes to gene 

expression were detected for the other cluster genes.  Expression levels for THAA1 and THAH 

were characterised by a high variation between biological replicates. 

 

Similar to the results obtained for Salk_143113, in Salk_149827, harbouring a T-DNA insertion 

just downstream of THAD, THAD expression is dramatically repressed (P < 0.05). However, in 

contrast to Salk_143113, Salk_149827 also shows a dramatic reduction in transcript levels of 

all other cluster genes. Due to variation of transcript levels between biological replicates only 
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Figure 13: Transcript analysis of the T-DNA mutant Salk_080717. Gene expression was 
measured by qPCR and compared to the wild-type (Col-0) transcript level and normalised to 1. 
An internal control was used, PP2AA3 (AT5G13320). Error bars indicate standard error of the 
mean for three biological replicates. Statistical significance (paired t-test): *P<0.05, **P<0.01 
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the reduction in transcript levels for THAD and THAS has been determined as statistically 

significant, yet THAA1 and THAH show a similar reduction when compared to the wild type. 

The reduction of THAA2 expression is least pronounced among all 5 genes. These results 

indicate that the region just downstream of THAD could hold a key regulatory region for the 

co-regulation of the thalianol gene cluster.  

 

A T-DNA insertion further downstream of Salk_149827 provides an intriguing yet different 

cluster expression pattern. As before, in Salk_093786 transcript levels of THAD are strongly 

reduced. Furthermore, and consistent with Salk_149827, THAA1 levels are reduced compared 

to the wild type. All other cluster genes, however, show a contrasting pattern of increased 

transcript levels. By disrupting the architecture of the gene cluster approximately 300 bp 

downstream of the THAD gene it appears the core genes become unregulated. Both 

downstream genes within the cluster, THAH and THAS show a marked trend for upregulation, 

although only significantly in the THAH gene (P < 0.05) due to a high variation between 

biological samples. We find a significant dramatic decrease in transcript numbers of THAD (P 

< 0.01). THAA1 also dramatically decreases (P <0.01). Interestingly, THAA2 shows a marked 

increase in the T-DNA line which is significant (P < 0.05). Neither T-DNA insertion in 

Salk_149827 nor Salk_093786 disrupts a gene or is located in a promoter element thus 

suggesting a non-canonical role of the region downstream of THAD in cluster regulation.  
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3.2.3.4 Disruption of THAH leads to THAD misregulation  

Next, we analysed the impact of disrupting the THAH gene using two T-DNA lines, 

Salk_064898 and Salk_100156. The T-DNAs in these mutant lines disrupt the gene at different 

positions. The thalianol cluster shows a different expression pattern in both lines, Figure 15.  

 

In particular, the THAD transcript levels show a pronounced upregulation in Salk_100156 

which is significantly higher than the wild-type (P < 0.05), whereas there is a trend for 

downregulation in Salk_064898. This difference is also apparent for THAH, interestingly we 
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Figure 14: Transcript analysis of three T-DNA mutants, Salk_143113, Salk_149827 and 
Salk_093786, of the five thalianol cluster genes. Gene expression was measured by qPCR and 
compared to the wild-type (Col-0) transcript level and normalised to 1. An internal control was 
used, PP2AA3 (AT5G13320). Error bars indicate standard error of the mean for three biological 
replicates. Statistical significance (paired t-test): *P<0.05, **P<0.01. 
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see reduced levels in Salk_100156 but increased levels in Salk_064898. The two mutant lines 

show similarly reduced transcript levels for THAS and THAA2, although not significant.   

 

 

3.2.3.5 Mutations in the intergenic region between THAH and THAS leads to cluster 

disruption  

Next, we analysed cluster expression levels in the mutant lines Salk_044069 and Salk_081921, 

which cause interruption in the intergenic region between THAH and THAS and are in a region 

of accessible chromatin. In Salk_044069 a T-DNA is integrated between the THAH and THAS 

genes. Our comparative transcript analyses, Figure 16, show that both flanking genes are 

considerably reduced in their expression (P is equal to 0.051 and 0.053, respectively). The 

other three cluster genes show variable expression levels, with no change for THAD, a light 

increase for THAA2 and a moderate, yet significant, decrease for THAA1 compared to the wild 

type (P < 0.05). The misregulation of the cluster genes caused by disruption at this site 

indicates this could be a key regulatory region. 

 

In Salk_081921 a T-DNA is inserted just downstream for the THAS gene. Here, we detected a 

trend for downregulation of the three cluster genes tested, THAD, THAH and THAS, whereby 

THAS transcript levels showed the strongest decrease. 
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Figure 15: Transcript analysis of two T-DNA mutants inside the THAH gene, Salk_100156 
and Salk_064898, of the five thalianol cluster genes. Gene expression was measured by qPCR 
and compared to the wild-type (Col-0) transcript level and normalised to 1. An internal control 
was used, PP2AA3 (AT5G13320). Error bars indicate standard error of the mean for three 
biological replicates. Statistical significance (paired t-test): *P<0.05, **P<0.01. 



Page 71 of 258 
 

 

 

 

3.2.3.6 Mutation in eighth exon of THAS leads to increased expression of the cluster genes, 

while at a different position no change is shown  

As for the THAH gene, we analysed multiple T-DNA lines with insertions in the THAS gene for 

their impact on cluster expression levels. The THAS gene encodes for the first catalytic step in 

the biosynthesis of thalianol and its derivatives and is therefore of central importance to the 

cluster. The T-DNA insertions for two of the respective lines, Salk_062770 and Salk_064244, 

are just approximately 270 bp away from each other and fall within the eighth and ninth exon 

of the gene. The T-DNA insertion of Salk_138058 falls into the twelfth exon of THAS.  

 

As expected, all three lines showed considerable reduced transcript levels for the THAS gene, 

Figure 17, which is significant in Salk_138058 and Salk_064244 (P < 0.05) and a P value of 

0.060 for Salk_062770. In Salk_064244, the other four cluster genes remain similar to wild 

type expression levels. In contrast, Salk_062770 shows a significantly marked increased in 

transcript levels for THAA1, THAD and THAH (P < 0.05) while only THAA2 remains stable in its 

expression.  
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Figure 16: Transcript analysis of two T-DNA mutants, Salk_044069 and Salk_081921, of the 
five thalianol cluster genes and three genes for Salk_081921. Gene expression was measured 
by qPCR and compared to the wild-type (Col-0) transcript level and normalised to 1. An internal 
control was used, PP2AA3 (AT5G13320). Error bars indicate standard error of the mean for 
three biological replicates. Statistical significance (paired t-test): *P<0.05. 
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Salk_138058 follows a similar, albeit much weaker, expression trend to Salk_062770. The 

THAA1, THAD and THAH transcripts show a slight non-significant increase and THAA2 remains 

stable in comparison to the wild type.  
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Figure 17: Transcript analysis of three T-DNA mutants in the THAS gene, Salk_138058, 
Salk_064244 and Salk_062770, of the five thalianol cluster genes. Gene expression was 
measured by qPCR and compared to the wild-type (Col-0) transcript level and normalised to 1. 
An internal control was used, PP2AA3 (AT5G13320). Error bars indicate standard error of the 
mean for three biological replicates. Statistical significance (paired t-test): *P<0.05, **P<0.01. 
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3.2.3.7 Disruption downstream of the cluster misregulates THAA1 

Next, we analysed cluster expression levels in mutant lines with T-DNA insertions 

downstream of the entire cluster. This region is part of the larger 3D domain formed around 

the silenced gene cluster. The T-DNA insertion in Salk_129026 falls between the At5g48100 

and At5g48110 genes about 30 kb away from the cluster. Compared to the wild type, we 

detected no significant changes in cluster transcript levels, Figure 18. However, we noted 

downward trends for THAD, THAH and THAS and a slight upward trend for THAA1 (P = 0.09). 

Our results may indicate that this downstream region could play a role in the regulation and 

expression of the thalianol gene cluster. 

 

3.2.3.8 Insertions in AT5G48060 and AT5G48090 do not disrupt the thalianol gene cluster 

T-DNA lines were selected to interrupt At5G48060 and At5g48090, which are downstream of 

the thalianol cluster to assess if interrupting genes within the inactive domain will affect the 

transcription levels of the thalianol gene cluster. For both Salk_114990 and Salk_145992 we 

found no change in transcription levels, Figure 19, across all five thalianol cluster genes, 

indicating that altering these genes does not alter the expression of the thalianol gene cluster. 
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Figure 18: Transcript analysis of the T-DNA mutant, Salk_129026 of the five thalianol cluster 
genes. Gene expression was measured by qPCR and compared to the wild-type (Col-0) 
transcript level and normalised to 1. An internal control was used, PP2AA3 (AT5G13320). Error 
bars indicate standard error of the mean for three biological replicates. Statistical significance 
(paired t-test): *P<0.05, **P<0.01. 
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3.2.3.9 Disruption downstream of the gene cluster leads to disruption of cluster gene 

expression  

The T-DNA insertions in Salk_126935, Salk_029884 and Salk_084373 are located between the 

genes PAT1 and OBE2 (At5g48150 and At5g48160, respectively) and are approximately 1500 

bp apart from each other. The T-DNA insertion in Salk_126935 disrupts an area with multiple 

ATAC-seq peaks, whereas the insertions in Salk_029884 and Salk_084373 are outside these 

highly accessible regions. Salk_029884 does not show significant changes in transcript levels 

of the thalianol gene cluster, Figure 20. Salk_126935, however, shows a significant (P < 0.05) 

increase in all four of the thalianol cluster genes and, to a lesser but significant extent, in 

THAA2. Salk_084373, located closer to OBE2, shows a trend for upregulation of THAA2, 

THAA1, THAD and THAS compared to the wild type. For THAH however, we detected a 

considerable lowered transcript levels in this T-DNA line (P = 0.087). This data indicates that 

important cluster regulatory sites could be located downstream of the cluster.  
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Figure 19: Transcript analysis of two T-DNA mutants, Salk_114990 and Salk_145992, of the 
five thalianol cluster genes. Gene expression was measured by qPCR and compared to the 
wild-type (Col-0) transcript level and normalised to 1. An internal control was used, PP2AA3 
(AT5G13320). Error bars indicate standard error of the mean for three biological replicates. 
Statistical significance (paired t-test): *P<0.05, **P<0.01. 
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3.2.4 Understanding gene cluster evolution 

To better understand the evolution of plant metabolic gene clusters, we decided to 

investigate gene order and general DNA architecture of three metabolic gene clusters in 

multiple A. thaliana accessions. A. thaliana is a genetically very well characterised plant 

species and over 1000 A. thaliana accessions representing habitats from around the world 

have had their genome sequenced.  Most of the accessions, however, have been studied using 

short-read sequencing analyses with reference-guided assemblies. These enable detection of 

nucleotide changes only and typically do not identify  large-scale rearrangements such as 

inversions well.213   
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Figure 20: Transcript analysis of three intergenic T-DNA mutants, Salk_126935, Salk_084373 
and Salk_029884, of the five thalianol cluster genes. Gene expression was measured by qPCR 
and compared to the wild-type (Col-0) transcript level and normalised to 1. An internal control 
was used, PP2AA3 (AT5G13320). Error bars indicate standard error of the mean for three 
biological replicates. Statistical significance (paired t-test): *P<0.05, **P<0.01. 
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To account for potential inversion, deletion and translocation214 across our metabolic gene 

clusters of interest we focused on A. thaliana accessions with good quality reference genome 

assemblies. Such large-scale rearrangements of gene clusters are likely products of abundant 

TE activity within clusters. We selected eight accessions for our study, An-1, C24, Cvi-0, Eri-1, 

Kyo, Ler, Sha and Col-0. The geographical origin of each accession is shown in Figure 21.  

 

 

Figure 21: World map showing the geographical location of eight A. thaliana geographical 

locations. Orange tab indicated the location where the accession naturally grows.  

 

3.2.4.1 Identifying gene cluster locations within the accessions 

To analyse cluster organisation in the selected accessions, firstly, we identified the genome 

co-ordinates of the thalianol, marneral and arabidiol cluster genes in the respective A. 

thaliana accessions (Table 20, 21 and 22). By establishing the location of all cluster loci, we 

can determine the basic genomic differences between each accession and the wild type. We 

noted an almost identical chromosome positioning for all clusters across accessions. Each 

cluster is localised on the same chromosome at highly similar chromosome co-ordinates. In 

contrast to the overall location of all clusters, we identified significant changes to cluster 

organisation across all three clusters.  For example, in the C24 accession only two of the five 
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thalianol cluster genes were identified, THAA2 and THAH, suggesting a significant reduction 

in cluster size. Notably, the other three thalianol cluster genes were not detected elsewhere 

in the genome of this accession, as determined by BLASTn analysis. For the marneral cluster, 

we identified an additional gene within the cluster region in the Eri accession, implicating a 

cluster expansion. For the arabidiol/baruol cluster, we detected both reduction and 

expansion of the cluster, as it is a much larger cluster, so susceptible to more variation. Only 

one accession, An-1, stays consistent in gene number and cluster size compared to Col-0. Both 

Kyo and Sha accessions show a reduced gene number of only 20 genes within the gene region, 

compared to 23 in the wild type, while the four accessions, C24, Cvi, Eri and Ler all gain three 

genes within the cluster region, as well as increasing the size by around 25,000 bp.  

 

 

Thalianol 
gene cluster Chromosome 

Start co-
ordinates 

End co-
ordinates  

Total 
cluster 

length (bp) 

Number of 
known genes in 

region  

Col-0 5 19397041 19466899 69858 5 
An-1 5 19181844 19252609 70765 5 
C24 5 18496268 18531827 35559 2 
Cvi 5 18881222 18954168 72946 5 
Eri 5 19023660 19095844 72184 5 
Kyo 5 19251229 19323254 72025 5 
Ler 5 19002179 19073204 71025 5 
Sha 5 19470109 19542297 72188 5 

 

 

 

Marneral 
gene cluster Chromosome 

Start co-
ordinates 

End co-
ordinates  

Total cluster 
length (bp) 

Number of 
known genes in 

region  

Col-0 5 17023502 17058245 34743 3 

An-1 5 16851673 16886544 34871 3 

C24 5 16145202 16179342 34140 3 

Cvi 5 16583768 16617487 33719 3 

Eri 5 16680205 16714643 34438 4 

Kyo 5 16905939 16939982 34043 3 

Ler 5 16682077 16715743 33666 3 

Sha 5 17160263 17195310 35047 3 

 

Table 20: Co-ordinates and features of the thalianol gene cluster across different accessions. 

Table 21: Co-ordinates and features of the marneral gene cluster across different accessions. 
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Arabidiol 
gene cluster Chromosome 

Start co-
ordinates 

End co-
ordinates  

Total cluster 
length (bp) 

Number of 
known genes in 

region  

Col-0 4 8730499 8850000 119501 23 
An-1 4 8999337 9118879 119542 23 
C24 4 9485098 9629608 144510 26 
Cvi 4 8504689 8646962 142273 26 
Eri 4 8702625 8849585 146960 26 
Kyo 4 8965676 9083691 118015 20 
Ler 4 9173265 9320242 146977 26 
Sha 4 9028894 9142034 113140 20 

 

 

3.2.4.2 Basic look at the movements of genes in accessions 

Then we took a closer look at the order of genes within the cluster and larger flanking regions, 

on a non-scale basis and not taking intergenic regions into account. We looked at a large 

region of the genome pinpointed by the ATAC-seq and Hi-C data as previously mentioned in 

section 3.2.1.1. The thalianol cluster in Col-0 is described as having five cluster genes and two 

intervening genes between THAA2 and THAA1, Figure 22. In all seven of the accessions these 

two intervening genes have either moved upstream of the cluster genes, An-1, Eri, Kyo, Ler 

and Sha, or downstream, Cvi. Interestingly, in C24 only two of the cluster genes remain, 

THAA2 and THAH.  

 

In the marneral gene cluster, Figure 23, for six of the accessions we detected the same cluster 

genes as for Col-0. Eri had an insertion of an intervening gene between the second and third 

gene of the cluster, MRO and MRN1. A BLAST was carried out on the sequence of the 

intervening gene and matched to At1G40087, a protein coding gene for a plant transposase. 

 

The baruol/arabidiol cluster shows most organisational variation among the three clusters. In 

Col-0 (wild-type) 10 cluster genes, CYP702A2, CYP702A3, CYP705A1, PEN1, CYP705A2, 

CYP705A3, BARS1, CYP705A4, HSR201, BIA1, as well as 3 intervening genes are described. 

Only one of the accessions (An-1) follows the same pattern as the WT, Figure 24. 4 accessions 

have 11 genes within the cluster with an addition of a duplicate CYP702A2, although this 

fragment isn’t the full length. 2 of the accessions, Kyo and Ler, have 8 of the cluster genes, 

Table 22: Co-ordinates and features of the arabidiol gene cluster across different accessions. 
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missing CYP702A2 and CYP702A3 from the start of the cluster. The number of intervening 

genes also varies from 2 to 6 genes. The genes encode for a putative CYP, cellulose synthase-

like or unknown proteins.  All 10 genes downstream of the cluster are detectable in consistent 

positions across all accessions. 
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3.2.4.3 A more in depth look at the variations of the cluster between accessions 

The above-described studies allowed us to look at gene diversity between accessions. Using 

different analyses, we have been able to look at the clusters in greater depth including 

variability in the intergenic space. For example, EasyFig cluster visualisation allows us to 

identify changes in the gene organisation and structure and establish the conservation of the 

clusters between accessions. We will focus on the marneral and thalianol clusters for the next 

section. 

 

Previously, we identified that the C24 accession had three of the thalianol cluster genes 

missing, this more detailed look at the cluster region determines that there are large deletions 

throughout the cluster. The two remaining cluster genes, THAA2 and THAA1, do not have 

most of the non-coding regions. Using ATAC-seq data, the intergenic non-coding regions that 

have remained were in highly conserved regions which displayed differential chromatin 

accessibility between roots and shoots upstream of each gene of the cluster. In the remaining 

six accessions we identify that the two intervening genes that were now outside of the cluster 

in the accessions had undergone an inversion including the first core cluster gene, THAA2, 

and the two intervening genes, Figure 25, green triangles. There are also regions of low 

homology around CYP708A2 (THAD), which shows a large amount of rearrangement between 

Col-0 and An-1. 

 

For the marneral cluster, our EasyFig visualisation confirms that there are no large insertions 

in any of the accessions, Figure 26. The region between CYP71A16 and MRN1, where we have 

identified an additional gene in the Eri accession, is highly variable between all accession 

sequences. Notably, the gene insertion in Eri appears to have some homology to regions in 

Cvi and Kyo. Indicating that this gene has potentially been lost in the other accessions rather 

than been inserted into the Eri accession. The cluster shows low sequence homology between 

CYP714A16 and MRN, BLAST identity of 65% with inversions. 
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Figure 26: Pairwise BLASTn comparison of the thalianol cluster in 8 A. thaliana accessions 
created by EasyFig. Comparisons are drawn pairwise in relation to the previous accession. The 
five thalianol gene clusters, the intervening and the flanking genes are shown by teal arrows. 
White regions indicate regions in the genome with a 100% BLAST sequence identity and in the 
same orientation, while green blocks are 100% sequence identity, however in the reverse 
orientation. 65% sequence homology is indicated by red and blue blocks in which red shows 
the reverse orientation. The gradients between the colours show a sequence homology 
between 65% and 100%. Crossed lines connect homologous and inverted homologous regions, 
homology indicated by the colour. 
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Figure 27: Pairwise BLASTn comparison of the marneral cluster in 8 A. thaliana accessions created 
by EasyFig. Comparisons are drawn pairwise in relation to the previous accession. The three marneral 
gene clusters, the intervening and the flanking genes are shown by teal arrows. White regions indicate 
regions in the genome with a 100% BLAST sequence identity and in the same orientation, while green 
blocks are 100% sequence identity, however in the reverse orientation. 65% sequence homology is 
indicated by red and blue blocks in which red shows the reverse orientation. The gradients between 
the colours show a sequence homology between 65% and 100%. Crossed lines connect homologous 
and inverted homologous regions, homology indicated by the colour. 
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3.2.4.4 Transcript level changes in accessions  

We previously demonstrated, in sections 3.2.4.1, that the thalianol gene cluster isn’t as 

conserved across different A. thaliana accessions as previously described153, therefore we 

analysed the thalianol cluster transcript levels in four of the accessions to determine if this 

has an impact on the co-regulation, as shown in Figure 27.  

 

All four analysed accessions show in inversion of THAA2 and the two intervening genes, 

bringing THAA2 directly adjacent to the core cluster gene THAA1. Despite this, the four 

accessions do not display the same gene expression levels when transcript number was 

analysed. In three of the accessions, An-1, Ler and Kyo, we detected a dramatic and significant 

(P < 0.05) downregulation of THAA2. In contrast, THAA1 transcript levels show a pronounced 

increased in these three accessions. In two of the accessions, Ler and Kyo, THAH transcript 
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Figure 28: Transcript analysis of four A. thaliana accessions, An-1, Sha, Ler-0 and Kyo, of the 
five thalianol cluster genes and the flanking gene. Gene expression was measured by qPCR 
and compared to the wild-type (Col-0) transcript level and normalised to 1. An internal control 
was used, PP2AA3 (AT5G13320). Error bars indicate standard error of the mean for three 
biological replicates. Statistical significance (paired t-test): *P<0.05, **P<0.01. 
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levels significantly increased (P < 0.01). The transcript numbers for THAH in An-1 were also 

increased at a lower level, however not significantly (P = 0.061) due to variation between 

biological samples. Interestingly, in An-1 and Ler the THAD transcript levels did not show any 

change but in Kyo a significant decrease in transcript number was detected (P < 0.05). THAS 

transcript levels remained stable across these three accessions. In Ler, but not in the other 

two, GFA2 transcript levels significantly increased (P < 0.05).  

 

In contrast to Eri, Kyo and Ler, the Sha accession displayed a different gene expression pattern 

for the thalianol cluster. Here, no change in transcript levels for THAA2 was detected and the 

THAA1 gene was significantly decreased (P < 0.01) in its expression level. THAD and THAS 

transcript levels were also significantly reduced (P < 0.05). Transcript levels for the THAH and 

GFA2 genes showed a trend for minor upregulation.  

 

Three of the accessions showed similar expression profiles with some differences, while Sha 

showed more of a disruption of the core thalianol gene cluster genes.  

 

3.2.1 Insertional mutagenesis using CRISPR/Cas9 

Our work described so far has indicated that disrupting the thalianol gene cluster architecture 

in specific loci affect the co-reregulation of the cluster. Therefore, we decided to analyse how 

relocation of the regulatory regions of a gene within the thalianol gene cluster affects its 

transcriptional pattern. To do so, we attempted to integrate the THAS promoter and 

terminator regions together with two reporter genes into (a) another position within the 

thalianol cluster, (b) the marneral cluster and (c) in front of the constitutively expressed and 

non-clustered PP2AA3 gene. As a control, we aimed to integrate the PP2AA3 promoter and 

terminator regions into the same positions with the omission of the marneral cluster region.  

To enhance the integration of the regulatory regions into specific sites, it is required to flank 

the regulatory DNA fragments with approximately 1000 bp of DNA homologous to the 

insertion site. Thus, if the insertion does not take place at the correct loci, the insertion can 

still be used to assess how the architecture of the homologous arms affect the transcription 

of the reporter genes. 
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3.2.1.1 Construct selection 

In order to insert the regulatory regions (promoter and terminator) of the THAS and PP2AA3 

gene into different loci using CRISPR/Cas9, multiple complex DNA constructs were assembled 

using design principles reported by Miki et and Castel et al174,195. Two reporter genes, eGFP 

and GUS, will be inserted in these constructs flanked by the respective promoters and 

terminators for analysis of gene expression, shown in Figure 28A/B. These fragments will be 

referred to as the reporter fragment T1 (THAS) or P1 (PP2AA3). Homologous arms for the 

targeted genomic region of insertion will be integrated into the construct to increase the 

chances of promoter-reporter construct insertion at the correct loci, Figure 28C. sgRNA will 

be designed to ensure the highest chance of success, based on findings by Castel et al195, and 

the transcription will be regulated using the ubiquitous promoter and terminator U6-26 (PU6-

26 and TU6-26).  

 

3.2.1.2 Selecting sgRNA 

 

Figure 29: Final design of the constructs to be inserted into A. thaliana using CRISPR/Cas9 
genome editing. A and B depict the reporter fragment that will be inserted into the A. thaliana 
genome using the CRISPR/Cas9 construct C. The promoter and terminator region for THAS and 
PP2AA3 flank the reporter genes, GFP and Gus to analyse the potential changes in gene 
expression. C. Contains the sgRNA (to guide the Cas9 endonuclease to the target cut site) 
flanked by its regulatory regions. Homologous arms flank the reporter construct, T1 or P1, to 
aid the insertion. 
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sgRNAs guide Cas9 nucleases to the target DNA in the nucleus. The target site must be directly 

preceded by a protospacer adjacent motif or PAM (-NGG) sequence element to activate the 

Cas9 protein. Importantly, the PAM sequence is not included in the construct sequence. Off-

target binding, in which the sgRNA will bind and cleave genomic DNA with similar sequence 

homology, was minimised by selecting guides with the lowest number of off-target sites. On-

target score and GC content of all sgRNAs are shown in Table 23. 

 

 

Target 
site 

Position of 
cleavage 

Guide RNA PAM Off 
target 
sites 

On 
target 

% 
GC 

Chr3 
deletion 

Chr3:4251768 GCTGGAGCATCATCTCCGGGTGG 1 0.8678 65 

Chr3 
deletion 

Chr3:4290494 CCCCATCTATAACCGAGCCGAGG 0 0.8263 60 

THAS 
deletion 

Chr5:19488206 TCTATACCTTTGGAGCCGAAGGG 7 0.8924 45 

THAS 
deletion 

Chr5:19521379 AAGTTGGGGAGATATCCCCGAGG 3 0.5915 55 

THAS 
insertion 

Chr5:19438321 TTGTAACTAACGAGTAACGACGG 4 0.7475 35 

PP2AA3 
insertion 

Chr1:4536129 TCTCTTACCGAATAAAAGCGTGG 6 0.9318 40 

MRN 
insertion 

Chr5:17028589 TGCATACGACCCCAATCGAATGG 2 0.5040 50 

 

 

3.2.1.3 Construct assembly 

To assemble complete constructs containing sgRNA, homologous arms, regulatory regions 

and reporter genes multiple cloning steps using different cloning techniques were applied. 

Our workflow is shown in Figure 29. In the following, we will outline the results of each 

experimental step in the assembly. 

Table 23: sgRNAs selected for targeted genome editing for insertions and deletions. 
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3.2.1.3.1 Amplification of fragments for cloning 

Using the KAPA PCR protocol, each individual DNA fragment was amplified by KAPA PCR using 

primers with USER reaction specific overhangs. All individual DNA fragment were successfully 

amplified (Figure 30). 

 

 

Next, we carried out Fusion PCR to combine the U6-26 promoter (PU6-26), sgRNA and U6-26 

terminator (TU6-26) using the KAPA protocol. Three U6-26 promoter and U6-26 terminators 

were fused using the KAPA fusion protocol with a 100% success rate, shown in Figure 31. 

Figure 31: Agarose gel following amplification of DNA fragments for USER cloning. Each gel 
shows a fragment of the correct size (brightest band) and the corresponding DNA ladder for 
confirmation (example of band sizes shown). 

Figure 32: Agarose gel following fusion PCR to ligate to fragments together to create three 
sgRNAs. Each gel shows the correct fragment size, and the corresponding 100 bp ladder for 
confirmation (example of band size shown). 
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3.2.1.3.2 Creation of reporter construct by USER cloning 

To fuse gene promoter, GFP/Gus and gene terminator together, USER cloning was carried out 

using a standard 1-hour ligation protocol and transformation into E. coli. Transformed 

colonies were screened for successful construct ligation by single colony DreamTaq PCR.  

 

 

We obtained a positive PCR signal for 1 colony of T1 (colony 12) and 1 colony of P1 (colony 

20) (Figure 32). Verification of inserts by DNA sequencing showed 100% sequence homology 

to the template DNA for T1-12 and P1-20. Of note, an AT- rich region of the PP2AA3 promotor 

region in P1 showed fewer AT nucleotides compared to the reference genome. This is likely 

due to miss-annotation in the reference genome or problems during sequencing (Figure 33). 

 

Figure 33: Colony screening PCR following USER cloning. Single colony screening of P1 (A) 
and T1 (B) to confirm the insertion of the correct fragment size was carried out. One colony, 
20, was positive for P1 and one colony was positive for T1, 12. The 1 kb ladder was used for 
size determination, example of band sizes shown. 
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3.2.1.3.3 Creating the whole construct by a one-step USER reaction  

After successful ligation of the T1 and P1 reporter constructs, we next attempted to ligate this 

segment together with the other DNA fragments previously amplified. The USER cloning 

protocol was carried out with a 1-hour incubation period followed by transformation into E. 

coli by electroporation to create T2A, T2B, T2C, P2A and P2B (Table 24 for naming constructs). 

Colony PCR screening showed that the assembly of all fragments was unsuccessful. 

 

Table 24: Description of construct shortened names. A table showing the shortened names 
given to each construct and their use. 

Construct shortened 
name 

Description of construct use 

T1 Reporter construct containing THAS promoter and terminator 
region and the eGFP/Gus. 

P1 Reporter construct containing PP2AA3 promoter and 
terminator region and the eGFP/Gus. 

T2A Insertion of T1 into the PP2AA3 loci. 
T2B Insertion of T1 into the marneral loci. 
T2C Insertion of T1 into the thalianol loci. 
P2A Insertion of P1 into the thalianol loci. 
P2B Insertion of P1 into the PP2AA3 loci. 

DTHAS Deletion of the region downstream from the thalianol cluster. 
DChr3 Deletion of the region in chromosome 3. 

 

Figure 34: Sequencing alignment of the template (top row) and plasmid DNA (bottom row) 
showing the missing AT repeat region. The P1 construct shows mismatches in the PP2AA3 
promoter region shown by the red block.  
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 Although there were bands on the agarose gel, the band size indicated a closed vector with 

no insert (Figure 34). The restriction digest carried out also showed DNA fragments with size 

corresponding to the vector only.  

Figure 35: Agarose gel electrophoresis of colony PCR following USER cloning, and HindIII 
digest of the plasmid. The T2A (A), T2B (B), T2C (C), P2A (D) and P2B (E) constructs were 
attempted to be inserted into a plasmid by USER cloning. No DNA bands of expected size 
were detected by single colony PCR. A HindIII digest was carried out to assess the plasmids 
in (F). DNA band sizes for a closed empty vector were detected. Expected size for A-E is a 
fragment size of 8000 bp. Expected digest band sizes (F): 7834, 4652 and 4305 bp. 
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Therefore, we decided to adjust our experimental conditions. All DNA fragments were re-

amplified and this time gel purified.  The ligation period was increased to 16-hours.  However, 

as exemplified in Figure 35, no successful assembly of target constructs was achieved.  After 

10 transformation attempts and screening of on average 60 colonies per construct no positive 

plasmids were identified.  A selection of the colony screening and HindIII digests to check 

plasmids is shown in Figure 35C.  

 

3.2.1.3.4 Creating the constructs using smaller USER reactions 

In principle, the USER cloning technique should allow for the fusion of multiple DNA fragments 

into a vector. However, as our attempts to generate our large DNA cassettes by using a single 

USER cloning step had been unsuccessful, we decided to break the assembly down into 

shorter ligation steps, using DNA fragments of similar sizes (Figure 29). We focused on 

inserting the THAS regulatory elements into the three locations, constructs T2A, T2B and T2C, 

from here on out. 

 

Figure 36: Agarose gel electrophoresis of colony PCR screen and HindIII plasmid digest. 
Insertions were attempted by USER cloning to create constructs T2B (A) and T2C (B), however 
for A no bands were found and for B multiple bands were found in the colony PCR indicating 
an unsuccessful insertion. A HindIII digest was carried out on the plasmids (C) which indicated 
a closed vector with no insertions. Expected size for A-B is a fragment size of 8000 bp. Expected 
digest band sizes (C): 7834, 4652 and 4305 bp. 
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The first step required ligating smaller fragments into the USER vector. Two USER reactions 

were carried out for each construct to ligate the sgRNA and promoter fragment to the 

respective left homologous arm and the T-THAS to the respective right homologous arm, 

Figure 36. For each reaction we screened 20 colonies using DreamTaq single colony PCR. For 

one ligation reaction 18 colonies were positive and for another ligation 19 colonies were 

positive. For four ligation reactions, all 20 colonies showed a positive result for complete 

fragment ligation. Three positive colonies were picked at random for each fragment. The 

respective plasmids were extracted and sent for sequencing. At least 2 out of three plasmids 

were confirmed to contain the expected sequence for each fragment. These plasmids were 

used for amplification for the next USER cloning step.  
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Figure 37: Colony PCR on an agarose gel following shorter ligation USER cloning reactions. 
Shorter USER reactions were carried out to ligate the sgRNA to MRN LA (A), T-THAS to MRN 
RA (B), sgRNA to THAS LA (C), T-THAS to THAS RA (D), sgRNA to PP2AA3 LA (E) and T-THAS to 
PP2AA3 RA (F). All reactions show successful results, indicated by the brighted band of the 
correct size on the agarose gel.The 1kb DNA ladder was used for band sizing. Expected band 
size 1500-2000 bp. 
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The second round of USER cloning used the previously ligated fragments (sgRNA ligated to 

the left homologous arm and T-THAS ligated to the right homologous arm) as a template to 

create three of the full constructs.  

 

For T2A assembly, one USER reaction was carried out. 16 out of 47 analysed colonies showed 

AGE banding with multiple bands of which one band aligned with the expected size of vector 

and insert, Figure 37. To get a colony with a single band of the correct size, 4 colonies were 

spread onto new plates and the colony PCR was repeated, Figure 37B. Two positive colonies 

with a single band of the expected vector plus insert size were selected for plasmid extraction 

and sequencing. One plasmid (T2A-25) showed 100% homology to the targeted gene cassette 

and put forward to the next experimental steps.  

 

 

In the first round of USER cloning for T2B assembly, 49 colonies were screened.  The AGE 

banding suggested a closed vector for 20 colonies, Figure 38. For 6 colonies a two-band 

Figure 38: Agarose gel PCR of the T2A insertion colony PCR following USER cloning. Initial 
single colony PCR to confirm T2A had successfully inserted into the vector by USER cloning (A) 
showed positive bands of the correct size (confirmed by the 1kb ladder). However, multiple 
bands were obtained by most colonies (A) Colony PCR on sub-cultured colonies show single 
bands of the expected size (B). Expected size 1500 bp. 
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pattern was detected by AGE. As one of these bands showed the expected vector plus insert 

size, we deduced that the analysed colonies contained both vector only and vector plus insert 

plasmids.  To obtain colonies with distinct plasmids, colonies were spread onto new plates 

and colony PCRs repeated.  Three colonies were selected to be spread onto new plates and 

have the colony PCR repeated. Indeed, for one colony we detected vector containing insert 

PCR products only. However, subsequent DNA sequencing showed that the vector had 

multiple sequence misalignments.  Therefore, we decided to repeat the USER cloning. This 

time, 50 colonies were screened and 69% of colonies show positive vector plus insert PCR 

results. Four colonies were randomly selected for plasmid extraction and sequencing. Of 

these, three showed sequence misalignments and one, colony 17 (T2B-17), showed 100% 

sequence homology to the target sequence. This plasmid was used for further experiments.  
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T2C required a single USER reaction, and 38 colonies were screened, Figure 39. 38 colonies 

were screened and 97% of colonies show positive vector plus insert PCR results. Four colonies 

were randomly selected for plasmid extraction and sequencing, two showed sequencing 

Figure 39: Agarose gel for single colony PCR. The first colony PCR (A) to confirm insertion T2B 
into the vector by USER cloning showed multiple bands. 3 out of 20 repeat colony PCRs on sub-
culture colonies show DNA fragment of expected size (B). Results of colony PCRs of second 
USER cloning attempt to vector insertion of T2B (C). Multiple colonies with expected banding 
were identified. Sizes of bands confirmed by the 1kb ladder, expected size 1300 bp. 
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misalignments and two showed 100% sequence homology, colonies 17 and 22 (T2C- 17 and 

T2C-22). These two plasmids were used in further experiments. 

 

3.2.1.4 CRISPR/Cas9 plant transformation and selection  

Plasmids T2A-25, T2B-17 and T2C-17 were transformed into A. tumefaciens. All three plasmids 

contain antibiotic resistance genes against rifampicin and gentamycin. As such, positively 

transformed A. tumefaciens strains were identified by selection against rifampicin and 

gentamycin.   

 

Next, transformed A. tumefaciens strains were used for standard Agrobacterium-mediated 

transformation of A. thaliana. Approximately 40 plants were transformed for each construct. 

After harvest of seeds, transformed seeds were selected by their red seed coat, Figure 40, 

due to the vector inserted containing red fluorescent protein (RFP) which is expressed in the 

seed coat.215 

 

Less than 1% of seeds collected showed a red seed coat. 10 seeds were planted from A. 

thaliana plants transformed with T2A containing A. tumefaciens, 25 seeds for T2B and 5 seeds 

for T2C. 5, 17 and 2 seeds germinated for each respective construct.  

Figure 41: Wild-type seed and example of a seed expressing red fluorescent protein. Left, 
brown coloured wild-type seeds and right, red coloured transformed seed.  

Figure 40: Agarose gel for single colony PCR for T2C. Insertion of T2C into the USER vector 
was successful, indicated by a postitive band on the gel at the correct size. 1kb ladder used to 
confirm band sizes, expected size 1500 bp. 
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After the establishment of healthy rosettes, leave samples were taken from all plants that had 

germinated. To confirm the integration of our gene cassettes, we performed the following 

three PCR reactions. The first PCR identified if GFP was inserted, out of 24 plants tested half 

showed a positive result for containing the GFP. The second confirmed that the THAS 

promotor was inserted ligated to the GFP, 10 out of the 24 showed a positive result. The third 

PCR extended from the left homologous arm to the right homologous arm, 7 of which tested 

positive. This reaction allowed for the reporter and regulatory region to be amplified, 

meaning that either the insert is on the correct position or that the homologous arms have 

also been inserted into the genome, Figure 41 and Table 25. Plants with positive results for 

two or three PCRs were used for subsequent experiments. Although we are yet to confirm 

the integration occurred in the correct position, for the purposes of this section we will 

assume they are based on the use of the CRISPR/Cas9 integration methodology, and the 

findings presented. 
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Figure 42: Agarose gel of plant genomic DNA PCR to identify gene cassette insertion. 
Three PCRs were carried out on transformed plants (those with red seed coating) to confirm 
gene cassette integration. A bright band indicated a positive result. Sizes are confirmed with 
the 1kb DNA ladder, and an example of band size is shown. Expected band sizes: 1000 bp 
(top), 1500 bp (middle) and 700 bp (bottom). 



Page 104 of 258 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LA
 to

 R
A

 

P
ro

m
o

to
r to

 G
FP

 

G
FP

 p
rim

ers 

P
lan

t n
u

m
b

er 

In
sert 

  

  

1
 

T2
A

 

  

✓
 

✓
 

2
   

  

  

3
   

  

✓
 

✓
 

4
   

  

 

✓
 

5
   

✓
 

✓
 

✓
 

1
 T2

B
  ✓
 

  

2
 

  

  

3
   

  

  

4
   

  

  

5
   

  

  

6
   

  

  

7
   

  

  

8
   

✓
 

✓
 

✓
 

9
   

✓
 

✓
 

✓
 

1
0

 

  

✓
 

✓
 

✓
 

1
1 

  

  

  

1
2 

  

  

  

1
3 

  

✓
 

✓
 

✓
 

1
4 

  

  

  

1
5

 

  

  

  

1
6 

  

✓
 

✓
 

✓
 

1
7 

  

  

✓
 

✓
 

1
 

T2
C

 

  

✓
 

✓
 

2
   

Ta
b

le 2
5: O

verview
 o

f P
C

R
s ca

rried
 o

u
t to

 id
en

tify th
e su

ccessfu
l in

sertio
n

s . A
 tick in

d
ica

tes th
a

t a
 p

o
sitive b

a
n

d
 o

f th
e correct size w

a
s 

d
etected

 b
y P

C
R

 rea
ctio

n
. 



Page 105 of 258 
 

3.2.1.5 Cluster regulatory regions display differing cell expression profiles 

To investigate whether the different flanking sequences in each construct would influence 

the reporter expression pattern, we analysed GUS staining and GFP expression in young 

seedlings. 

 

Gus staining, showed that plants containing promoter-reporter gene cassettes inserted into 

the PP2AA3 sites expressed Gus in the primary and lateral root and cotyledons and not in the 

hypocotyl, Figure 42 and Figure 43. In contrast, plants containing promoter-reporter gene 

cassettes into both the MRN and THAS sites showed an expression profile constrained to the 

root with strong signal enrichment at the root tip Figure 42 and Figure 43. Notably, an 

1mm 

A. 

B. 

C. 

D. 

Figure 43: Gus staining of A. thaliana leaves. Staining of A. thaliana plants to show the 
expression of Gus. In the wild-type (A) no Gus staining is detected. Plants transformed with 
the THAS reporter construct into the PP2AA3 site (B) show expression of Gus in the leaves but 
not the hypocotyl. Plants transformed with the THAS reporter into the THAS (C) and MRN (D) 
site show no Gus expression in the leaves or hypocotyl. 
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expression gap between the root tip and remaining root were detected in plants with both 

constructs, Figure 43.  
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Figure 44: Gus staining of A. thaliana roots. The wild-type no Gus staining was detected (A). 
Plants transformed with the THAS reporter construct into the PP2AA3 site Gus expression 
throughout the root and an enhanced Gus signal in the root tip. Plants transformed with both 
the THAS reporter construct into the THAS (C) and MRN (D) site showed a signal throughout 
the root with an intense signal in the root tip, however a short segment without signal was 
detected between the tip and the rest of the root (zoomed image). 
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GFP analysis allows for a more in-depth imaging of cell specific expression, Figure 44. The 

integration into the PP2AA3 site expressed GFP throughout all the cells in the root, with 

greater expression in the root cap, with lower expression in the columella root cap. 

Throughout the root it appears that expression is stronger in the epidermis and cortex than 

in the stele. In the MRN and THAS insertion site transformed plants, at the root tip expression 

is contained to the lateral and the columella root cap extending to the epidermis. The rest of 

the root has uniform expression throughout.  
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Figure 45: GFP analysis of the mutant lines. GFP is detected throughout the root cells in all three 
mutant plant types. A. shows the reporter construct inserted into the PP2AA3 site, whereas B is into 
THAS and C into MRN site. 

100 µm 100 µm 

100 µm 100 µm 

100 µm 100 µm 
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3.2.2 CRISPR deletions  

3.2.2.1 Guide selection 

We have described that the thalianol gene cluster interacts with a region downstream of the 

cluster when the cluster is inactive167. Here, we aim to identify if the downstream region is 

imperative to the regulation of the thalianol gene cluster by attempting to delete a 33 kb 

region using CRISPR/Cas9 technology. Alongside this, to confirm the principles of the 

technologies used, a second deletion in an important region for the 3D genome organisation 

in chromosome 3 will also be a target for deletion. Two sgRNAs were selected for each region 

to delete using the conditions and variables as previously described for insertions.  

 

3.2.2.2 Assembly of deletion cassettes 

For each deletion cassette two sub-constructs were assembled, each containing, two sgRNAs 

flanked by the U6-26 promoter and terminator, Figure 45. Individual DNA fragments were 

amplified with primers designed to support a fusion PCR.  sgRNA ligated to the pU6-26 and 

TU6-26 were amplified as previously described using fusion PCR, AGE shown in Figure 46 of 

successful amplification and ligation. 

 

Figure 46: Final design of the constructs to be inserted into A. thaliana to cause a deletion 
using CRISPR/Cas9 genome editing. Two sgRNA will be inserted into A. thaliana flanked by 
the U6-26 promoter and terminator with the aim to create two double stranded breaks and 
cause a large deletion in the genome. 
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The products of the fusion PCRs were used as a template to amplify fragments for use in the 

following USER reactions. The two sgRNAs required to delete a region in the genome was 

ligated using a USER rection with a 1-hour 16oC incubation period and transformation into E. 

coli by heat shock. No colonies grew for DChr3. For DTHAS twenty colonies were screened by 

a single colony PCR, Figure 47. Two colonies with positive AGE banding were identified 

(DTHAS-7 and DTHAS-10). Plasmids of both colonies were extracted and sequenced. Both 

DTHAS-7 and DTHAS-10 showed 98% sequence homology to the target sequence. The 

mismatches were identified in the vital sgRNA sequence shown in Figure 48.  

 

 

 

 

 

 

Figure 47: Agarose gel of amplification of fragments for use in fusion PCR and the fusion 
PCR. The amplification of individual DNA fragments (A) shows each PCR was successful, and 
size was correct by comparing to the 100 bp ladder. Products of successful fusion PCR (B). 

Figure 48: Agarose gel for colony PCR for DThas deletion construct. Agarose gels for the 
CRISPR/Cas9 deletion constructs targeting the thalianol, expected fragment size 1000bp 
(DThas).  
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Fragments were re-amplified with new primers and successfully fused as previously 

described, followed by a repeat of the USER reaction. Three colonies were positively selected 

for DChr3 and two for DTHAS, Figure 48. Plasmids of these colonies were extracted and 

digested with HindIII.  Four plasmids showed the expected digestion pattern (Figure 49C). 

Plasmids for two DChr3 colonies, 3 and 11, and one DTHAS colony, 2, were selected for 

sequencing. DChr3-11 showed 99% sequence homology to the reference template (base pair 

mismatches in the U6-26 promoter), and DChr3-3 and DTHAS-2 showed 100% sequence 

homology to the template. DChr3-3 and DTHAS-2 were used to transform A. thaliana using 

the floral dip method. This shows that a combination of USER reaction and fusion PCR can be 

used as a quick method to generate smaller constructs, that do not require long ligation 

incubation periods. 

Figure 49: Sequence alignment for DThas-10 sgRNA region. The alignment showing the 
mismatches of the thalianol deletion construct colony 10, at the vital sgRNA region. 
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3.2.2.3 Analysis of plants with deletions 

As described in section 3.2.1.4, Figure 40 seeds from transformed A. thaliana plants were 

collected and screened for a red seed coating, indicative of successful transformation.  

Subsequently, 15 red seeds were sown for DTHAS and 8 for DChr3, of which 11 germinated 

for DTHAS, and 8 for DChr3. Plant DNA was extracted from rosette leaves, and screening PCRs 

were performed to identify potential deletions, Figure 50. First, short PCRs across the Cas9 

restriction sites of DTHAS plants were carried out. However, all PCR products showed wild 

type AGE banding, indicating that no deletion occurred.   

 

Secondly, PCRs with primer targeting both border sites of the deletion were carried out. These 

would only result in a product if the deletions were generated. A selection of reactions were 

selected to provide an example of the results we obtained. For DTHAS multiple products of 

various sizes were obtained out of 22 plants tested, and for DChr3 3 out of 8 samples were 

negative for a deletion-specific signal. All eight DChr3 and four DTHAS PCR products were sent 

for sequencing. The sequencing results showed wild type sequence for all samples and as 

such, no deletions were successfully obtained. Notably, upon careful examination of the 

Figure 50: Agarose gel of colony PCR and restriction digest for deletion constructs. Single 
colony PCRs were used to confirm insertion of the fragments by USER cloning, both DThas (A) 
and DChr3 (B) showed bands of the correct size, confirmed by the 1kb DNA ladder. Plasmids 
also underwent HindIII digestion for confirmation (C) of size. Expected size for A and B is 950 bp. 
Expected digest pattern (C) 4652 and 3372 bp.  
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sequencing results, we detected one additional base pair in DChr3 plant number 3 inserted 

at the Cas9 target site, Figure 50. This indicates that the Cas9 enzyme was successfully guided 

to at least one target site, implicating the successful application of the system in principle. 

These reactions were repeated on T1 and T2 plants.  Between 100 and 400 plants were 

analysed for each deletion and plant generation. However, no deletions were detected.  

 

 

 

Figure 52: Sequence alignment showing additional base pair in DChr3 plant 3. The 
alignment shows the insertion of ‘T’ (green arrow) when compared to the template 
sequence (top row). 

 

Figure 51: Agarose gel electrophoresis, genotyping transformed A. thaliana. A. Shows the 
bands indicating no deletion at the thalianol gene cluster. B. Indicates bands showing no 
deletion at the Chr3 region. 
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3.3 Cluster disruption discussion 

3.3.1 Analysis T-DNA lines 

We analysed the gene expression for 19 T-DNA lines which cause insertional mutagenesis 

throughout the thalianol gene cluster, extending into the silencing inactive domain. Our aim 

was to identify key regulatory regions that aid in the co-regulation of the thalianol gene 

cluster at a DNA-level. Here, the outcome of the gene expression analysis will be discussed. 

 

3.3.1.1 Insertional mutagenesis of region upstream of THAA2 could contain a regulatory 

element 

Previous data had identified an active interacting 3D domain at the thalianol cluster formed 

in root cells. This domain encompasses the peripheral cluster gene THAA2, spanning 50 kb in 

size.167 We identified two T-DNA mutant lines upstream of THAA2 to investigate the 

boundaries of the interacting domain and its impact on cluster co-regulated gene expression, 

location shown in Figure 52. A reduction in expression of all five thalianol cluster genes was 

detected in the SALK_077790 insertion line. The T-DNA insertion is located approximately 4 

kB upstream of the THAA2 gene in this line. Changes in all the genes were moderate, but we 

found a statistically significant reduction in the THAA1 gene. Interestingly, when compared to 

cluster expression in SALK_071586, containing an insertion approximately 1,500 bp upstream 

of THAA2, no trend in gene expression changes was identified. By independent analysis of 

SALK_077790 we may hypothesize that the insertion has caused a 3D-conformation change 

and that this region is important for the folding of the 3D chromatin. However, as 

SALK_071586 led to no change in expression in a similar location it may be deduced that 3D 

domain formation is influenced by only very specific sites or other regulatory mechanism 

cause the change in expression.  Interestingly, our re-analysed ATAC-seq data (Figure 53) 

shows that SALK_077790 creates an insertion in an area of increased chromatin accessibility. 

Areas of increased chromatin accessibility indicate an important region for gene regulation216. 

The disruption of a histone modification binding site is considered unlikely as we do not find 

any potentially activating histone modification marks binding to this region when using our 

ReMap data.  
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Hi-C analyses of the thalianol cluster163, Figure 53, indicates that the region directly upstream 

of THAAS significantly interacts with the region between THAD and THAH in the roots, 

whereas in the leaves there is interactions towards the chromocenter. Chromocenters are 

usually found within the nuclear periphery and are associated with heterochromatin.217,218 

Interestingly, only Salk_071586 falls into this region of intrachromosomal interaction, 

whereas Salk_077790 does not.  This aligns with our finding that the T-DNA insertion in 

Salk_077790 falls into a highly accessible region. This suggests that disrupting the 

chromocenter-interacting region here, does not influence the regulation of the thalianol gene 

cluster. However, we predict that the region disrupted in Salk_077790 is a key binding domain 

for regulatory factors of the thalianol cluster. 

 

 

 

 

 

Figure 53: Circos plots showing the top 100 significant intrachromosomal interactions in the 
thalianol cluster in leaves and roots, identified using Hi-C. Each connection shows a 
significant interaction between two regions, yellow indicates an interaction towards the long 
arm of chromosome 5, blue represents interactions towards the chromocenter, while orange 
is intra-cluster interactions, grey shows any other interaction up to the top 100 significant. 
(Adapted from Nützmann et al, 2020) 
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3.3.1.2 Disruption in THAS leads to significant cluster change in specific positions only 

We show how three different mutations in the THAS gene lead to different outcomes for the 

expression of the thalianol cluster. All three T-DNA mutants led to dramatic reduction in THAS, 

however Salk_064244 showed no expression change in the other four thalianol cluster genes. 

Both, Salk_138058 and Salk_062770 showed increased expression of THAA1, THAD and THAH 

with the latter mutant showing more dramatic upregulation. This leads us to believe that the 

expression profile of THAS does not affect the expression profile of the genes within the same 

cluster, whether that could be due to feedback mechanisms. All the mutants are in a region 

of increased accessibility according to the ATAC-seq data. The three mutant lines 

SALK_062770, SALK_064244 and SALK_135058 are each in a different exon, 8, 9 and 12, 

respectively.  

 

Another factor for SALK_062770 causing a more significant change could be due to the 

insertion of multiple T-DNA insertions. A study showed that the average amount of insertions 

per T-DNA mutant lines was 1.8686, whereas previously it was only described as 1.587.219,220 

Having a larger insertion mutation than expected could lead to some mutants resulting in 

stronger results due to more disruption of the genome architecture and the potential binding 

region. This region is also more enriched with H3K4me3 and H3K18ac according to our ReMap 

data. These marks are both implicated as being gene activators39,221, and thus a mutation at 

this site would lead to downregulation of the gene, as seen, and potential indirect affects 

Figure 54: ATAC-seq data showing chromatin accessibility and the location of T-DNA line 
mutagen in the thalianol cluster. Thalianol cluster gene shown by green arrow, non-cluster 
gene in grey. Red box indicated the location of the T-DNA insertion. 
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causing dysregulation of the thalianol gene cluster. Regions less enriched with these marks 

may lead to a chromatin more accessible for polymerases, thus leading to upstream 

expression dysregulation.  

 

We also know from previous Hi-C data that THAS is the gene on the border of the intense 

interacting region in roots167. Thus, an insertional mutation in the bordering region could lead 

to a 3D conformational change, leading to increased expression of the cluster genes, 

excluding the interrupted gene THAS. Based on our results, we predict that there is a 

regulatory region around exon 8 to 9 of the THAS gene  

 

3.3.1.3 Reduced THAA2 doesn’t lead to sig change in gene cluster when in intron 

An insertion in the intronic region of THAA2 does not lead to any significant changes in the 

core thalianol cluster genes. This suggests that while the five genes are co-expressed, 

expression of individual genes is not a prerequisite for expression of the other genes. Due to 

the significant reduction in THAA2 transcripts, it can be certain that the mutant is causing 

disruption of THAA2. We see in Section 3.2.4.2, that multiple accessions with THAA2 

inversions show misregulation of the core cluster genes. This may indicate that disruption of 

the THAA2 gene itself is not important for the regulation of the thalianol gene cluster, 

however the architecture and orientation of the gene is of importance.  

 

3.3.1.4 Downstream THAD disruption leads to major thalianol gene cluster disruption 

The complete dysregulation of the peripheral and core thalianol cluster genes was found in 

two mutant lines 130 bp and 300 bp downstream of THAD. In the mutant closer to THAD all 

the cluster genes were downregulated, while in the other mutant we found almost no 

expression of THAD, lower THAA1 expression and in increase in the expression of THAA2, 

THAH and THAS. Hi-C data shows that the region that has been mutated is in an interacting 

region for the roots, therefore could lead to a conformation change in the 3D structure of the 

chromatin, thus disrupting the co-regulation of the cluster genes. Using ATAC-seq data it can 

also be confirmed that this is a region of higher accessibility in the roots. Regions that regulate 

gene expression are usually 5’ of the gene222, so it is interesting that a downstream region 

would cause disruption to the whole gene cluster.  However, some studies have shown 
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regulatory regions downstream of the gene, such as COP1 and HY5 that regulate light 

inducible gene expression.223 

 

Recently, a super enhancer was discovered 1000 bp upstream of the SALK_093786 

insertion224. Deletions in the super enhancers most accessible region to DNase I found 

downregulation of the four core cluster genes in one mutant line, but downregulation of the 

three upstream genes in another. Salk_149827 shows a similar expression profile to the 

mutant line #192 in the super enhancer.  It can be confirmed that these mutant lines are not 

directly mutating THAD as the expression profile of THAD does not cause cluster 

dysregulation. We predict that the location isn’t specifically causing the difference between 

the two mutant lines due to them only being around 200 bp apart, as well as Salk_149827 

being slightly further from the super enhancer and causing a similar expression profile.  

 

As previously mentioned, some T-DNA lines often contain multiple insertions which in this 

case could lead to different 3D chromatin confirmational changes, predictions depicted in 

Figure 54. When the insertions are at a similar locus and showing different expression 

patterns, thus leading us to assume that Salk_149827 contains a higher number of insertions 

than Salk_093786. The location at which both insertional mutations occurs contains intra-

cluster gene interactions between THAA2 and THAS163 allowing us to speculate the 

conformation of the mutants alongside our gene expression data. In Salk_093786 we predict 

that the insertion has led to a larger loop forming at the THAD locus. This may disrupt the 

chromatin loop for THAA1, creating a larger distance between both promoters and the super 

enhancer. THAD and its promoter will become looped out due to the insertion, thus further 

away from the super enhancer leading to almost no THAD transcripts detected. THAA1 will 

lose some contact with the enhancer leading to reduced expression. This leads to THAH, THAS 

and THAA2 being in closer proximity to the super enhancer, thus leading to increased 

expression. We speculate that In Salk_149827, the insertion (assumed to be multiple T-DNAs) 

has disrupted the looping of all the thalianol cluster genes resulting in loss of promoter-

enhancer contacts THAA1, THAD, THAH and THAS and reduced transcription. THAA2 

continues to loosely interact with the super enhancer and shows only minor expression 

changes.  
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3.3.1.5 THAH disruption 

Interestingly, an insert within the THAH gene close to the transcription start site led to 

increased expression of THAH appearing to facilitate transcription whereas a mutation 

upstream in the promoter region leads to downregulation. ATAC-seq data shows that both 

insertions are in a region of high chromatin accessibility, however the region inside the gene 

is more accessible. Salk_064244 is an insertion in the intron of THAS, meaning transcription 

of the gene can still occur. Although the mechanism is largely unknown, introns within 1 kb 

of the transcriptional start site have been found to have a positive effect on gene 

Figure 55:Depiction of the 3D chromatin architecture of the thalianol cluster, and the 
predicted structure based on transcript analysis of two T-DNA mutants. A. Shows the 
canonical 3D architecture of the thalianol gene cluster, the genes at the region and their 
promotors indicated, in green is the proposed super-enhancer. B. Is the predicted structure 
when there is a Salk_093786 insertion, based on reduced THAD expression. C shows the 
reduction of all the genes in the Salk_149827 insertion. T-DNA is indicated by the red box. 
(Created with BioRender.com) 
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expression225, called intron-mediated enhancement (IME). IMEs have also been found to have 

a role in gene looping to enhance transcription in budding yeast.226 The increased in 

accessibility shown in the intronic region in the ATAC-seq data has the possibility to be a IME. 

We suggest that the insertion in the intronic region has interrupted this intra genic looping 

caused by an IME leading to an increase in enhancement and increasing gene expression of 

THAH. Overexpression studies of THAS showed a reduced level of intermediates157, 

potentially explaining why there was a trend for reduction of expression in the other thalianol 

cluster genes when THAH is being overexpressed. 

 

While SALK_100156 is potentially in the promoter region for THAH leading to a reduction in 

its expression. Previous THAH knockout studies have shown accumulation of 3β,15-

thaliandiol T3 and 16-keto-thalianol227, which are produced from THAD, also meaning a 

possible overexpression of THAD. The insertion could have led to a conformational change in 

the 3D chromatin structure in which THAD is interacting more strongly with promoter regions 

thus leading to overexpression. 

 

3.3.1.6 Intergenic disruption of THAH and THAS 

Two mutant insertion lines approximately 500 bp apart show a similar expression profile of 

the thalianol gene cluster, with more pronounced changes in Salk_0444069 than 

Salk_081921. Both show a reduced expression in THAH and THAS possibly due to disruption 

of a bidirectional promoter, which will act as a promoter for both THAH and THAS. A more 

pronounced change in Salk_044069 could be due to an increase in T-DNA insertions, however 

this mutant is also in an area of more accessible chromatin in the roots, therefore is more 

likely to be a binding site for transcription machinery.216 Hi-C data163 shows that an intra-genic 

cluster interaction also occurs at this site, linking this region to THAA2, THAA1, THAS and the 

recently discovered super enhancer224. By causing a mutation in the area linking the promoter 

of THAH and THAS to the super enhancer we can expect a conformation change, as seen in 

Figure 55.   Looping is disrupted, and the promoter region is a greater distance from the super 

enhancer. Alongside this, Salk_044069 insertion is disrupting a H2A.Z and H3K18ac enriched 

region, as they have previously been implicated as gene activators, mutations in this site 

would lead to reduced expression of the directly adjacent genes as seen60,221. Both marks 

contribute to the loosening of the chromatin by neutralising the lysine’s positive charge and 
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by recruiting RNA polymerases10,52, thus reduction of these marks across genes within the 

thalianol cluster could lead to a more compact chromatin structure leading to the reduction 

in gene expression.  

 

 

Both mutants also interrupt a prominent SNP-dense region of the thalianol cluster that occurs 

in the intergenic region between THAH and THAS (Li, unpublished results). Interestingly, 

Salk_081921 also interrupts a transposable element. Transposable elements play a huge role 

in shaping the genomic architecture and regulating phenotypic variation, as well as regulating 

the expression levels of genes through either cis- or  trans- regulatory elements located within 

transposable elements sequences.228 In Aspergillus nidulans the penicillin cluster has been 

shown to be positively regulated by transposable elements, and deletion in this region lead 

to decreased penicillin production.229 Transposable elements are often associated with 

contributing to the formation of gene clusters due to their role in deletions, translocation and 

inversion, of which segmental duplication is thought to have led to the formation of the 

thalianol cluster.153 Although, we don’t know the function of this specific transposable 

Figure 56: Depiction of the 3D chromatin architecture of the thalianol cluster, and the 
predicted structure based on transcript analysis of a T-DNA mutant. A. Shows the canonical 
3D architecture of the thalianol gene cluster, the genes at the region and their promotors 
indicated, in green is the proposed super-enhancer. B. Is the predicted structure when there is 
a Salk_044069 insertion, based on reduced THAH and THAS expression. T-DNA is indicated by 
the red box. (Created with BioRender.com) 
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element, AT5TE70000, it is possible that this element can regulate the thalianol gene cluster 

due to the misregulation of the genes caused by a mutation at this site.  

 

3.3.1.7 Downstream intergenic region affects thalianol cluster gene expression 

When the cluster is inactive, in leaves, there is a large silencing domain which extends from 

THAA2 to the non-clustered and non-coexpressed genes PAT1 and OBE2 (At5g48150 and 

At5g48160)163, conformations shown in Figure 56. We suspect a regulatory region may occur 

between these two genes, thus stabilising the 3D conformation in leaves to silence the 

thalianol gene cluster. To better define this regulatory region three T-DNA mutant lines were 

analysed, Salk_126935, Salk_084373 and Salk_029884. Salk_029884 showed no change in 

gene expression across the thalianol cluster so will not be discussed. It is determined that the 

promoter region could be an important region for the silencing of the root cluster. The T-DNA 

line approximately 550 bp upstream of PAT1 causes significant upregulation of all five 

thalianol cluster genes whereas the mutant line 2500 bp upstream shows a trend for 

upregulation, with THAH being the only downregulated, however non-significantly. This could 

be due to minor disruption of the 3D structure or interruption of the potential regulatory 

region 1200 bp away. When this region is interacting with the thalianol cluster in leaves we 

can assume that it is acting as a repressor, however it is possible that when this region is not 

in contact with the cluster in roots, it is binding to an activator thus aiding the activation of 

the thalianol cluster. Although this region is 60 kb downstream from the cluster, chromosomal 

looping will allow regions a large distance away to interact.  

 

At5g48150 (PAT1 or phytochrome A signal transduction 1) is part of the plant specific GRAS 

regulatory protein family and controls basic plant developmental processes such as hypocotyl 

elongation.230 The GRAS protein family is named after its first three members, gibberellic-acid 

insensitive (GAI), repressor of GAI (RGA) and scarecrow (SCR)231, and 33 have been identified 

in A. thaliana.232 GRAS proteins have been found to have a diverse regulatory role as 

transcription factors233 in root and shoot development, gibberellic acid (GA) signalling and 

phytochrome A signal transduction.234 A subfamily of GRAS proteins, DELLA, represses gene 

expression by binding to PIF3 and PIF4 (phytochrome interacting factors) and forming an 

inactive complex, thus stopping them from binding to their target promotors. However, in the 

presence of GA, DELLA proteins are degraded allowing PIF3 and PIF4 to regulate gene 
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expression and promote growth.235,236 PAT1 has been described as specifically acting on the 

phyA-signalling pathway230 due to the inactivation of PAT1 leading to a similar phenotype as 

phyA mutant line. The studies also showed that PAT1 is not involved in the GA signalling 

pathway.230  

 

PAT1  has been identified in grapevine (Vitis) to regulate JA biosynthesis in the cold stress 

response.237 JA has been identified to play a key role in abiotic stress in plants, such as in 

cold238, but also in biotic stress, such as the regulation of cellular defence.239 Overexpression 

of the wild Amur grape (Vitis amurensis) PAT1 (known as VaPAT1) promotes JA biosynthesis 

to enhance cold stress resistance. Due to GRAS proteins often lacking DNA binding domains 

they often interact with intermediate domain (IDD) proteins to bind to DNA and regulate 

transcription of target genes.240  

 

JA is a stressed-induced phytohormone and plays a crucial role in plant immunity and 

defence241 has been shown to induce the activation of all five of the thalianol cluster genes.242 

A member of the Ethylene Response factor (ERF) ERF115 promotes root tissue regeneration 

controlled by MYC2-mediated JA signalling.243 A heterodimeric transcription factor complex 

has been shown to form with ERF115 and PAT1 (ERF115-PAT1) triggering cell division.244 

 

This provides evidence that in roots, when the thalianol cluster is active, a molecular network 

including PAT1 could be aiding the co-regulation of the clustered genes, thus when the 

promoter for this region is mutated dysregulation of the cluster occurs leading to 

overexpression. Future studies would be interesting to analyse knockouts of PAT1, alongside 

JA studies on the effect of the thalianol gene cluster.  
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Figure 57: Depiction of the 3D chromatin architecture of the thalianol cluster in roots (left) 
and leaves (right). The cluster is active in roots where the thalianol cluster is highly interacting 
within itself to coregulate the cluster. In leaves where the cluster is inactive, there is interaction 
with the downstream region to form a hairpin-like structure. (Created with BioRender.com) 

 

3.3.2 Accessions with similar architecture show differing expression profile 

To analyse whether the order of the thalianol cluster is important for the co-regulation of the 

genes, we investigated the expression levels of the cluster in four different accessions 

compared to the wild-type, Col-0. All four of these accessions have an inversion, leading to 

THAA2 being directly adjacent to THAA1. Interestingly, we find that when THAA2 is not 

expressed, THAA1 is being dramatically overexpressed in three of the accessions. There is also 

a similar trend for expression across the three other thalianol cluster genes, the most notable 

being an increased in expression of THAH. However, when THAA2 is displaying the same level 

of expression in Col-0 and the Sha accession, there was a reduction in THAA1 expression 

alongside a reduction in expression in THAD and THAS.  

 

A study looking into the orientation of 21 accessions showed that only three had the same 

orientation as Col-0, and in 17 THAS, THAH, THAO, THAA1, and THAA2 genes were 

contiguous159. These studies suggest that there was a chromosomal inversion to compact the 

thalianol cluster. Although THAA2 is often described as not being a core gene for the cluster 

its importance is clear and Hi-C data shows that there is a chromosome loop between THAA2 
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and THAA1163, which appears to be an imperative loop for the regulation of the thalianol gene 

cluster.  

 

For future studies, it would be interesting to look at the gene expression levels of the thalianol 

cluster as well as the other biosynthetic gene clusters to analyse how the gene order impacts 

expression. Other accessions should also be analysed, alongside obtaining more long-read 

sequencing data. Previously, the thalianol cluster has been described as being highly 

conserved, however we can conclude only the four core cluster genes are conserved. The 

change in expression across the cluster in different ecotypes could allow for the production 

of different thalianol derivatives. This may result in the establishment of unique root 

microbiomes 157 in different A. thaliana  accessions enabling survival in in distinct  ecological 

niches.  

 

We also speculate that the orientation and position of the genes are important for the co-

regulation, as when THAA2 is downregulated due to a T-DNA insertion (SALK-080717, Section 

3.2.3.2. Figure 12) there is not a change in expression for the four core cluster genes. 

However, when there was a chromosomal inversion, indicating that the orientation and 

distance from the thalianol cluster had changed, the expression profiles change dramatically.  

 

As the changes in the expression profile of the clusters will also lead to accumulation of 

potentially toxic intermediates106,115, the phenotypes of these ecotypes and T-DNA mutants 

should also be assessed. It is predicted that the genes within a cluster are ordered in a way to 

allow for co-regulation of the genes within the cluster171, thus reducing the likelihood of these 

toxic intermediates causing harm to the growth of the plant. However, our studies show that 

the expression profiles do vary between ecotypes. Although not seen in our analysis, 

overexpression of THAS leads to dwarfing of the plant.106 This leads us to believe that the 

overexpression of THAA1 as seen in An-1, Ler-0 and Kyo could lead to phenotypical changes 

such as a size difference when compared to Col-0. It would also be of interest to get a 

metabolic profile of the ecotypes as well as the T-DNA mutants to see how these changes 

affect the plant’s ability to produce thalianol.   
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3.3.3 CRISPR/Cas9 

The aim of this project was to create a CRISPR/Cas9 protocol alongside understanding the 

most efficient methods to create large constructs to generate deletions and insertions in A. 

thaliana. We utilised different methods to ligate DNA fragments together in search for the 

most effective way, and we conclude that a combination often works best. An extended USER 

cloning protocol using a lower number of DNA fragments, which had been gel purified, with 

a similar base pair size alongside long ligation times, electroporation and long colony growth 

periods was shown to be most effective when generating constructs with multiple fragments. 

Here, I will discuss the decision making and choice of protocol for construct design, 

improvements in the CRISPR protocol and the results we obtained. 

 

3.3.3.1 Construct design 

Due to the low efficiency of HDR in A. thaliana, CRISPR/Cas9 gene editing is often indicated 

as not being as effective, thus we attempted to design a construct with all the factors 

accounted for so that the genome can be edited successfully. One of the two most important 

features of CRISPR/Cas9 gene editing is the sgRNA, which guides the Cas9 endonuclease to 

the target site to create a double-stranded break in the DNA.180 To have maximum efficiency, 

an on-target score is also considered based on research which analysed sgRNA editing 

efficiency by a high-throughput analysis in mammalian cells245,246, therefore this was also 

evaluated to choose a guide with a high on-target score. Although ambiguous, it has also been 

suggested that a higher GC content within the guide leads to more efficient binding of the 

guide to the target sequence195,247 Thus we selected sgRNA based on the on-target score and 

a higher GC content where possible. The stability of the sgRNA is also a limiting factor in the 

CRISPR system and optimizing the sgRNA structure improves the interaction with the Cas9 

protein248. The whole sgRNA complex that binds to the Cas9 endonuclease is made up of the 

crRNA and tracrRNA, in which the crRNA corresponds to the target sequence and the 

tracrRNA is recognised by the Cas9.180 A redesign of the sgRNA included an additional 4 to 10 

bp fragment in the helix in the attempt to mimic the interaction between crRNA and tracrRNA, 

which was found to make the sgRNA complex more efficient in vivo.191 An sgRNA containing 

an A-T inversion to remove a TTTT potential termination signal and an extended Cas9-binding 

hairpin structure (Extension-Flip sgRNA) was compared to the ‘classic’ sgRNA, Figure 57, and 

the efficiency of the extension-flip sgRNA was found to be higher.195,248  Therefore, we used 
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the extension-flip sgRNA in our constructs. Increasing the efficiency of transcription of the 

sgRNA was also a quick way to increase efficiency. Thus, we aimed to use a promoter and 

terminator that allowed the sgRNA to be transcribed in all cells by RNA polymerase III.195 

Three genes, U6-1, U6-26 and U6-29, are transcribed by RNA polymerase III in A. thaliana. 

Using the 205 bp region upstream of the transcription start site of each gene, the promoter 

region, GUS expression levels were analysed driven by each promoter, and the promoter 

region for U6-26 was found to have the strongest activity. 249 Using the U6-26 promoter region 

(PU6-26) and varied lengths of regions downstream from the U6-26 gene, it was found that a 

region 67 bp in length was the most efficient.195 Thus, we used the 205 bp U6-26 promoter 

region and 67 bp U6-26 terminator region for regulating the transcription of the sgRNA in our 

constructs.  

 

 

3.3.3.2 A multi-step USER cloning protocol is more efficient to create large constructs 

Successful ligation of six DNA fragments into the vector using a combination of ligation 

methods, showed that USER cloning can effectively be used to create large constructs, 

however the method does have limitations. Fusion PCR was shown to be very effective to 

ligate smaller DNA fragments together, however it did produce some mismatches when the 

products were sequenced. Due to the speed of these reactions, repetition did not delay 

experimentation by long periods of time. USER cloning has been described as a simple, very 

Figure 58: Comparison of the original sgRNA and the Extension-Flip sgRNA. Diagram 
showing the differences between the original sgRNA compared to the Extension-Flip sgRNA. 
The Extension-Flip sgRNA has an A-T inversion and an extended hair-pin structure. (Adapted 
from Castel, 2019). 
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efficient method to seamlessly clone multiple PCR products into a vector208. However, little is 

available to troubleshoot the protocol besides efficiently designing the overhangs which 

complement the fragment to ligate to. To increase the efficiency of the reaction, DNA 

fragments were diluted to equimolar levels to account for the size difference between DNA 

fragments. We also identified that an extended ligation time, recommended is 1-hour208, of 

16-hours is more efficient to complete the ligation of larger DNA fragments. The USER 

reaction, however, has been shown to be less efficient with an increased number of DNA 

fragments to ligate, especially those of varying size. After multiple attempts with cloning all 6 

fragments in one USER reaction step, we deduced that either the number of fragments to 

ligate was too high or the different sizes of the fragments was affecting the efficiency. 

Following the alteration of our methodology to ligate a smaller number of fragments 

together, thus creating extra USER reactions steps and fragments of similar size (in base pairs), 

we identified a high efficiency of successful assembly of large constructs. We obtained a 90% 

efficiency rate using a multi-step USER cloning process, the only downside being that for some 

constructs we found multiple banding indicating the ligation of some but not all fragments 

into the vector. This, however, was easily resolved by re-spreading bacterial colonies onto 

new plates. Thus, we recommend that when ligating DNA fragments to create a large 

construct that small fragments are ligated using fusion PCRs and checked using sequencing 

alongside a multi-step USER cloning protocol with similar DNA fragment sizes.  

 

3.3.3.3 Effect of inserting regulatory region into different sites 

Our initial aim for the insertional CRISPR/Cas9 technology was to insert regulatory regions 

from the THAS gene in the thalianol gene cluster and the constitutively expressed gene 

PP2AA3. It has long been assumed that the promoter regions are responsible for holding the 

key regulatory information required for the expression of a gene250, however we previously 

identified in the thalianol gene cluster the possibility of regulators outside of these regions 

such as the super enhancer224. Although we are yet to confirm the location of the insertion, 

we show that inserting a promoter and terminator region of a gene with a well-defined 

expression profile into a region with alternate expression will change the expression profile 

of the regulatory regions. By inserting the promoter and terminator of the THAS gene that is 

exclusively expressed in the roots153, into the PP2AA3 region which is constitutively 

expressed251 we show the regulatory regions take on the expression profile of the 
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architectural environment, thus also becoming constitutively expressed in leaves and roots. 

We show that this isn’t just an effect of the regulatory elements being inserted into another 

location as when this is also inserted into the MRN cluster, there is only expression in the 

roots. We predict that the overall architectural environment of a genomic region holds more 

information than previously expected to aid in the regulation of the genes at that site. 

Although we did not genotype these plants for homozygosity, we the pattern we observed in 

the mutant plants is conserved across all plants in the respective mutant type. To further 

expand on this study, we first aim to confirm the location of the inserts, as well as also 

inserting the regulatory regions for the PP2AA3 gene into these locations. It would also be 

interesting to repeat with other promoter elements of the thalianol cluster and other genes 

from metabolic gene clusters. 

 

3.3.3.4 Deleting regions of DNA using CRISPR/Cas9 

Our aim was to create large deletions (around 30 kb) in the thalianol and in a region in 

chromosome 3 to determine the architecture’s importance in regulating gene clusters. 

However, we did not obtain any positive deletions. The system has been proved to work as 

we identified mismatches during sequencing at the sgRNA target sites. Although large-scale 

deletions of up to 120 kb have been reported in A. thaliana these are rare and a large number 

of plants need to be screened.252 Studies have shown that small deletions in A. thaliana of 

around 100 bp occur in much higher frequencies while large deletions between 5 kb and 120 

kb only occur in less than 1% of plants screened.252 The study also showed that a strategy 

incorporating multiple sgRNA for targeting a single loci also increased deletion efficiency in 

most cases. The complex chromatin architecture of these target regions may also lead to 

reduced efficiency in the capability of Cas9 acting as an endonuclease and sgRNA binding at 

these sites. To improve the efficiency of this experimentation in future to obtain large 

deletions, more sgRNA should be inserted in one construct, and a larger number of plants 

should be screened. Multiple smaller deletions may also be carried out, rather than 

attempted to create a 30 kb deletion in one step, a study showed a 12 kb deletion had a 51% 

success rate.253 Our studies largely focused on T1 plants, however the efficiency of obtaining 

deletions was found to be higher in the screening of T2 plants.254  

 

 



Page 131 of 258 
 

 

  



Page 132 of 258 
 



Page 133 of 258 
 

4 Histone modification marks  

4.1 Overview 

In section 3, we explored how sequence integrity of the thalianol cluster may contribute to 

the co-regulation of clustered genes. Here, we aim to analyse and predict key chromatin 

regulators of the thalianol cluster that may directly or indirectly shape co-regulation and 

three-dimensional chromatin structure. The patterning of histone modification marks across 

chromatin has been shown to influence chromatin architecture by either relaxing or 

compacting chromatin.255 For example, the acetylation of histone lysine residues, typically 

linked to actively transcribed genes, is suggested to lower the positive charge of the histone 

tail and therefore reducing the interaction between histones and negatively charged DNA.255 

As described in the background section, methylation of histone marks has a more complex 

regulatory output with lysine residues being  mono-, di- or tri-, methylated256 For example, 

H3K4me3 labelling is highly correlated with transcriptionally active genes while H3K27me3 

marks are predominantly found at repressed genes.257 

 

The deposition and removal of histone marks are carried out by transferases and 

deacetylation/demethylation enzymes, respectively.258 Lysine specific demethylase 1 (LSD1) 

was the first histone demethylase described259.The Jumonji C (JMJC)-domain containing 

demethylase family is the largest gene family associated with histone demethylation.260  

 

4.1.1 Histone demethylases  

4.1.1.1 LDL1 and LDL2 

In animals only two LSD encoding genes are found, LSD1 and LSD2. In contrast, the A. thaliana 

genome contains four homologs of LSD1 called LSD1-Like (LDL) 1-3 and FLD (flowering locus 

D), each encoding for  flavin-containing amine oxidases and SWIRM domains.259 The SWIRM 

domain is found in a high number of proteins which regulate chromatin, however its function 

is not yet known261. LSD histone demethylases of A. thaliana have  been implicated in several 

developmental and stress defence processes, such as LDL1 in root elongation and lateral root 

initiation.262,263 The LDL1 in A. thaliana specifically demethylates H3K4me2 and H3K4me1 and 

can interact with SET-domain methyltransferases to form co-repressor complexes.264,265 They 

have been described to be involved in flowering time control, seed dormancy, auxin 
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homeostasis, the circadian clock, the immune response, and root development. LDL1 and 

LDL2 have been shown to work redundantly in repressing seed dormancy by reducing H3K4 

methylation levels.266 Loss of LDL1 and LDL2 leads to an upregulation of target genes267. LDL3 

specifically demethylates H3K4me2, however this change hasn’t been shown to affect gene 

expression, however it does facilitate later activation of genes that act to form shoot 

progenitors.268 The fourth homolog, FLD, has been shown to function as a deacetylase and 

demethylase to control flowering time269. 

 

4.1.1.2 Jumonji C (JMJC)-domain containing demethylases 

JMJ proteins can demethylate mono-, di- and tri- methylated lysine residues.270 21 JMJ 

histone demethylases, which are categorised into five groups, have been identified in A. 

thaliana  thus far.271 The five groups are KDM5 (lysine-specific demethylase), KDM4, KDM3, 

JMJD6 (Jumonji-domain containing 6) and the JMJC domain-only group. The categorisation is 

based on JMJC domain sequences and architecture. Proteins within a group tend to show 

similar target specificity for histone modifications.271,272 JMJ type demethylases have been 

shown to be involved in gene repression and developmental regulation.273 

 

4.1.1.2.1 JMJ14 

JMJ14 is a histone demethylase suggested to be involved in the coordination of H3K4me3 

levels at target loci. It have been shown to be an important regulator of local and systemic 

plant immune response, flowering time as well as transcriptional and posttranscriptional gene 

silencing.274–276277 It has been speculated that at plant defence genes JMJ14 is involved in both 

methylation and demethylation of H3K4, therefore, playing a role in gene activation and gene 

silencing.277 JMJ14 mutant leads to reactivated transgenes which are usually silenced by post-

translational gene silencing, resulting in a reduced level of H3K9K14Ac levels at target loci.278 

Endogenous loci typically regulated by JMJ14 show an increased H3K4me2/3 levels in the 

mutant, however transgene loci show unchanged H3K4me2 and a decrease in H3K4me3, 

indicating the availability for other H3K4 demethylases to act on these transgenes in the 

absence of JMJ14. 278 
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4.1.1.2.2 JMJ15 

The three JMJ demethylases, JMJ15, JMJ15 and JMJ18 have all been shown to have 

H3K4me2/3 demethylase activity and regulate diverse aspects of chromatin function and 

development.275,279,280 It has been shown that an increased expression of JMJ15 leads to 

downregulation of H3K4me2/3-marked stress-related genes.281 In JMJ15 overexpression 

lines, 23 significantly up-regulated and 164 significantly downregulated genes compared to 

the wild type were detected, indicating a repressive role of JMJ15 in gene regulation.281 This 

is in accordance with H3K4 demethylation activity of JMJ15.  

 

4.1.1.2.3 JMJ16 

JMJ16 is a H3K4me1/2/3 demethylase which is associated with leaf senescence and the 

maintenance  of a reactive oxygen species homeostasis in A. thaliana282–284 Overexpression 

of JMJ16 results in a global decrease in di- and tri- methylated H3K4 but an increase in 

H3K4me1 levels. The occupancy of JMJ16 is taken up by the demethylation of H3K4me2/3, 

thus H3K4me1 is not demethylated, leading to its enhanced levels285. A genome-wide RNA-

seq analyses of Col-0 and a JMJ16 mutant line revealed 3355 genes upregulated and 2594 

downregulated in the mutant line, out of 15988 and 15842 genes mapped in the wild-type 

and JMJ16 mutant respectively.285 Alongside this, it was shown that in the JMJ16 mutant 

H3K4me3 levels were increased for 4539 genes when compared to the wild-type.  370 of 

these genes were also linked to transcriptional upregulation, suggestive of a direct role of 

JMJ16  in regulating these loci.285 

 

4.1.1.2.4 JMJ17 

Like JMJ16, JMJ17 is a H3K4me1/2/3 specific demethylase286, as in the JMJ17 mutant there 

was a substantial reduction in H3K4me1/2/3 levels but no changes in the levels of H3K27me3, 

H3K36me3 or H3K9me3.287 A. thaliana JMJ17 is known to play a crucial role in the response 

to dehydration stress and abscisic acid (ABA) signalling.  JMJ17 is selectively  expressed in the 

veins of cotyledons, hypocotyls and roots at the seedling stage, and in in leaves, primary and 

secondary roots in later plant growth stages.287 It has been shown that JMJ17 is recruited to 

specific target loci by the WRKY40 (WRKY DNA-Binding protein 40) transcription factor. 286,288  
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4.1.1.2.5 JMJ27 

Recently, JMJ27 has been characterised as a H3K9 demethylase that modulates both plant 

defence and flowering time 289 JMJ27 has been shown to reduce H3K9me1/2/3 methylation, 

with the rate of demethylation higher for H3K9me1 and H3K9me3 than H3K9me2.289 

Importantly, JMJ27 does not show  demethylation activity  against H3K4, H3K27, H3K36, H3R2 

and H4R3. The early flowering phenotype of JMJ27 mutants were shown to be due to 

enhanced levels of H3K9me2 levels at the promoters of the key flowering genes FLC and CO 

(Constans) promoter. JMJ27 has also been found to regulate several WRKY transcription 

factors, such as WRKY25.289 

 

4.1.1.2.6 JMJ30 and JMJ32 

JMJ30 and JMJ32 are suggested to be involved in the demethylation of H3K27. Both enzymes 

are involved in the regulation of the developmental switch between vegetative and 

reproductive growth and expression of the flowering gene FLC. JMJ30 and JMJ32 are 

ubiquitously expressed in A. thaliana282. Overexpression of JMJ30 and JMJ32 leads to reduced 

H3K27me3 levels.290 Transcriptome profiling revealed that JMJ30/JMJ32 show an activating 

function in gene expression in accordance with their role in the demethylation of the 

repressive chromatin mark H3K27me3.290–292 

 

4.1.1.3 Histone methyltransferases 

 

All histone methyltransferases use a similar catalytic mechanism. The human genome 

encodes for five methyltransferases. The signature motifs of methyltransferases are 

conserved between plants and animals.293 The conserved SET (Su(var) 3‐9,E(z),Trithorax) 

domain mediates the transfer of the methyl group onto lysine or arginine residues of the 

histone tail.294 SDG (SET domain group) proteins are a large family of methyltransferases in 

plants. This family is divided into the subfamilies E(z), ASH1, TRX and SU(VAR)3-9,  in which A. 

thaliana contains 37 proteins.295 The E(z) subfamily encodes for three methyltransferases  in 

A. thaliana - Curly Leaf (CLF), Medea (MEA) and Swinger (SWN). These  form the  Polycomb 

Repressive Complex 2 (PRC2) protein complex that is trimethylating H3K27 and is associated 

with  gene repression.296 The Trithorax group (TrxG) subfamily has several functional 
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categories, such as chromatin remodelling, histone methyltransfer and demethylation.297 

These enzymes can catalyse di- or trimethylation of H3K4me or H3K36, and are considered to 

have PcG antagonistic effects on gene expression.298 The Ash subfamily also functions through 

TrxG and acts on H3K36, H3K27 and H3K4 methylation.299–301 The Suv subfamily contains the 

largest set of genes with more complicated structures than the other subfamilies.296 This 

family of proteins is primarily located in heterochromatin and can carry out mono- and 

demethylation of H3K9, H3K27 and H4K20.302 

 

4.1.1.3.1 ATX  

There are five conserved Trithorax-type histone H3K4 methyltransferase in A. thaliana, ATX 

1-5 (Arabidopsis trithorax 1-5), which can further be divided into two subgroups: ATX1/2 and 

ATX3/4/5.303 The promotion of H3K4 trimethylation and transcriptional activation of FLC to 

suppress flowering involves ATX1 and ATX2.304 ATX 4 and 5 are closely related to each other, 

whereas ATX3 is distantly related to ATX4, and they function redundantly in vegetative and 

reproductive development.303,305 ATX1/2 are of different origin than ATX3/4/5, and ATX1/2 is 

likely to have originated from chromosomal segmental duplication.303 Alongside this, ATX1, 

ATX4 and ATX5 have been implicated in the signalling response to abscisic acid and in 

dehydration tolerance.306 ATX4/5 has been found to associate with a class of chromatin 

remodellers, INO80307. INO80 (Inositol requiring 80) has been implicated in transcriptional 

regulation, DNA replication and repair in A. thaliana307. COMPASS (Complex proteins 

associated with Set1) are known to catalyse H3K4 methylation in A. thaliana308. The histone 

H3K9me2 demethylase JMJ24 has been found to be responsible for acting as a bridge protein 

to assemble COMPASS on INO80 with the accessory subunits ATX4/5.307 Unlike ATX4 and 

ATX5 single mutants which present a wild type morphology, ATX4/5 double mutant show 

retarded growth when compared to the Col-0 wildtype. A triple mutant of ATX4/5 and JMJ24 

shows a further pronounced growth retardation a significantly shortened flowering time. 

Genome-wide ChIPseq analyses showed that about 12 % of H3K4me3 marked genes lose this 

chromatin modification in the triple ATX4/5 and JMJ24 mutant compared to the wild type.  

 

Although ATX3, ATX4 and ATX5 have all been  implicated in H3K4me3 methylation, recent 

data also suggest that these proteins are involved in dimethylation of H3K4 in A. thaliana.305 

ATX3/4/5 triple mutants present morphological abnormalities past 2 weeks of growth are 
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significantly  smaller than the wild-type, are produce small leaf rosettes.305 Levels of both 

H3K4me2 and H3K4me3 marks are consistently reduced in the triple mutant compared to the 

wild-type In contrast, H3K4me1, H3K9me2, H3K27me3 and H3K36me3 levels are  not changed 

in ATX3/4/5. ATX3, ATX4 and ATX5 act redundantly and operate in a dosage-dependent 

manner. ATX5 exhibits a stronger effect than ATX4 and ATX3 due to it being the only single 

mutant to show a decrease in H3K4me2/3, although this could be due to ATX5 being more 

highly expressed305.  

 

4.1.1.3.2 SDG2 

SDG2 is a histone methyltransferase. It plays a crucial role in both sporophyte and 

gametophyte development.309 Loss of function SDG2 mutants display fully sterile plants that 

are smaller than the wild-type. SDG2 mutant plants show drastically reduced levels of 

H3K4me3, slightly reduced level of H3K4me2, enhanced levels of H3K4me1, yet unchanged 

levels of H3K36me1, H3K36me3, and H3K27me3.  

 

4.1.1.3.3 SDG4 

SDG4 is associated with the methylation of H3K4 and H3K36me3. The SDG4 mutant line shows 

a significant reduction in H3K4me2/3 and H3K36me3.310 It has been shown to be crucial for 

pollen germination and growth of the pollen tube310,311. It is suggested to function in 

conjunction with other proteins to methylate its target histone residues 310,312  

 

4.1.1.3.4 SDG25 

SDG25 is a methyltransferase suggested to be involved in the di-and trimethylation of H3K4 

and H3K36. SDG25 has been shown to be regulator of the flowering genes FLC, LFC and FT. As 

such, it plays in important role in the control of flowering time in A. thaliana. 313   

 

4.1.2 Project aims 

A wide range of enzymes modify and interact with chromatin to regulate gene expression. 

Here, we aim to identify the key chromatin modifications and chromatin modifying enzymes 

that are involved in   the co-regulation of metabolic gene clusters in A. thaliana. To achieve 

this goal, we apply a combination of bioinformatics and molecular genetics approaches.  
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4.2 Identification of key histone modification marks 

To identify the histone modification marks that are associated with metabolic gene clusters 

in A. thaliana, we analysed 143 publicly available histone modification datasets. These 

datasets enable us to monitor the distribution of 23 individual chromatin marks across the 

exemplar A. thaliana metabolic gene clusters thalianol, marneral and arabidiol/baruol. These 

three clusters consist of independent and different sets of metabolic genes covering 35 – 120 

kb of DNA on chromosomes 4 and 5. To map the chromatin datasets to our target clusters, 

we used the ReMap database that provides consistently pre-analysed data tracks for all 

modification marks (https://remap2022.univ-amu.fr/about_atha_page ). However, it should 

be noted that the majority of experiments were carried out under different conditions. As 

control regions for the analyses of the datasets, we used 100 random regions across the 

genome that were selected by random number generation for gene locus, chromosome, and 

region size (between 20,000 and 200,000 bp). The average enrichment of histone 

modification for the 100 random regions was used as a baseline control for statistical analysis. 

A hypergeometric statistical test was applied to score the probability of histone modification 

enrichment within our regions of interest (gene cluster) compared to the randomly expected 

modification enrichment (random region or whole genome). The null hypothesis is that there 

is no significant difference between the number of histone modification marks in the target 

region of interest compared to randomly selected regions. The null hypothesis can be rejected 

if the P-value (P) is equal to zero and accepted if the P-value is equal to one.  

 

First, we performed the outlined analyses independently for the thalianol cluster associated 

active domain and the thalianol cluster associated inactive domain, using the co-ordinates of 

the domains based on previously published Hi-C data140 (see Section 3.2.1.1, Figure 8 and 

Table 19). Then, we analysed chromatin modification enrichment across all three gene 

clusters. For each analysis, we determined the fold enrichment of marks at our target regions 

compared to the whole genome.    

 

As a result of our analyses, overview shown in Figure 58, we were able to identify a core set 

of chromatin marks that is enriched in all three cluster regions analysed. Amongst these 
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marks, we identified H3K18ac and H3K4me3 – histone modification marks that have not been 

implicated as regulators of metabolic gene clusters before. Our data also confirms that 

H3K27me3 is a repressive cluster mark. 163 
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Random 

region

Arabidiol 

cluster

Marneral 

cluster

Inactive 

thalianol 

domain

Active 

thalianol 

domain

H2A-Z 13 days 1 1.5 1.0 1.5 1.8 > 1.5

H2A-Z  3 weeks 1 1.4 1.1 1.3 1.7 < 0.6

H2A.Z 1 1.6 1.0 1.4 1.7 No change

H2A.Z 3 weeks 1 1.4 1.1 1.2 1.6

H2A 3 weeks 1 0.2 0.8 1.5 0.3

H2A.X 3 weeks 1 0.3 1.0 1.3 0.0

H3-3 4 weeks 1 0.3 0.8 1.8 0.1

H3ac 4 weeks 1 0.7 0.6 1.4 0.3

H3K4me3 1 0.6 0.8 1.6 0.6

H3K27me3 1 0.6 0.5 1.3 0.2

H3K27me3 20 days 1 3.4 2.3 1.3 3.3

H3K36me3 1 0.6 0.5 1.2 0.7

H3K36me3 3 weeks 1 0.4 0.8 1.4 0.2

H3K36ac 35 days 1 0.5 0.6 1.6 0.5

H2A.Z 6 days 1 1.3 1.0 1.1 0.9

H2A.Z 10 days 1 1.4 1.1 1.3 1.1

H2AK121ub 7 days 1 1.2 0.9 1.3 1.5

H3-1 10 days 1 1.1 0.9 1.1 0.9

H3-3 10 days 1 0.5 0.9 1.4 0.5

H3 3 weeks 1 0.9 1.0 1.3 0.6

H3K9ac 10 days 1 1.9 0.9 1.6 0.5

H3K9me2 10 days 1 2.8 1.3 0.8 1.1

H3K14ac 10 days 1 0.9 0.6 1.5 1.1

H3K18ac 12 days 1 8.5 4.5 1.9 3.7

H3K23ac 3 days 1 1.5 2.7 1.4 0.0

H3K27ac 12 days 1 1.3 0.7 1.4 0.3

H3K27me1 20 days 1 0.2 0.7 0.2 0.2

H3K27me3 7 days 1 4.4 3.1 1.4 4.1

H3K27me3 10 days 1 4.4 3.1 1.3 4.0

H3K27me3 12 days 1 5.1 3.5 1.5 4.6

H3K27me3 14 days 1 5.6 3.5 1.6 4.8

H3K36me3 10 days 1 0.3 0.8 0.4 0.5

H4ac 6 days 1 0.5 0.6 1.4 0.3

H4K5ac 12 days 1 0.6 0.5 1.4 0.5

H4K8ac 12 days 1 0.6 0.5 1.4 0.4

H4K12ac 12 days 1 0.7 0.5 1.4 0.4

H3ac 4 weeks 1 0.7 0.6 1.4 0.3

H3ac 7 days 1 0.8 0.6 1.4 0.4

H3K4me3 5d 1 3.1 2.4 1.2 2.3

H3K4me3 14 days 1 2.6 0.2 1.0 0.0

H3K27me3 5 days 1 0.4 0.8 1.3 0.2

H3K27me3 5 days 1 0.9 0.6 1.5 1.1

H3-3 2 weeks 1 0.3 0.7 1.6 0.3

H3K27me3 30 hours 1 3.5 2.5 2.1 6.8

Aerial

Leaf

Seedling

Root

Whole 

plant

Figure 59: Overview of histone modification mark enrichment in different A. thaliana tissue. 
Blue represents so change in the histone modification mark in comparison to the randomly 
selected regions, green represents an enrichment greater than 1.5 and orange represents a 
decrease less than 0.6. 
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4.2.1 Comparing the thalianol interacting region to the thalianol cluster  

Using the number of marks across a region of interest of a specific size, the fold enrichment 

of that region was calculated compared to the marks across the whole genome. The values 

were then normalised to that of the random regions, thus allowing to see the enrichment of 

marks across the region of interest.   

 

First, H2A histone marks and its variants were analysed, shown in Figure 59. H2A.Z has been 

shown to be a major regulator of transcription and control of chromatin architecture. 

Furthermore, it has been shown that it can exert  both active and repressive functions on 

gene transcription314. In the leaves of both the active and inactive thalianol domains there is 

enrichment of H2A.Z when compared to the random region. The level of H2A is enriched in 

the inactive thalianol interacting region but is reduced in the active thalianol cluster in leaves. 

Interestingly, we also see a reduction in H2A.X at the active thalianol cluster in leaves. 

 

Figure 60: Enrichment of H2A variants across the core thalianol cluster and downstream 
interacting region. Using data obtained from ReMap we analysed the enrichment of H2A 
variants across the five thalianol cluster genes (active thalianol domain) and the larger 
downstream region (inactive thalianol domain) that interacts with the cluster when it is 
repressed. Fold enrichment was determined against the histone variant enrichment across the 
100 randomly selected regions for comparison, indicated by the dotted line. Plant material 
used for analyses is indicated by leaf (L), seedling (S) or aerial part and the time at which the 
sample was taken in days (d) or weeks (W). 
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Next, we looked at histone H3 enrichment across our target regions (Figure 60). In leaves, 

seedlings and whole plant, H3-3 levels are reduced in the active thalianol cluster domain when 

compared to the inactive thalianol interacting region in seedlings and whole plant. The 

histone H3-3 variant has been implicated in active gene transcription315, therefore, reduced 

levels at the thalianol cluster in leaves are as expected, and a higher number in the larger 

inactive domain where other genes are being expressed. Acetylation of H3 (H3ac) is also 

implicated in active gene transcription316. H3ac levels are indeed low in the thalianol cluster 

whereas the interacting region exhibits H3ac levels similar to the random control region. 

Surprisingly, H3ac levels remain stable in both roots and leaves.  

Figure 61: Enrichment of H3 variants and H3ac across the core thalianol cluster and 
downstream interacting region. Using data obtained from ReMap we analysed the number 
H3 variants and H3ac across the five thalianol cluster genes (active thalianol domain) and the 
larger downstream region (inactive thalianol domain) which interacts with the cluster when 
it is repressed. Fold enrichment was determined against the histone variant enrichment 
across the 100 randomly selected regions for comparison, indicated by the dotted line. Plant 
material used for analyses is indicated by leaf (L), seedling (S), whole plant (W) or root (R) 
and the time at which the sample was taken in days (d) or weeks (W). 
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We next analysed H3K4me3 levels. H3K4me3 is a canonically associated with gene 

activation.317,318 Our analyses show that H3K4me3 is enriched at the thalianol cluster in  roots, 

whereas its levels are reduced in leaves, Figure 61.  

 

In contrast to H3K4me3 levels, H3K27me3 is a well-known repressor of transcriptional 

activity. Indeed, it has been experimentally shown to be involved in metabolic gene cluster 

repression161. Multiple datasets shown an enrichment of this mark at the thalianol cluster 

leaves when the cluster is silenced, Figure 62. In roots, when the cluster is expressed, a 

significant reduction in H3K27me3 levels can be observed. Interestingly, H3K27me3 levels in 

the large thalianol interacting region remain consistent across all time points and material 

types.  

 

 

 

 

 

Figure 62: Enrichment of H3K4me3 marks across the core thalianol cluster and 
downstream interacting region. Using data obtained from ReMap we analysed the number 
H3K4me3 marks across the five thalianol cluster genes (active thalianol domain) and the 
larger downstream region (inactive thalianol domain) which interacts with the cluster when 
it is repressed. Fold enrichment was determined against the histone variant enrichment 
across the 100 randomly selected regions for comparison, indicated by the dotted line. Plant 
material used for analyses is indicated by leaf (L) or root (R) and the time at which the sample 
was taken in days (d). 
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H3K9ac, H3K14ac, H3K23ac, H3K18ac and H3K27me1 have all been previously implicated as 

gene activators, while H3K9me2 acts as a gene repressor318–321. Here we have detected a 

lowered enrichment of H3K27me1 in seedlings in both thalianol regions that were analysed 

when compared to the random region, Figure 63. We find that H3K9ac and H3K27ac levels 

are reduced in the thalianol cluster but enriched in the inactive thalianol interacting region. 

No H3K23ac signals can be detected at the thalianol cluster, while H3K23ac levels throughout 

the larger interacting region are comparable to the random control regions in seedlings. 

Interestingly, in the 12-day old seedling data for H3K18ac there is a large increase in marks at 

Figure 63: Enrichment of H3K27me3 marks across the core thalianol cluster and 
downstream interacting region. Using data obtained from ReMap we analysed the number 
H3K27me3 across the five thalianol cluster genes (active thalianol domain) and the larger 
downstream region (inactive thalianol domain) which interacts with the cluster when it is 
repressed. Fold enrichment was determined against the histone variant enrichment across the 
100 randomly selected regions for comparison, indicated by the dotted line. Plant material 
used for analyses is indicated by leaf (L), seedling (S), whole plant (W) or root (R) and the time 
at which the sample was taken in hours (h) or days (d). 
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the active thalianol cluster region. The H3K4me2 mark shows similar enrichment levels for 

both investigated regions to the random control regions.  

Figure 65: Enrichment of H3K36me3 and H3K36ac marks across the core thalianol cluster 
and downstream interacting region. Using data obtained from ReMap we analysed the 
number H3K36me3 and H3K36ac across the five thalianol cluster genes (active thalianol 
domain) and the larger downstream region (inactive thalianol domain) which interacts with 
the cluster when it is repressed. Fold enrichment was determined against the histone variant 
enrichment across the 100 randomly selected regions for comparison, indicated by the dotted 
line. Plant material used for analyses is indicated by leaf (L) or seedling (S) and the time at 
which the sample was taken in days (d) or weeks (W). 

Figure 64: Enrichment of H3K9ac, H3K9me2, H3K14acm H3K18ac, H3K23ac, H3K27ac and 
H3K27me1 marks across the core thalianol cluster and downstream interacting region. 
Using data obtained from ReMap we analysed the number H3K9ac, H3K9me2, H3K14acm 
H3K18ac, H3K23ac, H3K27ac and H3K27me1 marks across the five thalianol cluster genes 
(active thalianol domain) and the larger downstream region (inactive thalianol domain) which 
interacts with the cluster when it is repressed. Fold enrichment was determined against the 
histone variant enrichment across the 100 randomly selected regions for comparison, 
indicated by the dotted line. Plant material used for analyses is indicated by seedling (S) and 
the time at which the sample was taken in days (d). 
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The activation mark, H3K36me3, has the potential to be an important activator of the 

thalianol cluster due to its antagonistic role .322 In the leaves for the active thalianol domain 

there is reduced enrichment when compared to the randomly selected region and the 

inactive domain, indicating H3K36me3’s role in activation, Figure 64. Root specific data is not 

available; however, it is notable that seedling data, including both root and leave material, 

shows a reduction in H3K36me3 enrichment in the inactive domain compared to the active 

domain. The enrichment in both domains, however, is lower than in the randomly selected 

regions.  The H4ac, H4K5ac, H4K8ac and H4K12ac marks have all been implicated active gene 

expression.323 The data we obtained for these histone modification marks are all seedling 

specific, Figure 65.   All four marks showed an increased enrichment in the silencing inactive 

domain and decreased levels in the active domain. These marks have the potential to be 

involved in thalianol cluster regulation, however as we do not have separate root and leaf 

data it cannot be confirmed. 

 

Figure 66: Enrichment of H4ac, H4K5ac, H4K8ac and H4K12ac marks across the core thalianol 
cluster and downstream interacting region. Using data obtained from ReMap we analysed 
the number H4ac. H4K5ac, H4K8ac and H4K12ac marks across the five thalianol cluster genes 
(active thalianol domain) and the larger downstream region (inactive thalianol domain) which 
interacts with the cluster when it is repressed. Fold enrichment was determined against the 
histone variant enrichment across the 100 randomly selected regions for comparison, indicated 
by the dotted line. Plant material used for analyses is indicated by seedling (S) and the time at 
which the sample was taken in days (d). 
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4.2.2 Marks across all clusters 

To understand if biosynthetic gene clusters in Arabidopsis thaliana have a signature histone 

modification code, histone modification mark data was also analysed for the marneral and 

arabidiol clusters.  

 

Across all the marks shown in Figure 66 it appears that the thalianol and arabidiol cluster 

follow a similar pattern for H2A histone modification marks. In leaves both the arabidiol and 

thalianol clusters show an enrichment in H2A.Z, no change in H2A.Z in seedlings and a 

decrease in H2A and H2A.X when compared to the randomly selected region. Interestingly, 

Figure 67: Enrichment of H2A variants across the arabidiol, marneral and thalianol cluster. 
Using data obtained from ReMap we analysed the number H2A variants across the arabidiol, 
marneral and thalianol gene cluster. Fold enrichment was found compared to the whole 
genome and normalised to the 100 randomly selected regions for comparison, indicated by 
the dotted line. Plant material is indicated by leaf (L), seedling (S) or aerial part and the time 
at which the sample was taken in days (D) or weeks (W). 



Page 149 of 258 
 

the marneral cluster showed the same pattern as the randomly selected region for these 

histone modification marks.  

 

As previously noted, the H3.1 histone variant did not show significant differences in 

enrichment at the thalianol cluster compared to our controls, Figure 67. We detected this 

pattern consistently across all three clusters. The H3ac mark showed a lowered enrichment 

in the leaves and roots of all three clusters. We observed a similar trend for H3.3 marks in 

leaves, seedlings and whole plants. Notably, the marneral cluster showed least reduction 

across all three datasets.   

Figure 68: Enrichment of H3 variants and H3ac variants across the arabidiol, marneral and 
thalianol cluster. Using data obtained from ReMap we analysed the number H2A variants 
across the arabidiol, marneral and thalianol gene cluster. Fold enrichment was found 
compared to the whole genome and normalised to the 100 randomly selected regions for 
comparison, indicated by the dotted line. Plant material is indicated by leaf (L), root (R), whole 
plant (W) or seedling (S) and the time at which the sample was taken in days (d) or weeks (W). 
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H3K4me3 chromatin modifications show strong enrichment across all three clusters in roots, 

Figure 68. In leaves, the activation mark is slightly reduced when compared to the random 

region.  

 

Figure 69: Enrichment of H3K4me3 marks across the arabidiol, marneral and thalianol 
cluster. Using data obtained from ReMap we analysed the number H2A variants across the 
arabidiol, marneral and thalianol gene cluster. Fold enrichment was found compared to the 
whole genome and normalised to the 100 randomly selected regions for comparison, 
indicated by the dotted line. Plant material is indicated by leaf (L) and root (R) and the time at 
which the sample was taken in days (d). 

Figure 70: Enrichment of H3K9ac, H3K9me2, H3K14acm H3K18ac, H3K23ac, H3K27ac and 
H3K27me1 marks across the arabidiol, marneral and thalianol cluster. Using data obtained 
from ReMap we analysed the number H2A variants across the arabidiol, marneral and 
thalianol gene cluster. Fold enrichment was found compared to the whole genome and 
normalised to the 100 randomly selected regions for comparison, indicated by the dotted 
line. Plant material is indicated by seedling (S) and the time at which the sample was taken 
in days (d). 
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With the exception of H3K18ac, which showed consistent enrichment, we observed variable 

enrichment pattern at the clusters for the activating marks H3K9ac, H3K14ac, H3K23ac, and 

H3K27me1, Figure 69.  Interestingly, we saw significant enrichment at the arabidiol cluster 

for H3K9 ac an H3K9me3 and strong enrichment for H3K23ac at the marneral cluster.  

 

 

The repressive chromatin mark H3K27me3 in contrast showed strong enrichment at all 

clusters in leave and seedling stages, Figure 70. 

Figure 71: Enrichment of H3K27me3 across the arabidiol, marneral and thalianol cluster. 
Using data obtained from ReMap we analysed the number H2A variants across the arabidiol, 
marneral and thalianol gene cluster. Fold enrichment was found compared to the whole 
genome and normalised to the 100 randomly selected regions for comparison, indicated by 
the dotted line. Plant material is indicated by leaf (L), root (R), whole plant (W) or seedling (S)  
and the time at which the sample was taken in hours (h) or days (D). 
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The activation chromatin mark marker, H3K36me3, is decreased in all three clusters in the 

leaves and whole plant, Figure 71. 

 

 

Figure 72: Enrichment of H3K36me3 marks across the arabidiol, marneral and thalianol 
cluster. Using data obtained from ReMap we analysed the number H2A variants across the 
arabidiol, marneral and thalianol gene cluster. Fold enrichment was found compared to the 
whole genome and normalised to the 100 randomly selected regions for comparison, indicated 
by the dotted line. Plant material is indicated by leaf (L) or seedling (S) and the time at which 
the sample was taken in days (d) or weeks (W). 

Figure 73: Enrichment of H4ac, H4K5ac, H4K8ac and H4K12ac marks across the arabidiol, 
marneral and thalianol cluster. Using data obtained from ReMap we analysed the number 
H2A variants across the arabidiol, marneral and thalianol gene cluster. Fold enrichment was 
found compared to the whole genome and normalised to the 100 randomly selected regions 
for comparison, indicated by the dotted line. Plant material is indicated by seedling (S) and the 
time at which the sample was taken in days (d). 
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For all three activating marks, H4ac, H4K5ac, H4K8ac and H4K12ac, we detected a stable 

depletion across all clusters, Figure 72.  

 

4.3 Selection of histone modification writer and eraser mutants 

Based on our ReMap studies, four histone modification marks were selected for mutant 

analysis: H3K9, H3K4, H3K27 and H3K36. A literature screen was carried out (Section 4.1) to 

identify key enzymes responsible for the deposition or removal of the methyl group of these 

marks. Mutant lines for these key enzymes were then selected and analysed for their 

expression pattern in our regions of interest. The mutant lines and the reasoning for their 

selection will be described in the following section, Table 26.   

 

4.3.1 Histone modification mutant’s transcript analysis  

In the following section, we will describe the results of our comparative analysis of the 

thalianol cluster transcript levels in wild type and histone modifier mutant plants. 

Homozygous mutant lines were used throughout, shown in 4.3.13.  

 

 

 

 

Mutant line 
Protein 

mutated 

Function of 
mutated 
protein 

References 

Salk_149692 SDG25 H3K36me2/3 
transferase 

Combinatorial functions of diverse histone 
methylations in Arabidopsis thaliana flowering time 

regulation (Shafiq et al, 2014) 
Salk_003313 JMJ32 H3K27me3 

demethylase 
Jumonji demethylases moderate precocious 

flowering at elevated temperature via regulation of 
FLC in Arabidopsis (Han et al, 2014) 

Salk_092672 JMJ27 H3K9me1/2 
demethylase 

JMJ27, an Arabidopsis H3K9 histone demethylase, 
modulates defense against Pseudomonas syringae 

and flowering time (Dutta et al, 2017) 

Table 26: Proposed modifiers of the metabolic gene cluster histone modifications. Top 

section is the histone modifiers we analysed; bottom is proposed modifiers to look at in future 

experiments. 
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SAIL_535_F09 JMJ16 H3K4me3 
and H3K9 

demethylase 

The Histone H3K4 Demethylase JMJ16 Represses Leaf 
Senescence in Arabidopsis (Liu et al, 2019) 

Salk_021008 SDG2 H3K4 
transferase 

Arabidopsis SET DOMAIN GROUP2 Is Required for 
H3K4 Trimethylation and Is Crucial for Both 

Sporophyte and Gametophyte Development (Berr et 
al, 2010) 

Salk_117262 ATX2 H3K4 
transferase 

ATX3, ATX4, and ATX5 Encode Putative H3K4 
Methyltransferases and Are Critical for Plant 

Development (Chen et al, 2017) 
Salk_034869 LDL1 H3K4 

demethyase 
Two Arabidopsis Homologs of Human Lysine-Specific 

Demethylase Function in Epigenetic Regulation of 
Plant Defense Responses (Noh, 2014) 

Salk_135831 LDL2 H3K4 
demethyase 

Two Arabidopsis Homologs of Human Lysine-Specific 
Demethylase Function in Epigenetic Regulation of 

Plant Defense Responses (Noh, 2014) 
GK_128H01 ATX3 H3K4 

demethyase 
ATX3, ATX4, and ATX5 Encode Putative H3K4 
Methyltransferases and Are Critical for Plant 

Development (Chen et al, 2017) 
Salk_029530 JMJ16 H3K4 

demethyase 
The Histone H3K4 Demethylase JMJ16 Represses Leaf 

Senescence in Arabidopsis (Liu et al, 2019) 
GK_229F03 JMJ15 H3K4 

demethyase 
Over-expression of histone H3K4 demethylase gene 
JMJ15 enhances salt tolerance in Arabidopsis (Shen 

et al, 2014) 
GK_143H01 ATX3 H3K4 

demethyase 
ATX3, ATX4, and ATX5 Encode Putative H3K4 
Methyltransferases and Are Critical for Plant 

Development (Chen et al, 2017) 
GK_663C11 JMJ15 H3K4 

demethyase 
Over-expression of histone H3K4 demethylase gene 
JMJ15 enhances salt tolerance in Arabidopsis (Shen 

et al, 2014) 
Salk_128444 SDG4 H3K4 

demethyase 
The Arabidopsis SDG4 contributes to the regulation 
of pollen tube growth by methylation of histone H3 
lysines 4 and 36 in mature pollen (Cartagena et al, 

2008) 
Salk_135712 JMJ14 H3K4 

demethylase 
JMJ14 encoded H3K4 demethylase modulates 
immune responses by regulating defence gene 

expression and pipecolic acid levels     

Salk_067880 ino80 Chromatin 
remodeller 

COMPASS functions as a module of the INO80 
chromatin remodeling complex to mediate histone 
H3K4 methylation in Arabidopsis (Shang et al, 2021) 

Salk_060156 ATX4 H3K4 
transferase 

COMPASS functions as a module of the INO80 
chromatin remodeling complex to mediate histone 
H3K4 methylation in Arabidopsis (Shang et al, 2021) 

CS831182 ATX5 H3K4 
transferase 

COMPASS functions as a module of the INO80 
chromatin remodeling complex to mediate histone 
H3K4 methylation in Arabidopsis (Shang et al, 2021) 
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Salk_021260 JMJ24 demethylase JMJ24 antagonizes histone H3K9 demethylase 
IBM1/JMJ25 function and interacts with RNAi 

pathways for gene silencing (Audennet et al, 2017) 
Salk_149002 ATX1 H3K9 

demethylase 
ATX3, ATX4, and ATX5 Encode Putative H3K4 
Methyltransferases and Are Critical for Plant 

Development (Chen et al, 2017) 
Salk_135712 JMJ14 H3K4 

demethylase 
JMJ14 encoded H3K4 demethylase modulates 
immune responses by regulating defence gene 

expression and pipecolic acid levels 
Salk_11455 JMJ14 H3K4 

demethylase 
JMJ14 encoded H3K4 demethylase modulates 
immune responses by regulating defence gene 

expression and pipecolic acid levels 

 

 

4.3.2 Genotyping 

To confirm homozygosity of T-DNA insertional mutants, the mutant line was genotyped by 

PCR using leaf DNA using T-DNA line specific left and right primers (LP and RP, respectively). 

An insertion-specific primer (LBb1.3) and the RP was used to confirm the insertion, a 

homozygous mutant will only have a positive result for LBb1.3 and RP, a heterozygous mutant 

will have a positive result for both primers and a wild-type will have only a positive result for 

LP and RP. All amplification products were within the expected size ranges of 410-710 bp for 

the mutant lines and 900-1100 bp for the wild type, as listed in 

http://signal.Salk.edu/tdnaprimers.2.html. We identified at least one homozygous mutant for 

15 lines, Figure 73, which will be used in subsequent gene expression analysis. 

http://signal.salk.edu/tdnaprimers.2.html
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Figure 74: Agarose gel of genotyping T-DNA mutant lines. To ensure homozygous mutants, T-
DNA insertion mutants were genotyped. Name of respective T-DNA line is indicated on the left. 
Numbers indicate individually tested plant for each line., A refers to the LP + RP PCR reaction which 
will only amplify a product in  wild-type DNA, B refers to the LP + LBb1.3 PCR reaction which will 
only amplify a product in the mutant DNA. A single band in A is wild-tpe DNA, a band in both A 
and B indicates a heterozygous mutant and a single band in B is a homozygous T-DNA mutant. 
Expected band size: 500 – 750 bp (A), 1000- 1500 bp (B). 

Figure 73 continued… 
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4.3.2.1 Transcript analysis of histone modification enzymes in the thalianol cluster 

To assess if the mutated enzymes identified in Table 26 are responsible for the regulation of 

the metabolic gene clusters in A. thaliana we will analyse the change in transcript expression 

in each T-DNA mutant line. First, we analysed the change in expression pattern for THAD, then 

if we deemed the mutant line of interest, we analysed the five thalianol cluster genes and the 

flanking, not co-regulated gene, GFA2. 

4.3.2.1.1 Loss of H3K9 demethylase misregulates the thalianol gene cluster 

 

 

H3K9me1/2 is a known repressive histone modification mark in A. thaliana, and are enriched 

in areas of heterochromatin.22,324 JMJ27 is a H3K9me1/2 demethylase and JMJ16 exhibits 

H3K9 demethylation activity. As expected, mutation in JMJ27 using Salk_092672 resulted in 

significant (P < 0.05) increased gene expression, Figure 74, of THAD compared to the wild 

type. This may implicate that JMJ27 is acting to regulate the thalianol gene cluster by 

maintaining the repression of the cluster, as a mutation in this gene affects the THAD gene 

expression.  

 

Figure 75: Transcript analysis of two H3K9 demethylase T-DNA mutants, JMJ17 and JMJ16-
1. Gene expression of THAD (At5g47990) was measured by qPCR and compared to the wild-
type (Col-0) transcript level and normalised to 1. An internal control was used, PP2AA3 
(AT5G13320). Error bars indicate standard error of the mean for three biological replicates. 
Statistical significance (paired t-test): *P < 0.05, **P < 0.01. 
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H3K9me3 and H3K4me3 have both been implicated as transcriptional activators in A. 

thaliana23,39 in which JMJ16-1 has been implicated in the demethylation of both285. Although 

non-significant, the JMJ16-1 mutant line, SAIL_535_F09, shows a trend for downregulation of 

THAD, suggesting a removal of the activation markers (potentially H3K9me3 and H3K4me3) 

at this site. To further investigate the impact of the loss of JMJ16-1 on cluster expression 

levels, we analysed transcript levels across the entire thalianol cluster and its flanking genes, 

Figure 75.  

 

  

We detected a consistent reduction in transcript levels across the four core cluster genes 

THAA1, THAD, THAH, THAS. However, the changes to transcript levels were not significant 

due to the high variation between biological replicates and the use of two biological 

replicates, THAH (P = 0.09) and THAS (P-0.07). Notably, neither the non-core cluster gene, 

THAA2, nor the cluster flanking gene, GFA2, showed changes in transcript levels. This suggests 

that JMJ16 could be acting as a regulator of the four core thalianol cluster genes by depositing 

the activation markers H3K4me3 and H3K9me3. 

 

Figure 76: Transcript analysis of a H3K9 demethylase T-DNA mutant, JMJ16-1, across the 
thalianol gene cluster and flanking gene. Gene expression of THAD (At5g47990) was 
measured by qPCR and compared to the wild-type (Col-0) transcript level and normalised to 
1. An internal control was used, PP2AA3 (AT5G13320). Error bars indicate standard error of 
the mean for two biological replicates. Statistical significance (paired t-test): *P < 0.05, **P < 
0.01. 
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4.3.2.1.2 H3K4me3 demethylases show varied transcript changes 

 In our ReMap analysis, sections 4.2.1/4.2.2, we identified H3K4me3 to be enriched in the 

thalianol gene cluster in roots. To further investigate the potential role of H3K4me3 in gene 

cluster regulation, we selected 9 A. thaliana lines with individual mutations in H3K4me3 

demethylase encoding genes, Figure 76. We tested each line for the expression of the THAD 

gene in comparison to the wild type. Three of the nine lines tested showed no significant 

difference in THAD gene expression, indicating that LDL1, LDL2 and JMJ16, are not involved 

in thalianol gene cluster regulation. As we would predict for demethylase mutants, two of the 

mutant lines showed a trend for increased THAD expression, with SDG4 showing significantly 

increased THAD transcript levels (P < 0.01). JMJ14 showed a moderate, yet non-significant 

increase of THAD expression. JMJ14 and JMJ16 will be further investigated. 

 

Interestingly and counterintuitively for a loss of H3K4me3 demethylation activity, we 

detected a decrease in THAD expression for four mutant lines, harbouring ATX3 and JMJ15 

mutations. Three of the four lines showed a significant (P < 0.05) downregulation of THAD. 

These lines were chosen to be investigated further. 

 

* *
**

**

0

0.5

1

1.5

2

2.5

3

3.5

LDL1 LDL2 ATX3-1 JMJ16 JMJ15 ATX3-2 JMJ15-3 SDG4 JMJ14

R
el

at
iv

e 
n

o
rm

al
is

ed
 e

xp
re

ss
io

n

Col Mutant line

Figure 77: Transcript analysis of nine H3K4me3 demethylase T-DNA mutants on THAD 
expression. Gene expression of the five thalianol cluster genes, and the flanking gene, GFA2, 
was measured by qPCR and compared to the wild-type (Col-0) transcript level and normalised 
to 1. An internal control was used, PP2AA3 (AT5G13320). Error bars indicate standard error of 
the mean for three biological replicates. Statistical significance (paired t-test): *P < 0.05, **P 
< 0.01. 



Page 161 of 258 
 

Of the lines that showed no changes to THAD transcript levels, we analysed the whole 

thalianol cluster expression levels for JMJ16, Salk_029530, Figure 77. None of the four core 

cluster genes showed significant changes to transcript levels compared to the wild type.  

Interestingly, transcript levels for both flanking genes were significantly increased (P < 0.05). 

This may indicate regulatory role of JMJ16 on the flanking genes rather than the thalianol 

cluster.  
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Figure 78: Transcript analysis of a H3K4me3 demethylase T-DNA mutant, JMJ16-3, across the 
thalianol gene cluster and flanking gene. Gene expression of the five thalianol cluster genes, 
and the flanking gene, GFA2, was measured by qPCR and compared to the wild-type (Col-0) 
transcript level and normalised to 1. An internal control was used, PP2AA3 (AT5G13320). Error 
bars indicate standard error of the mean for three biological replicates. Statistical significance 
(paired t-test): *P < 0.05, **P < 0.01. 
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Figure 79: Transcript analysis of a H3K4me3 demethylase T-DNA mutant, JMJ14, across the 
thalianol gene cluster and flanking gene. Gene expression of the five thalianol cluster genes, 
and the flanking gene, GFA2, was measured by qPCR and compared to the wild-type (Col-0) 
transcript level and normalised to 1. An internal control was used, PP2AA3 (AT5G13320). Error 
bars indicate standard error of the mean for three biological replicates. Statistical significance 
(paired t-test): *P < 0.05, **P < 0.01.  
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The JMJ14 H3K4me3 demethylase mutant325, shows an unexpected increase in three of the 

thalianol cluster genes, THAA1, THAD and THAS, and the flanking gene, GFA2, where only 

THAS increase was significant due to the variation between biological replicates (P < 0.05), 

Figure 78. We also detected a decrease in transcripts for THAD, which would be expected for 

this line, indicating that this mutation potentially misregulates the thalianol gene cluster, 

however the target is unlikely to be by H3K4me3. 

 

Next, the four mutant lines, ATX3 and JMJ15, that showed reduction in THAD (three of which 

were significant) transcripts were analysed further, Figure 79. Three of the lines showed a 

consistent trend for lowered transcript levels across the four core thalianol cluster genes. 

Most of these were significantly reduced (P < 0.05), aside from ATX3-1 THAS (P = 0.07) and 

JMJ15 THAH (P = 0.057). Interestingly, JMJ15-3 only showed a significant reduction in THAH 

and THAS (P < 0.05) and no change in the other genes tested, suggesting only a partial 

mutation in the demethylase. The two flanking genes, THAA2 and GFA2, showed no significant 

Figure 80: Transcript analysis of two H3K4me3 demethylases T-DNA mutant, JMJ14, across 
the thalianol gene cluster and flanking gene. Gene expression of the five thalianol cluster 
genes, and the flanking gene, GFA2, was measured by qPCR and compared to the wild-type 
(Col-0) transcript level and normalised to 1. An internal control was used, PP2AA3 
(AT5G13320). Error bars indicate standard error of the mean for three biological replicates. 
Statistical significance (paired t-test): *P < 0.05, **P < 0.01. 
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change in gene expression in all four mutant lines compared to the wild type, indicating  a 

cluster specific regulatory effect.  

 

4.3.2.2 Unexpected changes in gene expression  

4.3.2.2.1 Mutation in activation mark transferase leads to up minor regulation  

Our ReMap analysis indicated that H3K4me3 is enriched at the thalianol, marneral and 

arabidiol/baruol gene clusters. This conserved pattern indicates a role of H3K4me3 in cluster 

regulation. Therefore, we decided to assess transcript levels of an exemplar cluster gene 

THAD in two H3K4 methyl transferase mutants, SDG2 (Salk_021008) and ATX2 (Salk_117262). 

We predicted decreased expression levels of THAD as a loss of methyltransferase activity 

would lead to reduced H3K4me3 levels. However, in both the ATX2 and SDG2 mutant plants, 

we detected slightly elevated non-significant transcript levels for the THAD gene, Figure 80. 

This indicates that both SDG2 and ATX2 could act in a non-canonical way leading to 

upregulation of THAD.  

 

 

Figure 81: THAD transcript analysis in two H3K4 methyltransferase T-DNA mutants, SDG2 
and ATX2. Relative transcript levels of THAD (At5g47990) were measured by qPCR and 
compared to the wild-type (Col-0) transcript level and normalised to the internal 
controlPP2AA3 (AT5G13320). Error bars indicate standard error of the mean for three 
biological replicates. Statistical significance (paired t-test): *P < 0.05, **P < 0.01. 
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4.3.2.2.2 SGD25 mutant lead to THAD upregulation 

Our ReMaP data identified low levels of H3K36me3 in the thalianol active domain in leaves. 

As there was no root data available, we decided to analyse a H3K36 methyltransferase mutant 

to assess the potential impact in cluster expression. The methyltransferase SDG25 is 

associated with H3K36me2/3, a mark likely linked with active gene transcription.29  To our 

surprise, THAD transcript levels significantly (P < 0.01) increased in SDG25, Figure 81. Thus, 

we hypothesis a non-canonical role for either SDG25 or H3K36me3 at this location.  

 

4.3.2.2.3 JMJ32 mutation leads to THAD upregulation  

H3K27me3 has already been implicated as a repressor of the thalianol cluster. To identify 

potential key regulatory enzymes of H3K27me3 modifications at the cluster we analysed the 

JMJ32 demethylase mutant line.140 The JMJ32 gene encodes for a demethylase implicated in 

the removal for methyl residues of H3K27me3. Similarly, to our results obtained for the 

SDG25 mutant line, we detected a counterintuitive expression pattern for THAD in the JMJ32 

mutant line. Loss of demethylation activity should result in enhanced H3K27me3 methylation 

and more pronounced gene silencing. However, our transcript analyses show a mild yet 

significant increase in THAD transcript levels in JMJ32 compared to the wild type, Figure 82.   

This could be due to an increase in H3K27me2, as the methylation if being removed, the 

function of which is not fully understood.326  

Figure 82: Transcript analysis of a H3K36me3 methyltransferase T-DNA mutants, SDG25, on 
THAD expression. Gene expression of the thalianol cluster gene, THAD, was measured by 
qPCR and compared to the wild-type (Col-0) transcript level and normalised to 1. An internal 
control was used, PP2AA3 (AT5G13320). Error bars indicate standard error of the mean for 
three biological replicates. Statistical significance (paired t-test): *P < 0.05, **P < 0.01. 
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Next, we will analyse the histone modification mark changes in one of the histone 

modification mutants, using ChIP as an exemplar of how downstream experiments could be 

carried out on all mutants of interest. 

 

4.3.2.3 Chromatin immunoprecipitation sonication optimisation  

To experimentally validate our bioinformatic analyses of cluster specific chromatin marks 

combined with our findings for changes of expression in a mutant line across the thalianol 

gene cluster, we set out to perform gene specific chromatin immunoprecipitation (ChIP) 

experiments. To realise this, we firstly had to establish the ChIP protocol in our lab. A crucial 
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Figure 83: Transcript analysis of a H3K27me3 demethylase T-DNA mutants, JMJ32, on THAD 
expression. Gene expression of the thalianol cluster gene, THAD, was measured by qPCR and 
compared to the wild-type (Col-0) transcript level and normalised to 1. An internal control was 
used, PP2AA3 (AT5G13320). Error bars indicate standard error of the mean for three biological 
replicates. Statistical significance (paired t-test): *P < 0.05, **P < 0.01. 
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step in this method establishment was the optimisation of chromatin sonication conditions. 

To analyse chromatin mark enrichment by ChIP, it is important to shear chromatin into 

segments of 250 – 500 bp. Chromatin shearing is performed by chromatin sonication. To 

optimise the sonication protocol, we carried out multiple test sonications on Col-0 A. thaliana 

separated roots and leaves. In Table 27 all tested sonication conditions are shown. By running 

the sheared DNA obtained from the test sonication runs, on an agarose gel we were the able 

to identify the optimal conditions for use in chromatin immunoprecipitation experiments. The 

first set of sonication test conditions indicated that the best condition for shearing root 

derived DNA was five cycles of 10 seconds on and 90 seconds off or eight cycles of 5 seconds 

on and 90 seconds off.  Unfortunately, DNA concentrations were low and banding pattern not 

fully visible. For leaf derived DNA, all conditions showed insufficient shearing with significant 

levels of DNA banding from 500 to 1000 bp. Due to the inconclusive experimental results, we 

repeated the sonication tests with additional conditions. The second round of sonication 

experiments identified five cycles of 10 seconds on and 90 seconds off as the optimal shearing 

DNA condition for root samples and being eight cycles of 15 seconds on and 90 seconds off 

for leave samples. These conditions resulted in strong signals at the target size range between 

250 and 500 bp and no enrichment of larger DNA segments, Figure 83.  These conditions were 

applied for all subsequent ChIP experiments. 

 

 

Sample On (seconds) Off (seconds) Cycles 

Root 5 90 5 
10 5 
15 5 
5 2 
5 5 
5 8 

leaf 10 90 2 
10 8 
10 5 
5 5 

            None 
3 90 3 
3 6 
5 5 

10 2 
3 3 

Table 27: Sonication conditions trialled for shearing chromatin. 
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4.3.2.4 H3K4me3 is more prevalent across the thalianol gene cluster in Col-0  

Following ChIP we carried out qPCR analysis on the DNA fragments remaining in the sample 

to identify those enriched with H3K4me3, compared to the control H3, Figure 85. We included 

three control genes in our analyses: the ubiquitously expressed Acn and PP2AA3 genes, GFA2 

cluster neighbouring gene and the At5g47970 cluster intervening gene. H3K4me3 is known 

to be enriched at transcriptional start sites, so primers were designed to occupy the start of 

the gene of interest, however some primers were also located towards the end of the gene 

for comparison.327 Intergenic regions were also included due to data obtained in section 3.2.3. 

Two biological replicated were used for leaves and two for roots. Due to the low number of 

replicates, we decided not to perform statistical significance analyses.   

 

A. 

B. 

Figure 84: Agarose gel of sonicated chromatin under different shearing conditions and in root 
and leaf material. The first set of sonication conditions (A) did not show strong banding for 
sheared DNA, however in the second set of conditions (B) we could identify banding around 250 
and 500 bp. Therefore, identifying conditions to be used in subsequent experiments. Size of bands 
confirmed using a 1kb ladder, sizes of bands indicated to left of gels. 
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First, we compared H3K4me3 levels across genes in the wild-type, Col-0, between, in roots 

(where the thalianol gene cluster is active) and leaves (where the cluster is inactive), Figure 

85A. There was a dramatic increase in the percentage change of H3K4me3 enrichment in the 

control genes, Acn, PP2AA3 start site and GFA2 in leaves and lesser so in roots, which is 

expected as they are constitutively expressed, this could indicate more efficient chromatin 

extraction in roots than leaves. The thalianol cluster had more transcripts for roots than 

leaves at the gene start sites, and an equal level in intergenic regions.  

 

Next, we compared the transcripts from the JMJ14 H3K4me3 demethylase mutant leaves and 

roots Figure 85B. Surprisingly, there was a very dramatic increase in the percentage change 

of H3K4me3 enrichment in the leaves of the control genes than in the roots, but low H3K4me3 

across the whole thalianol cluster, aside from the At5G47970 gene. 

 

To see the change between Col-0 and JMJ14 mutant, the percentage change between leaves 

and then for roots were compared. In leaves we can identify that those changes in the control 

genes are drastic in the JMJ14 mutant compared to the Col-0. While in the root the 

percentage change appears similar but an increase in the JMJ14 mutant.  

 

To assess this change between roots and leaves, a normalised (to enrichment of H3K4me3 at 

PP2AA3 start site) fold enrichment for Col-0 and JMJ14 mutant determined, Figure 85E. This 

shows the extent of the increase in H3K4me3 enrichment across the thalianol cluster genes 

in the JMJ14 mutant in the roots, as expected by a H3K4me3 demethylase. The change in 

marks between leaf and root in both Col-0 and JMJ14 are very similar in the control genes, 

surprisingly the fold change is high at the end of PP2AA3. In our transcript analysis for JMJ14, 

section 4.4.2.3, we noted an increase in expression for THAA1, THAD, and THAS which can be 

accounted for by the potential increase of H3K4me3 at these sites in the mutant. However, 

interestingly, there is an increase at THAH, whereas we noted a decrease in expression for 

this gene.  
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4.4 Discussion 

4.4.1 Histone modification marks 

4.4.1.1 H2A variants  

In A. thaliana there are four main types of H2A variants, H2A, H2A.Z, H2A.X, and H2A.W each 

have distinct functions in regulating the chromatin structure, here we focus on H2A, H2A.Z 

and H2A.X due to data availability. H2A.X is associated with heterochromatin whereas H2A.Z 

and H2A are largely linked with euchromatin.328 In Arabidopsis leaves at the three 

biosynthetic clusters analysed there is a reduced enrichment of H2A and H2A.X but an 

increased enrichment of H2A.Z. The thalianol, marneral and arabidiol clusters have been 

found to be enriched in the activation mark, H2A.Z. When the mark is depleted or defective 

at these regions then the cluster genes are strongly downregulated, in a cluster-specific 

pattern, not including the flanking genes.161 Although we do find a slight increased 

enrichment of the H2A.Z mark in leaf material in both the active thalianol cluster domain, 

which is atypical due to the clusters not being active in leaves, we also find a reduction in both 

H2A and H2A.X. A. thaliana nucleosomes are typically homotypic, thus only contain a single 

H2A variant, thus if H2A.X and H2A are depleted, H2A.Z will be deposited at his region.42 H2A.Z 

has also been implicated to have repressive properties depending on its localisation within 

the genes in response to environmental stimuli.329 H2A.X has mainly been found to play a role 

in the DNA damage response, and there is lack of evidence in its function in the regulation of 

gene transcription, 330 thus it is unsurprising to see a reduction of this mark across the clusters. 

To better understand H2A enrichment at metabolic gene clusters, it would be important to 

obtain enrichment data for roots. However, as H2A.Z levels remain high in roots, we predict 

that H2A levels remain low at expressed clusters.  

 

4.4.1.2 H3K4me3 

Previously, studies investigating histone modification marks across the biosynthetic gene 

clusters deemed that the H3K4me3 mark did not have a strong enrichment across the 

activated genes.163 However, our data analysis shows a clear increase in H3K4me3 in roots 

where the cluster is activated, and a reduction in leaves where the cluster is silenced, this 

pattern also extends to the marneral and arabidiol gene clusters. Studies have shown that 

H3K4me3 is increased at genes which are associated with the response to hormones, such as 
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ABA, JA and ethylene.327 The thalianol gene cluster has been shown to be enhanced in A. 

thaliana roots in response to JA treatment.331 In addition, H3K4me3 has been found to be 

enriched in metabolic gene clusters in rice genomes and in Fusarium and Aspergillus.332 In 

section 3.3.1.4, we identified how disruption of a region near a proposed super-enhancer 

region lead to misregulation of the thalianol gene cluster224, in mammalian cells, super-

enhancers have been linked with a strong association to H3K4me3 for activation.333 We 

suggest that this mark could be a key regulator of metabolic gene clusters, thus should be 

further investigated. 

 

4.4.1.3 H3K27me3 and H3K18ac 

The repressive marker H3K27me3, has been implicated in the silencing of metabolic gene 

clusters.167 Accordingly, we have identified strong H3K27me3 enrichment at all clusters in 

datasets associated with the silenced pathway. It was found that these regions of the 

genomes were characterised as belonging to B compartments in wild-type plants334. 

H3K27me3 is already a known mark across the three metabolic gene cluster, thalianol, 

marneral and arabidiol, as well as in clusters in rice and maize.163 Studies in wild-type A. 

thaliana and a H3K27me3-depleted mutant, identified that an intrachromosomal interaction 

between the marneral and thalianol gene cluster was strongly elevated in the wildtype 

compared to the mutant. Indicating that H3K27me3 plays a role in connecting clusters in 3D 

space.163 H3K27me3 is typically associated with facultative heterochromatin, and in repressed 

TADs in Drosophilia.335 In the fungus, Neurospora crassa loss of H3K27me2/3 altered the 

genome architecture, in particularly at the sub telomeric regions which seems to play a role 

in maintaining overall genome conformation.336 The loss of H3K27me3 marks lead to re-

localisation of sub telomeric regions towards the nuclear interior and up-regulation of its 

target genes.336  

 

4.4.1.4 H3K18ac  

In our ReMap analysis we identified an enrichment of the activation mark, H3K18ac in 

seedlings across the three metabolic gene cluster, thalianol, marneral and arabidiol, also an 

increase in the thalianol active domain compared to the inactive domain.337 H3K18ac also acts 

as a prerequisite for DNA demethylation338,339, by opening up the chromatin the demethylase 
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can access the DNA, and is enriched at transcriptional start sites for transcription activation. 

In A. thaliana both H3K27me3 and H3K18ac have been found to co-localise at the same region 

to form novel bivalent chromatin.337  Studies have shown that both modification marks are 

required to determine the timing of gene expression and metabolite accumulation in the early 

stages of a response to stress stimuli. The clustered metabolic pathway, camalexin340, is 

rapidly produced in response to the pathogen Pseudomonas syringae. This pathway is 

enriched with both  H3K27me3 and H3K18ac.341 The function of having bivalent chromatin 

allows for more rapid, tighter control on the activation and repression of the region. When 

one of the two marks were repressed, the accumulation of camalexin changed accordingly, 

confirming that histone modification marks can control the timing of expression of genes 

Arabidopsis thaliana. Interestingly, when the specialised metabolic genes were removed from 

the analysis there was a decrease in the correlation between H3K27me3 and H3K18ac 

indicating the genes play a role in the two marks.341 This is a clear example of a metabolic 

pathway that relies on a tightly orchestrated activation and repression of genes for the 

formation of camalexin. Our data shows a clear enrichment of the H3K18ac mark at all three 

metabolic gene clusters suggesting there could be a bivalent chromatin system occurring with 

H3K27me3 at these sites. Future research using ChIP-qPCR should be carried out to determine 

whether there is a bivalent chromatin with these two histone modification marks at these 

locations. A quantitative PCR could also be carried out on a H3K18ac and H3K27me3 deficient 

single and double mutant lines to analyse if there is a change in expression levels of the genes 

within the clusters. 

 

4.4.1.5 H3K36me3 

H3K36me3 is associated with transcriptional activation342, our H3K36me3 enrichment data 

from leaves showed an overall depletion of this mark across all three biosynthetic gene 

clusters. For future experimentation it would be beneficial to obtain data for the H3K36me3 

enrichment of these biosynthetic gene clusters in root material.  We predict that the mark 

would show an enrichment. Previous studies have shown that in plant immunity H3K36me3 

deposition by SDG8 is crucial for the induction of transcription in JA/ET-inducible genes in 

response to infection by a fungi.337 As the thalianol cluster is responsive to hormones, such as 

jasmonic acid, we hypothesise that the H3K36me3 activation marker could be a key histone 

marker for regulating the activation of the biosynthetic clusters.158 In the future, we suggest 
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to perform H3K36me3 ChIP experiments in both expressing and non-expressing tissues. These 

experiments should be accompanied by hormone treatment of plants as well as cluster 

expression analyses in SDG8 and related H3K36me3 mutant plants.   

 

Another study suggested that H3K36me3 could be an opposing mark to H3K27me3, as an 

anticorrelation between the two marks was observed during cold exposure.322 It was shown 

that the two histone modification marks cannot colocalise on the same histone tail and that 

the loss of H3K36me3 leads to H3K27me3 spreading across the locus. SDG8 mutant data 

further shows that levels of H3K27me3 increased genome-wide, thus, supporting  the 

antagonistic properties of H3K36 methylation.322 Indeed, the data presented here shows 

opposing enrichment levels of H3K27me3 and H3K36me3 at metabolic gene clusters in tissues 

with low gene expression levels.  Although mutually exclusive labelling of histones with 

H3K36me3 and H3K27me3 has only been associated with the response to changing 

temperatures, it would be valuable to investigate the H3K36me3/H3K27me3 dynamics at 

metabolic gene clusters.   

 

4.4.1.6 H3 

The histone protein H3 has two variants which differ by a few amino acid residues. All variants 

show distinct expression patterns.343–345 Active expression throughout the cell cycle is 

associated with H3.3346 whereas H3.1 is linked to DNA replication. It is suggested that H3.3 is 

required for the deposition or maintenance of DNA methylation over gene bodies. This has 

been corroborated by findings that mutant lines with depleted H3.3 levels exhibit an overall 

reduction in DNA methylation over gene bodies. This depletion was not associated with the 

loss of expression of DNA demethylases or methyltransferases, but overexpression of H3.1, 

H2A, H2B, and H4 resulting in a lower density of nucleosomes in the chromatin. Specifically, 

H1 is implicated in the reduction of chromatin density and preventing the access of DNA 

methyltransferases. H3K4me3 appeared to be unaffected by the change in H3.3 levels, due 

to H3K4me3 deposition at the 5’ end of genes, whereas H3K36me3 levels were reduced at 

promoter regions.347 In our data we present reduced H3.3 levels in the leaves in all three 

biosynthetic gene clusters. In light of the previous reports, this may indicate reduced 

accessibility for DNA methyltransferases at gene clusters. It would be interesting to analyse 

cluster expression and DNA methylation levels in H3.3 knockout mutants to establish if 
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reduction in the marker causes an increase in activation in the leaf tissue or reduction in roots. 

This could be combined with H3.3 ChIP analyses to investigate relative H3.3 enrichment in 

both transcriptionally active and inactive clusters.  

 

4.4.1.7 H3K9me2 

H3K9me2 is a well-known repressive mark which is involved in silencing transposable 

elements and repetitive DNA in plants.324 Both the marneral and thalianol cluster have been 

found to be significantly enriched in transposable elements, which could’ve contributed to 

the gene cluster assembly.151 In our data we identify a basal level of H3K9me2 throughout the 

thalianol gene cluster, but less enrichment in the larger inactive domain, similar results were 

found for marneral but an increase in enrichment for arabidiol. Arabidiol is a larger gene 

cluster, thus will contain more transposable elements, leading to an increase of H3K9me2 

enrichment. In section 3.2.4.2 we also noted that the arabidiol cluster also undergoes more 

genome rearrangements between accessions, indicative of the TEs present. In plants 

H3K9me1 and H3K9me2 is associated with heterochromatin and H3K9me3 associated with 

euchromatin.348 In response to abscisic acid H3K9me2 is reduced at abiotic stress-response 

genes indicating that this mark could be associated with regulating stress response.349 The 

thalianol gene cluster is upregulated in response to jasmonic acid, thus we would expect a 

reduction of H3K9me3 in the roots than in the leaves. We do not have root and leaf data for 

this mark; however, it would be of interest in future research. 

 

4.4.1.8 Next steps 

The data used for our histone modification analysis allowed for a broad overview of histone 

modification marks across the metabolic gene clusters. However, this experimentation was 

carried out by different laboratories that will have applied different procedures. This will 

inevitably lead to discrepancies in data quality and depth. This also means we only obtained 

one data set for each mark and condition, so we couldn’t account for any biological or 

technical replicates. In addition to this, the large region that was covered and only having one 

replicate means that the hypergeometric test we carried out could only indicate if the data 

was or wasn’t significantly different, thus there might be some marks that were on the 

boundary of being significant that could’ve been of interest.  
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Ideally, experiments for all marks would have to be repeated in the same lab under the same 

conditions for both expressing and non-expressing tissues. As these were genome-wide 

histone modifications there is not any bias for the gene clusters in the ReMap data. By using 

100 random regions in which we normalised the data to, this took into account the 

experimental differences that might have been carried out.  

 

We selected four histone modifications, H3K9, H3K4, H3K27 and H3K36, for further studies. 

We selected these modifications either because they have been previously implicated in 

cluster regulation (H3K27me3) or because their role on cluster regulation has not been 

investigated before.  

 

4.4.2 Histone modification mutants 

4.4.2.1 Importance of JMJ14 

JMJ14 is a H3K4me1/2/3 demethylase275, which modulates the immune response in A. 

thaliana by regulating defence gene expression. The transcript analysis of this mutant showed 

misregulation of the thalianol gene cluster, and ChIP, showed an increase of H3K4me3 marks 

across this region.  We identified a trend for increased levels of gene expression in the JMJ14 

mutant line across three of the four core thalianol cluster genes, aside from At5g48000 that 

non-significantly showed a decrease level of transcription presenting some limitations of our 

approach due to variation between biological samples. However, this indicates that the 

relationship between the thalianol cluster and the activation by H3K4me3 is more complex 

than originally thought. Interestingly, the largest fold change in the JMJ14 mutant between 

leaf and root was at the THAH gene and the intergenic region between THAH and THAS, where 

previously a super-enhancer was identified.350 Super enhancers have been linked to the 

enrichment of H3K4me3333, thus JMJ14 could be a potential regulator of this region. However, 

as the change across the whole cluster was not dramatic, we hypothesis that other regulators 

could also be vital for this region. This change could be due to JMJ14 not only demethylating 

H3K4me3, abut also di- and mono-methylation marks. 

 



Page 178 of 258 
 

Plants defective in JMJ14 have also been shown to have reduced levels of H3K9K14ac 

levels.351 This also leads to reduced polymerase II occupancy, reduced transgene transcription 

and increased methylation at the promotor region. This could explain why THAH showed 

decreased levels of gene transcription. The removal of JMJ14 has also been shown to allow 

other H3K4 demethylases to reduce transcription levels, hence why there was an increased 

expression of the thalianol cluster genes, but non-significantly. 351 

 

This mutant was used as an exemplar of how downstream analyses of our histone 

modification analyses could be carried out. Future experiments should include the larger 

downstream inactive region of the thalianol cluster alongside the other gene clusters to 

assess if JMJ14 is a regulator across clusters.  To better understand the role of histone 

methylation on cluster expression and the interplay between different demethylases at the 

thalianol cluster, further experimentation including a more comprehensive screening of 

demethylase mutants and higher-order mutants as well as expression analyses under 

different conditions will be necessary. To identify a more general role for specific 

demethylases in cluster regulation will require expression analyses for additional clusters in 

A. thaliana and other plant species.  

 

4.4.2.2 JMJ15 demethylase 

JMJC proteins are described as histone demethylases.  Here we discuss the results we 

obtained for JMJ15 which has been shown to demethylate H3K4me2/3 at target genes281. 

Expression data suggests that JMJ15 is ubiquitously expressed in all organs and during the life 

cycle of A. thaliana279. In gain of function mutants for JMJ15 stress-responsive genes were 

mis-expressed and salt tolerance was enhanced. In  loss-of-function mutants stress resistance 

was reduced281. In our experiment we analysed a loss-of-function mutant to investigate the 

effect of loss of JMJ15 on our region of interest. Our expression analyses showed reduced 

transcript levels across the core genes of the thalianol gene cluster. As for our results for 

JMJ16, this expression pattern is counterintuitive as loss of JMJ15 should result in higher 

levels of the activating H3K4me2/3 marks and thus increased expression. As we have 

discussed before, indirect regulatory effects and multiple target histone amino acid sites may 

explain this pattern. It is intriguing that JMJ15 activity has been strongly associated with the 

regulation of stress-related genes. The thalianol cluster is known to be important for the 
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maintenance of the A. thaliana root microbiome. As such, it will have a crucial function in the 

response to root-specific environmental stress conditions. We may therefore speculate that 

a regulatory role for JMJ15 in thalianol cluster expression may connect cluster expression to 

other stress response pathways.   

 

4.4.2.3 JMJ16 

The methylation of histone marks can be reversed by an oxidative demethylation reaction 

catalysed by demethylase enzymes. Lysine demethylase 1 (KDM1) was the first protein 

discovered to remove the methyl group from mono- and demethylated lysine 4 of histone 

H3259. Further studies identified a large family of Jumonji C (JMJC) domain-containing proteins 

as being histone demethylases352. 30 JMJC domain-containing proteins were identified in 

humans, 10 in Oryza sativa and 21 in A. thaliana271. In A. thaliana six JMJC domain-containing 

proteins were homologues to human KDM1 in sequence similarity and domain structure, 

indicating they are likely to be active histone demethylases: JMJ14, JMJ15, JMJ16, JMJ17, 

JMJ18, and JMJ19 271. Previously, JMJ14, JMJ15 and JMJ18 have been characterised as 

regulating the transition to flowering by H3K4 demethylation. JMJ16 has been shown to be a 

specific H3K4 demethylase to negatively regulate leaf senescence through demethylation. 

Unfortunately, prior studies on JMJ16 provided leaf-specific expression data only. To find out 

whether loss of JMJ16 would result in changes to thalianol cluster expression, we analysed 

cluster expression in the JMJ16-1 mutant in A. thaliana roots. Interestingly, we found a 

significant reduction in transcripts for the four core thalianol cluster genes in the JMJ16-1 

mutant compared to wild type transcript levels.  This was a surprising result as a loss of 

demethylase activity should result in increased H3K4me3 levels and thus elevated expression 

levels. However, as the prior genome-wide expression studies showed before, loss of JMJ16 

leads to similar numbers of genes with increased and decreased expression levels. While 

counterintuitive, decreased expression levels are likely to be an indirect consequence of an 

altered histone modification pattern. For example, increased expression of a subset of genes 

due to elevated H3K4me3 levels may result in the downregulation of genes negatively 

connected to these genes.  

 

Furthermore, JMJ16 demethylation activity may not be linked to H3K4me3 only. Indeed, a 

recent study showed that upon interaction with the MMD1 (male meiocyte death 1) protein 
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JMJ16 substrate specificity is broadened to H3K9me3285. MMD1, typically  expressed in 

developing male meiocytes, is required for the regulation of microtubules organisation, cell 

cycle transitions and meiotic genes353. In mmd1 and JMJ16 single mutants, H3K9me3 levels 

were found to be significantly increased compared to the wild type.354 As a repressive mark, 

increased H3K9me3 levels are likely to result in decreased expression levels of target genes. 

While MMD1 acts specifically during meiosis and is not expressed in roots, we speculate that 

root specific proteins similar to MMD1 interact with JMJ16 in and also broaden its target 

specificity in roots. In such a scenario, loss of JMJ16 may result in elevated levels of the 

repressive H3K9me3 mark and subsequently in lowered thalianol gene cluster expression.  

 

To further investigate the impact of the loss of JMJ16 activity on cluster expression, we 

suggest measuring H3K4me3 and H3K9me3 levels at the thalianol cluster in wild type and 

mutant lines. Deviating enrichment pattern may inform us about the target methylation mark 

of JMJ16 at the thalianol cluster. Additional experiments may include the identification of 

JMJ16 protein interaction partners in roots and leaves and their potential involvement in 

JMJ16 target specificity. To monitor direct binding of JMJ16 to the cluster a JMJ16-specific 

ChIP experiments will be informative.  

 

4.4.2.4 ATX 

Lysine on the tail of histone H3 can be modified by the addition of a methyl group with methyl 

transferase activity.272  A large protein family of methyltransferases contain a SET (suppressor 

of variegation) domain. In A. thaliana 49 of these proteins have been identified and are known 

as the SET domain group (SDG).296 Only one of the five classes of SDG proteins is suggested 

catalyse the methylation of histone H3 lysine 4. This class III subfamily of proteins contains 

five proteins named ATX1 through 5 in A. thaliana.305 ATX 1-5 are homologues of Trithorax 

proteins found in eukaryotes. The different biochemical properties and gene specificity in 

ATX1 and 2 is due to their slight differences in sequence identity, as ATX1 specifically has 

H3K4me3 activity while ATX2 works on H3K4me2.306 

 

So far, functional studies on class III SGD proteins have been largely restricted to aerial parts 

of the plants. This may been explained by the relatively lower expression of SDG class III genes 

in roots, which however, does not rule out their functional importance in roots305.   
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Here, we show that all four thalianol core cluster genes show reduced expression in the ATX3 

mutant line, suggesting a role of ATX3 methyltransferase in root-specific expression of the 

metabolic gene cluster. In the past, it had been shown that ATX3 functions redundantly with 

ATX4 and ATX5. Future experiments should therefore be carried out with the ATX3/4/5 triple 

mutant as well as the ATX4 and ATX5 single mutant to confirm if all three are involved in the 

regulation of the thalianol cluster. Interestingly, preliminary analyses of data provided by 

Chen et al305, over half of H3K4me2 sites within the thalianol cluster show a reduction in the 

ATX3/ATX4/ATX5 triple mutant compared to the wild type in leaves. No reduction of 

H3K4me3 levels was detected. Like H3K4me3, H3K4me2 has been associated with actively 

transcribed gene. The pattern observed in Chen et al. may suggest that loss of ATX3 activity 

results in lower H3K4me2 levels at the thalianol cluster and thus in reduced gene 

transcription. To support this speculation, a detailed analysis of H3K4me2 levels at the 

thalianol cluster should be carried out including ATX3 mutant and wild type lines. In addition, 

these mutations should be investigated for their impact on the other A. thaliana metabolic 

gene clusters to identify if ATX3 is a conserved regulator of metabolic gene cluster activity. 

 

4.4.2.5 LDL1/2 

Lysine-specific demethylase 1-like (LDL) proteins LDL1 and LDL2 belong to a group of four 

proteins with demethylation activity against histone H3 lysines. LDL1 is well described as 

regulating genes within roots such as repressing the expression of FLC. In contrast,  LDL2 has 

been shown to be involved in seed dormancy267. The LDL1/LDL2 double mutant has been 

implicated in the immune respone267. Both, LDL1 and LDL2 mutants exhibit higher levels of 

H3K4me1 and H3K4me2 than the wild type but no difference in H3K4me3 levels, indicating 

that LDL1 and LDL2 regulate H3K4 mono and dimethylation267,355. Our thalianol gene cluster 

expression analysis did not detect significant differences in ldl1 and ldl2 mutant lines 

compared to our wild type controls. This may indicate that these histone modifiers are not 

involved in cluster regulation. To further exclude a role for LDL1 and LDL2 in cluster 

expression, the double mutant should be tested, and cluster expression monitored under 

various test conditions.    
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5 Final conclusions 

Using a combination of different technologies, such as readily available T-DNA insertions, 

online histone modification data and customisable CRISPR/Cas9 we were able to identify key 

regulatory elements that aid in the regulation of the thalianol gene cluster. 

 

T-DNA insertional mutants cause disruptions to genome architecture. They may result in 

genes no longer to function and being transcribed and may disrupt regulatory sites important 

for 3D genome organisation. Our first T-DNA analysis aimed to identify potential regulatory 

regions of the thalianol gene cluster by selecting a range of insertion lines in the intergenic 

and genic regions covering the active and inactive thalianol domains. Interestingly, insertional 

mutants that were only a few hundred base pairs apart from one another displayed differing 

expression patterns of the thalianol gene cluster. We observed a region downstream of the 

THAA2 gene which led to downregulation of the whole thalianol cluster which could 

potentially interrupt intrachromosomal interactions, leading to the misregulation of the gene 

cluster. The THAA2 gene is often debated for its inclusion in the thalianol gene cluster as it is 

not directly adjacent, interrupted by two intervening genes. We show that disruption to this 

gene, causing its downregulation, does not impact the remaining thalianol cluster genes. 

Interestingly, in seven of eight A. thaliana accessions analysed we find that there is an 

inversion leading to the THAA2 gene now being directly adjacent to the core thalianol cluster 

genes. For the four accessions we analysed for cluster expression levels, we detected differing 

patterns of expression.  However, in the three accessions with reduced THAA2 expression, a 

trend for upregulation of the four core thalianol genes can be observed. Interestingly, the 

opposite occurs in the accession when THAA2 is upregulated, the remaining genes are 

downregulated. This may indicate that the orientation and genomic positioning of the genes 

is more important than the disruption of the gene itself to co-regulate the gene cluster. For 

future work, it would be interesting to carry out ChIP and Capture Hi-C experimentation on 

the accessions alongside thalianol production analysis to analyse the 3D conformation of the 

accessions and how the histone modification marks differ to aid the change in gene 

regulation. Another interesting experiment would be to analyse the change in the root 

microbiome in response to the change in gene expression. As we already know that 

overexpression of thalianol leads to dwarfing in the plants106, it would be imperative to look 
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at the phenotypic response of the plants in regards to the various mutants and changes in 

gene expression.  

 

We identified that disruption of THAH led to upregulation of THAD, and a potential regulatory 

region in an intron of a gene, a phenomenon known as intron-mediated enhancement. 

Disruption of this region may have led to interruption of a gene loop, thus causing 

misregulation of the cluster gene. Similarly, for the T-DNA lines in THAS, the disruption of the 

eighth exon, led to misregulation whereas disruption of the ninth and twelfth exon didn’t, 

indicating a regulatory element in eighth exon of the gene.  

 

The large interacting domain which aids the silencing of the gene cluster could be regulated 

by a region nearly 100kb downstream of the cluster, as a T-DNA insertion disrupting this 

region led to misregulation of the thalianol gene cluster.  

 

It would be interesting to introduce deletions of these regions using gene editing technology 

and carry out ChIP and Capture Hi-C to analyse the histone modification changes and 3D 

organisational changes. As we are mainly interested in the interactions within the cluster 

capture Hi-C would be the most appropriate method for analysing how this interactions may 

change with genome editing of specific regions.90 It would also be necessary to expand this 

experimentation to more T-DNA lines in the thalianol gene cluster, alongside the marneral 

and arabidiol gene cluster.  

 

We attempted to insert the THAS regulatory regions into different areas of the genome, 

however due to time constraints it was not deemed if the insertions were in the correct 

location or if the mutants were homozygous. Future experiments should confirm this. 

However, we did create a successful cloning and CRISPR/Cas9 protocol that has been proven 

to work for insertions and deletions. Thus, we analysed if the flanking regions would affect 

the expression of the reporter elements. We found that with the flanking regions of the 

constitutively expressed PP2AA3, reporter expression was universally expressed in both roots 

in leaves. However, with the cluster flanking regions, MRN and THAS, reporter expression was 

restricted to the roots. Interestingly, only the latter two lines showed a gap between the root 

tip and the rest of the root with no expression. It would be interesting to carry out qPCR and 
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ChIP on these mutant plants to analyse the changes in gene expression that is occurring, 

specifically in the root material where the clusters are expressed. Although we show that the 

deletion system is working, we did not manage to obtain any large deletions, however, we 

believe, with more time for screening that is achievable.  

 

We showed an exemplar ChIP reaction for H3K4me3 enrichment in a H3K4me3 demethylase, 

JMJ14. In the future, it would be interesting to carry out this experiment on all the key histone 

modification mutants we analysed, along with their corresponding histone mark to identify 

those that cause the most dramatic changes in thalianol gene expression. Once those 

potential regulators of the thalianol cluster are identified, this experimentation should be 

carried out for the arabidiol and marneral gene clusters to identify conserved functions of 

these regulatory enzymes. Based on our current data, including our ReMap bioinformatic 

analysis, H3K18ac, H3K4me3, H3K9me2, H3K27me3 and H3K36me3 are the most likely 

signature marks of metabolic gene clusters. As the ReMap data was independently carried 

out in separate labs, the ChIP-seq experimentation would need to be repeated under the 

same conditions, separating leaf and root material. Alongside this, we suggest that JMJ16, 

SDG4, JMJ15 and ATX3 are key regulators of the chromatin structure across the thalianol gene 

cluster and important for its precise expression in roots.  

 

By further pinpointing key regulators of the thalianol cluster and expanding this to the other 

metabolic gene clusters in A. thaliana we can attempt to extrapolate our findings to other 

metabolic gene clusters. This could aid in the fight against crop pathogens, food production 

or by contributing to the production of medicinal products. For an example of how 

understanding metabolic gene clusters can aid in food production, the gene cluster which 

produces the tomato steroidal glycoalkaloid α-tomatine will be discussed139. Neurotoxic 

proteins can be produced in unripe fruits, such as α-tomatine which gets converted into 

esculeoside A during ripening in tomatoes.340 α-tomatine can also act as a chemical barrier 

against pathogens as it is a steroidal alkaloid.356 With the aim to produce tomatoes that ripen 

quicker, the α-tomatine biosynthesis pathway could be genetically modified in order to 

convert more α-tomatine into esculeoside . However, alteration of the metabolic pathway by 

silencing one of the key metabolic genes in the cluster which is downregulated during 

ripening, is known to cause toxicity to the plant cell leading to marked developmental defects 
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including reduction in growth.356 By having a greater understanding of the fundamental 

regulatory mechanisms of metabolic gene clusters, this gene cluster could be modified in such 

a way to quicken the ripening process, which could be through up or downregulation of key 

genes by histone modification marks, introducing specific mutations or altering regulatory 

sites. This can also be extrapolated onto plant pathogen defence mechanisms and medicine 

production, such as penicillin from fungi123, to upregulate or even transfer these mechanisms 

to other species, allowing for the increase in crop yield or medicine production.  

 

Genome editing technology is used for a range of purposes in various organisms in biology, 

from gene therapy to cure human disease357,358, understanding protein function359 and 

agriculture360. However, the implications of altering an organisms’ genome is not fully 

understood, nor studied.359 This is partly due to not fully understanding the complex 

mechanisms in which genes can be regulated.361 Here, we show that regulatory elements do 

not solely exist in the a genes promoter and terminator regions and that the three-

dimensional architecture and environment is of importance for regulation. We show that it is 

vital to understand the impact of either inserting genes into other loci and/or causing 

mutations in the genome and the potential effect it could have of neighbouring genes. 

Another way in which we can alter the expression of genes indirectly would be to identify a 

signature histone modification mark and/or the regulator of the mark at the specific genomic 

region. Then, the eraser or depositor of the histone mark could be altered to reduce or 

increase the gene of interest, depending on the context.362 For example based on our findings, 

in the context of the thalianol gene cluster to reduce its expression we could knockout JMJ16, 

which we showed led to a decrease in expression of the thalianol gene cluster but not the 

surrounding non-cluster genes. This method of altering gene expression without altering the 

gene of interest could aid in reducing the selective pressures which lead to pathogen 

resistance.363 By switching genes on and off when necessary through histone modification 

marks, the resistance genes will not be overused, thus reducing these selective pressures for 

the pathogen, particularly in agriculture where pesticides are the main defence mechanism 

against pathogens.363 To further reduce the need for genome editing and in turn increasing 

the specificity of changing the gene of interest expression, the regulatory protein of interest 

can be tagged with a degrader. For an example, if you want to reduce the gene expression a 

histone methyltransferase for H3K4me3 could be tagged with the degradation molecule, and 
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a chemical added to reduce its activity by degrading the methyltransferase at a precise 

timepoint.364 This method is therefore rapid and reversible and can be used in a wide array of 

contexts. 

 

Aside from the importance of understanding the regulation of metabolic gene clusters for 

human need, it is also important to get a better understanding of metabolic gene clusters for 

the fundamental basics in science. If we can understand the key regulators of the thalianol 

gene cluster, we can attempt to explain the evolution of gene clusters and how genes are 

positioned within the genome. We know this is of importance as our ecotype data showed a 

change in gene order altered gene expression, but we do not know, yet, why or how this is of 

importance. This could also aid our understanding of how these clusters are maintained under 

different selective pressures, as each ecotype comes from an environmental niche.  

 

We conclude that our work provides key insights into the understanding all aspects of the 

regulation of metabolic gene clusters that can aid in the future direction of experiments with 

the thalianol gene cluster, and further expanding to other metabolic gene clusters. By 

understanding how and why these gene clusters are ordered in this manner and how they are 

maintained and regulated can provide insights into much larger aspects of science from 

evolution to the manufacture of genetically modified crops. We have shown how gene order 

is of importance and how disruption of specific regions can lead it misregulation of the 

surrounding genes, that is of great importance when genetically modifying a genome.  

 

There are still lots of questions yet to be answered, such as why some metabolic pathways 

are clustered and why some are not? What elements in the non-coding region of the genome 

are vital for the regulation of genes and how do these alter the three-dimensional chromatin 

structure? How important is the three-dimension chromatin structure in gene regulation and 

how do insertional mutations or deletions change it? Overall, this thesis has provided vital 

direction for future experiments as well as insight into answering some of these important 

questions which has multiple applications across many different fields of study. 
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7 Supplementary data   

7.1 Sequences for CRISPR/Cas9 construct assembly 

>DD45 promoter (1020bp) 

AAATGTTCCTCGCTGACGTAAGAAGACATTAGTAATGGTTATAATATATAGCTTTCTATGAATGTATG
GTGAGAAAATGTCTGTTCACTGATTTTGAGTTTGGAATAAAAGCATTTGCGTTTGGTTTATCATTGCG
TTTATACAAGGACAGAGATCCACTGAGCTGGAATAGCTTAAAACCATTATCAGAACAAAATAAACCA
TTTTTTGTTAAGAATCAGAGCATAGTAAACAACAGAAACAACCTAAGAGAGGTAACTTGTCCAAGAA
GATAGCTAATTATATCTATTTTATAAAAGTTATCATAGTTTGTAAGTCACAAAAGATGCAAATAACAG
AGAAACTAGGAGACTTGAGAATATACATTCTTGTATATTTGTATTCGAGATTGTGAAAATTTGACCAT
AAGTTTAAATTCTTAAAAAGATATATCTGATCTAGATGATGGTTATAGACTGTAATTTTACCACATGT
TTAATGATGGATAGTGACACACATGACACATCGACAACACTATAGCATCTTATTTAGATTACAACATG
AAATTTTTCTGTAATACATGTCTTTGTACATAATTTAAAAGTAATTCCTAAGAAATATATTTATACAAG
GAGTTTAAAGAAAACATAGCATAAAGTTCAATGAGTAGTAAAAACCATATACAGTATATAGCATAAA
GTTCAATGAGTTTATTACAAAAGCATTGGTTCACTTTCTGTAACACGACGTTAAACCTTCGTCTCCAAT
AGGAGCGCTACTGATTCAACATGCCAATATATACTAAATACGTTTCTACAGTCAAATGCTTTAACGTT
TCATGATTAAGTGACTATTTACCGTCAATCCTTTCCCATTCCTCCCACTAATCCAACTTTTTAATTACTC
TTAAATCACCACTAAGCTTCGAATCCATCCAAAACCACAATATAAAAACAGAACTCTCGTAACTCAAT
CATCGCAAAACAAAACAAAACAAAACAAAAACCCCAAAAAGAAAGAATAATGGCTTCTAACACAAG
T 
 

>MRN LA (900bp) 

GGACAACATAGAAATCATTTATGTTGTTGATTAAGATTTAATTTGTATGTTATTCAACAATAATAGAT

CTAGTTGACTGGCATTTTGTTTATATGCGATATGTCCTTTCAAAGTAATCAGATTCAGCTGCACAAAA

TCGGGAGAATTCTCATTATTGTAGATACGGTCCATTACTTAATAGAATTCTACGTAACCAAGTCGTTA

CGTATCAATTTATTATTACGGAAGCATGTGGAAAGATAATGTATAGAAAATAGTTTATGTGTAAGTC

CAAAAAAATGTGGATAATATAATATTATGCAATCGATGTTGGACTACTACAAATGATGAAGACCGTT

GATTTATATATTTATTTAATATAAAAATGTTAAACTTGTTGATTAACAAAAAGATAAATGACAATTTGT

GCAAAGTATTGGAAGTTGCAAGTAAACTCTCTGAAGAGTGTAGATGATCAAAACAAAACAAAACAA

TTAGGTTTAGACAAAAAAAACAAAAAAAAAAAAAAACAAAAAAAAAACAATTAGGTTGATTTGCTA

CTTGGGAAATTCTTTTATTCTTCAAAACAATTTTATCCTGCTTCAAAATCTTAAAGTTTTACTTTTATGC

ATTTTCTTAGATACCCCAGTTTAATCATTTATTTTACATTCAATTTAGCACCGTTTTTGACCTACATTGT

AGCGTTCATTGCAAAATTTCCAACATGTCCATTATCTGGTCCTAGGAAAACTGACATAAGGCATTTAA

AAGGTATACTTAGCTATAATTTTGGGGCTATCATCAGAGATTATTTCGCTATATAGTCCAAAAATAGC

CCAACATACATTTTTGTAAACGACTAAAACAATGTGGCTATTGATTAACACATCGATTAAATCTTATG

TGCATACGACCCCAATC 
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>MRN RA (950bp) 

GAATGGTATAATGATGTAGCACTTTAGGATCAAAACTATTAGGAACAATGCTTAATTCACTAGCAAT

GTATATATGCCATCATTTAATCTAAGCTAGAGAATATTGGTTTTGTTTTTTATAAAATTTAAGTAGAA

GACTAACAAAATTCAAAAACAAAGTGGGAAATCTACTAAACAGTTTTAAGCAATAGATAAAAGAATA

ATTGCTCAGAATGCCCCTACCTTTTTCAATTCTACCCTTTCCTATTTGCCATTTTTATTTTTATACCCTCT

TTAAATTTTTAATGACCATTTTACCCCTATTTGTAAATTGTTTTAGGTTAACAAAATGAAATATTAATA

TTTTTCACCTAAATTATTCCAAAATAAATTTTCCGCCAAAAATTTTCGAAACTTTTTTTGGGAAATTTG

CAAGAATAACTAACAAAAACTTATAAATTAAGAAAGTAACATAAGACAAAAAAAATAGCTATACTCT

CTATATTATATATAATAATGGCATATTTACCCCTCTCTCTCCACCTCATTCTAAGTCTCTCCTTCTCTCCT

TTCTCTCTCATCTCTTTTTCTTTTTTCTCTCGATCTCTTCTCTTCTTTTTTTCTGTATCACATAACAAACAA

ACGAGAAAGACAAAGTAGATTTTTCAGATACCACTTATGTTATATGGTTGCTTGGGTTACCAAGGTT

GTATTTTAGGGTATAGTTTTTCTATACATCCAAAATAATATAGTACAACATTTTAATTCTATCCAAAAT

AGTACATAATTTTACTTACAAACACTATTTACTATTTTATAAATTCAAATCCGATTTTAAAAATTCAAA

CTATTTTGTATGTAGAAAAAACATAGTTTTTTTTGTAATAAATTTTATAATTGGAATCTATTTTTTTGAA

AAAGATATATCGCAAAAAAAAAACAAATGGGTAAAAACTAAACTAAGTGTTACT 

 

>THAS LA (913bp) 

GTCTGACCCGTTGGGATGTTAATTTTCATCCACCATGAAATAGAATTTCTACAATTTTTTAATTTTATC

CATAGTAAGGCCATCCTTTCCGACCCATCTCTTATAAAATCAAAATTTTGGTTTTCTTCTACTCAATGA

CTTTTCGCAACTCAATAAAATCTATGAGCAAAACCAATCATTTCCAGATATTCTGTTTTAGAATAAGA

AAACTAATTATGCAAGCCCTCATTTCCTAAGGTCCGATAAAGCCTGCATCTGACTATCTGTTGGTTCG

TATTACCTCTCTATGATAACTGATTTCCATAATATTGAAATTCTAACATACCATTATGTCGAATTATAA

AATTAAGGGTTACAAAAGAAGCTGCCAATCTTAAGTTACCTCCGGTTTTTTCATGATTTCCAGTAAAC

TCATTAAAATCTCCAATCATTAGCTATGGTTTTTTCCGATTAGAACCTAGTAGTATTATTTTTTACCATA

CAATTTCGCGTTTTGTACCAATAAGATTGCCATAAATAAACGAAATAAACACCATTTGTTTTCTGAGT

AATGTTTTAACGTCAATGACCCGATTTCTTTCATAGAGAATCTCTCTATTTTTATATCAGTATTACAAA

ACTAAACTAAACTTTCACTAGCTTTGAGAGGATCAGCTGATTACAAATTATTATTACCAAATTAAGAC

TGAAATATTTGCTAATAAGAATAACATCTTTTAGTTTCTGATTTATTGTTCAAAAAATAAAATAAAAA

GTTTCTGATAAAACTAAAATATATGACTTGTACGTTTTCCATAAATCCATTATGTAATTTTCTATCATA
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TCGGCCCCTACTCCCTAATCAAAATAAATCTTTCTAAAAAAAAGAAAAAAAAAAAAAAAATCATACA

ATACCGTTGTAACTAACGAGTAA 

 

>THAS RA (933bp) 

CGACGGCAATAACCTAAAACAATAACCCATTATTCTAAATAAATAGATAGGCATATAAAAACATTTTT

TGCTAAACACGTAACACTTTTTTTAATTTGGTTAGCACCTACCTCTTTTTTAATGTTAGTTTTATTTAAT

CAGTATTGATTACTGTTAAATGAGTCAAAGCTCATCGAAAGAGAATTTTTTTTTAAAAATTATTTCTTA

ATATCTTATCATATCATATTGGTATAAGATCAGTCATTGCACGTTATAGATTATAAAATACAACTTTAT

ATTTTGAATAATTTTCATATCGTAATCAGATCATATTACGATCTTCTTATATGATTCCAACGTTGATTTT

CCCATTATAAAATGCAACGTGGTTTTTTCTTATAGTTTTCAATGTGATATATTATAAAATGCAACCCTT

TTTACTTATTAACAGTTGACACTTAACGGGGGGTTAAATACTATTTGTAATATCAATATCAATTATAC

GATTAATTAACATTACCGAATAAAATGTCAACGAAAGGGAAAATGAGAAAAATATACTTCTATCGTT

TTTTTATAAAAATTACTTATATCTTAATAATCTGAATATATCTTATTATTATATTAATTTTTTTTGATCAT

TTTCTAAATCATCATTTCAAGTGATGAAACAACGTGAATATTTATGGGAATTTTGCAAAATCTGTTAT

ATTTTGCTTTCAATCTTATAATTTCTGCCATATTCTAACTCAGCTTACAAAATCTACCACATTTTATCAC

ATGTTGCAATTCGAGGACGAAAATACTCTTACGATGGGACAGAGACTCTGACTTAGATGGTGACAT

GACAGCTTTTGGCTGATGTGATGATACATGACGAAAAATCAGAGTAGAAACATAAAGGATTAGGAG

ACAGAATAGTGGAGAACAGCTGGCTTCTACTGTTGTTATTGG 

 

>PP2AA3 LA (945bp) 

GTTCGTCAACAAAAGCAACTTCGAATTAACATGAGAAAAGATACTAGCTCGTGAACTTAACTATAAA

GTATTATTTAAAGGCTAATTGTGCATGTTAATTACTATTAGATTATTGTTTATTTTATTGACATGATCT

GATTTTGTGAGTTCAAGGTTTTTTTGATTCGCAATAAAGTAACTAGATCGGACAGAAATATATAGTTT

TCAGAGTTTTCTTATGATATTAACTAATTACATCTTTGATCAATGAGTAATGTCGTATAATTTTATATA

CACAAACTACGTTTTGACTAAAAGGGTTTGTTTTATACCTTTTTCTTTTTTCTTTTGTCGAAGAGGTTT

GTTTTATACCTAAAAATAGAAAATATAGCAATGACCAAAAACATCTTGGTAATAGTATATTTTTTGCC

TTCTTCCATTATTATATTTAATTCGAATTGTCTATTAATCTTTTTTCAATGAAATTGCCTATGAATATTA

TTATAGTATGGACATATATATTATCAAATAATGAAATTTTTGAATTGCATTTGAACTTCATAGACATTG

TTATTTGCTGATCACGAACTTTCTTCTACGCCAATGTTTTTCAATTCCCACATTATTAAAGTCCAATTAC

GATCAGTTGATGTATTAAATTAGTCGTAGGAGATTACATTGTACGTGTATAAAAGTTGGTCTTGTTTG

GCTCCAATTGGCGTGGTTTACGTGTGAACAGACACAGACAACTTGACGAATCAAAACGCATAAAAC

GCGTGGCAGAAAGTTTCTATTGCTCCAAAAACAACTTTTTTATTCTCTTTTTTTTTTGACAAAGAAATA
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CAGTAACTTTTTTTTATTCTCTTAAAGAAATAAAATTCCAGAGTACTTTAGTTCAGTGTATATCTCTGA

TTTATTTAATTACTATTATAATGATTACATACAACACACCTGCTACTGCCACGC 

 

>PP2AA3 RA (928bp) 

TTTTATTCGGTAAGAGAGATCTTTATTTTCAACTATCCCAAATATCTATAAATTTAAAAATTAATTTTCT

GTACCAACAAAAAATATCTAATAATAAGCATTTTGGGCCGCCACTTGTGCCCGAGACGTTGAAACCA

AGGAAAATATTTGTGGTGCTGGTGCAGCTAAATTCCAAAAATGAATTTATGGGTTCATTTTCAGAGT

TTTGTTTTCTAGGACCGTTGTAATAAAAAATCTTTTGTTCTCGTTAAGTATAATAAGAATCTTGATAAT

AGCTCTTTGTAGTTATAGATGTGTATCTATTAGTCTTGGTCAATAAGGCAAAACTAATACATACTACT

AAGTTACATGAATTGTTCGAGAAAGTCTTGTCTTATAAACTCGTTTAGTTTTCTTTGAGAGTACTTTTT

TCTTTCTTTACTTTGAGAGTACTATGGTTACGTAGATAATAATCATCGTTATCGGCTTCTAATTTGTAT

AAGATAATAACTTTTATGCATTTTCTAACACGAGAACTTATCGAGTTATCTCAAACGTCACGAAAGAA

AAAGGACAATGAACATAATATATTATATTATCCATTTGTATATTTAGACATATATTTTAATTTATTAAC

TAAATCCGTTCATGTGACAAGATCGACCCTTATAAGAAGGAGAGATTCGATTTTGTCACGAATCCTT

ATCTGTCCGAAATTGTTTTTAGCAATATGCGATTATCGTAATAATTTTCTTCTTTATAATTAGTGTCAT

AAATCTATTACTTTCTATTTTGCTGTTTCCAAAATCTTTTTGTGTTTATGAACTGAACACTCATATAAAA

AAAAAATACTTGTAATTGCAACCGTTAAATGAATGTTATATTAGCAACAAACTTTGGTAGTTGTTGGA

ATGGAACTAAGCACGACATTATCCACGCACTTCAAACA 

 

>PP2AA3 promoter region (2031bp) 

CTAACAACAATAATACAACAGATTGAAACAAAACTTGCAATATATATATATATATATATATATATATA

TATATAACCTGTATCAATCAATTTTTAAAACCTAGTCAATATCAATAGCTTCAAACGAAAAATTCATGT

GTAAACTTATAGCACAAATTGAAACCCAAGTGATTAAATTCCCAGATTCAGAATCATGTGAACATCA

CTGCGTACCTTAACCTAGACTCAATTTCAAATTCGAATTCTAATTTTTATGGTCGTATCTGTTTGTGAT

CTCCGTTTAGAATTAAAGCAAAAATGTAGAATCGCAGAGAAGTGCTTACCTCATTGACAAAGTTGAG

TACGATAGCTGCAGAAATAAAAAATTCAGGAAACAAGTAAATAAGAGAGAAATCAAAATGAGGAAT

AAGATCAAAGAGAACTAGCAGATTTTTTTCAGAGATTATATCATTATACCTTCGGTGTTATCCGATTT

AGGAGCCATTTTTGTCGAAATAATTGGCGGGAAATAAAAAACCTGAAGCGAGAGCAACTTTTTTCCT

TTTCCGATATTTTCTGAGGAAGAAGAAGAGAGTTACTGAGAAGCTTCCTTTATACGAGAGAGATATT

AAACGAAGTCGTATTTGTTGGATATATGGGCCTTTATGTATTATACATAAGCCCATTTAGTTCTTATCT

TTGACAGGCCCAATTATATGGACACAGCTTGAAGATGGTTTAGCTGCTGCGAAAGACGAGCTCCGG

TCTCATTTCTCGTTCTTCTGATTGATAGATCGCTCGGAACTTGGAAAGCAGCGTAATCGGTAAATTCT
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CGATCATTTCTTCAATTTCGAAACATTTTCCAATTGTATATTGAGAATCTCAAATCGAATTATTGTTTA

GATCTTCTCTCTTTATTAGTCTAAGAATGGTAATAGTTTCTCTCTAGATTGGGACGGCACAAAGTTTC

AGTTCTCCATTCTAATCATTTTTTAGAGGCTAATGGGTCACCTTTGAATTATCTCAGAGGCGGAATTG

AGTTTAAAGTTTGTAACTTTATCGTCTTTTGTATTGATGGTGTCTATGTATGCATTGTGTTTTATTCTG

ACTTTGTGTACATTTGTGTTTGATTGAAGGTAGGGAGTGATTTGAGTTTTGGTGAGGATGTCTATGG

TTGATGAGCCTTTATACCCGATTGCTGTGCTTATCGACGAGCTAAAAAACGATGATATTCAGCGTAG

ATTGAACTCTATTAAACGGCTTTCTATCATTGCTCGTGCTCTTGGAGAGGAGAGGACAAGAAAAGAG

TTGATTCCATTTCTTAGTGAGAACAATGACGATGACGATGAGGTGCTTTTGGCTATGGCGGAAGAGT

TGGGGGGTTTTATTCTGTATGTAGGAGGGGTTGAGTATGCATATGTTCTGCTTCCACCTTTGGAGAC

TCTATCCACTGTTGAGGAAACTTGCGTGAGGGAGAAAGCTGTGGATTCACTTTGTAGAATTGGTGCT

CAGATGAGGGAGAGTGACTTGGTTGAGCATTTCACTCCTCTGGCTAAGGTTAGATAAGGCTGGTTTA

CTTATTTTATCAAATCTCTTTGGTCGATTTTATTGATTCCTTTCCATGCTCTGTCAAACTTAATATTATT

AAGCCACTAAAACAGAAGAACATAGATTTTTTGGGGTCCTTTGTCAATTGTCCCCCAAAGTTTGGAA

ATATGCTTTTCTTGTTCAGTGTTCCCCTTATAGGTGTTTTGGGAAATTGGTAGGTTGAAGTTGTTTAC

ATCCATTTTGGTTGATCTAAGAGAACATCGCTCTGGCTTTAGCGCTCTTTTGGGTTGTGGTTGTGTAT

GTGACCATACATACCTCGGTATAGGTGCTCGTAATGTGAAACCGACTTAAGCATTACTGAACACTGT

CATTGTGTAACAGCGACTTTCAGCTGGTGAATGGTTCACAGCCAGAGTATCAGCATGTGGGATTTTC

CATATTGCATACCCAAGTGCCCCAGATGTGCTAAAGACGGAGCTAAGATCAATATATGGTCAGCTTT

GTC 

 

>PP2AA3 terminator region (861bp) 

TTGTGGAGAACATGATACGGCCATGCTTGGTGGAGCTAAGTGAAGACCCAGATGTTGATGTTCGGT

ATTTCGCAAATCAAGCTCTCCAATCTATTGACAATGTGATGATGTCTAGCTAAAAAAAGGTAAAGAA

GACAGCAACGAATTGTGTTTGGTTCTCATGAGATTTTGTAAACGATACTTTGTCGTGTGTTGTCTTTT

ACTTTACACGTACGTGACCATTGTTTCTCTCTGCTACTAATGTTAATGTTGGCTTCATGTTTTCTGTGA

TTTGTTCGTTGGGCGTATTTGCTTTTTGGTGCTTAATTTTGTTTAGTCCAAATAATTTACTTATCAAGT

GATTCGGCAACGTTTTTGCTCGAAGCATGAGTGTACAATTGGTCACCACTGGAATATTTTAATTGGTC

AACCAACTTATTGAGTCGTTTTCAAGCCCATGGGCTTTTATACTCCACATATCAGATTCAGGTCGTTG

TTGTCTTTTTAACTAGAAGACTATTTTATCAAAAGTCAAAACCTTGTCGTAGAAGGCACTTACGGAGA

ATTATTGACCTAGGAACTTCCCTCGAAAAGTTCAATATATATGTGTTATTGACGTTTTCTGTTTGATTA

TTTACAAATTTTGTTGATTATTTTTCACCACTCTTGCACACACCTCTCTCGCTATTTCAAAACTCTACGA

AATTTCCTTAATATTTCTATTTGATCTTCCAACAGTTTTCGACTCGCAATAGGATTAGGAAATTACAAA
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TAATATCTGAATTATTTAAACGACAACACAAATATTATAGAGTCTTCTCTTGTTTCTCGGCTTCAGTTT

ATTTATGTTGTTTATGATTCTGGCTTAATAGTTACGTAACC 

 

>THAS promoter region (3416bp) 

CCACTCTCTCCTGGTAGATGTAAATAATTTATTAAAATTCAATAATACAACATATGAACATTTTTTGTA

ATAAATTATTGACTAATTTATTAAAATTCAACCGCATTATTCTAAATCTCTCGCTTTACATTTTTGAATA

TCGTAACTTATAATAAACAAAAATTATATCTAACAAAAAATATTTTAGTTGAATTATAATATGAATAT

AAACAATGTTTTTAGTGAAACCAAAAAAATATTATCATACAAATTTATCAGTAAATACAATGTAAATA

TAATAATATAACAGGATCGTCATATTTTGACTTGATGTCCAGTTTTGTAAATAGTAGACATTTTTTTGT

TTTTTTAAATAGTATTCCATCTGTTATTTTATTTTGGAAAAAAAAATTGAATAAAAAAAATTGAATTTT

TATATTTTCTATGCAATATTTATTAGTTATTATTCATAAATGGTAAACTTTAATAAAAATAATTAAATA

TTATTGGTGAATATTATTGGTTTAAAGTTATAAGAAATTGTAAATTACAAAATAATACATTTTAAATC

AACTTTAATATGTTTACCTTAATATGTGTGTTTTTCCTAAACAATCAAATAAAAAGGAACAGAGGAAG

TAAGACTTTTATATCTCGTTGCTTCTAATTCTTAACATTAAAAAGATACGCCCATCAACTTTCTTATTG

AAGTCTAGATAGCTTTTAATATTTTTGAATTGAAAAGTAATTGAAAACAATGAATATAAAACATTCAC

GCATCATAATCATACGACAATTAGTCAAATTTATGCCATGATGAAACTACCAAATCCAAAAATTTAAA

TTTGGAACCCGTTTGGAAAAAAAACAATCATAGAAAATATCCAACGGATCTTAGATTTAGGAATTTT

GCACATCGGATAATACTTGAACAAAACCCGAAAATAGTACAGTAAAAAACTCAAAGCTAAGTTAACT

TATTAACCATTTTTATATGGAAAAAGTTAAAAAAAATTTACGTACTTTTAAATTTGGAACGTTTAAATC

CTATGTAAGAAGATAAAAAAATCGTAATGCTTTTGTTAACTTTAAATTTAAATAAGAAAGTTTGGTTA

ACAAGCCATTTTAGTCATGACGTTATGTAAACTAACAGAAAACCTTTACGGTGTTAAAATCTCGTTAG

TCTTCTTTATTATTTCTAAACAACATCATTTATCGTATAGAGAAAACGACGTCATTTTGTCGATTTAAA

AAAACAAAAACCTTAATCCCTAAATCGAAACTCATTTTTCCCTAATCGATTTCTAATCCTAGAATCTTT

ATGTCTCTCTTTTGAAATTCCGATTGAAATGGTTACAACTCGTGGGGGGGGGGGGGAAGGGGGGA

AGGTTCGTCTTCATCGGTCACAGAGACTAAATGAAACAGCAGCCGTACAAAATGACGACACATGAT

GTGACAGAGCTTGAACTCATCAAAACATACTGAAAGGAAGAAGTCTCGAGCTAATTTCAACATAGA

GATCTTTGGGGATTGTGTTTTCGATTTGGGAAATTTTTAGCTTTCAGGGATTGTTTTTTCGATGTGGG

GATTTTGTCTATTTTCATTTATCAATACGACTTCGTTTAGTGTACAATAAACCGATGACGTTTAGCCAT

AACAGAAACGACTAACGGGATTTTAACACCGTAAAGTTTTTCTGTTAACCTACTTAACGACATGTCTA

AATTGGCTTGTCAACCAACATTGTCATTTAAATTTAAAGTTAACAAAAACTTTACGATTTTTTTGTTAT

CCTCGCAGTTCATGATTTAATCATCCCAAATTTGAAAGTTAGTGATTTTTTTGACATTTTCCCCATTTTT

ATATAGCCTTAAGTAATTAAGATATTTTCGAGTATTTTTGGATAGCTTTTTCTTATCAAGTTTTTCGGT
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TAATTCAAATATTTTGGAGTACTTTCGAATACTTATGAGTAGTTTGGATTTCTTTTTGACCAAATTTTC

CGGATGACAGATATTTGAATGCTCGCTTGGGTTAGCGGGAAGTCTAAGTAAAGAAGGAGGCAAGC

AAATGAAATTCGGATATGTTGTAGAGTATTTTTGATATTTCCTCATAGTTCTTTTAACCTTAAACATAT

AAAAAAAAACACAAAAAAATATCTGAAAGTTTGAACCCTATCTGAAACAAACGTAAATATTATAGAT

ACCCAAACGGGGCTATGAGCCTCACCCAAAAACCCGAATCGAGTCCAAACCCCGAACCCTAGTGAA

AAGCATTTGCAGTAAAAGATTATAAACATGAAGTAATAAATTAGTTGGAACTTATAATATTGATTTAT

ATCACCAGTTCCCCACACGCAACGTGGTTTCTTTCATCAATCTATATAGTATTATAAGTAGAATGTGT

ACTCTCTTTCCAAATAAACTAGGAGGATTCAAAATAGATGTGGAGGCTAAGACTTGGACCGAAGGC

CGGTGAGGATACTCGCTTGTTCACCACCAACAACTAATTAAGCCAGGAGGCAGATTTGGGTGTTGA

ATACCAACTCAGGATCTCCACAAGAAATTGCCGAGATAGAGAACGCTCGTCAGAATTTTTCAAACAA

CATGTCACGTTTCAAAACGATGCAGATATATATGTACCTTAAAAAATCCTAGATATACGCAACTTGCA

AACAAAGCAATAATTTGTTATCAAAGCTAGTTAGTTTTTTTTTTTTTGTAATTCCATATGCCTTGTTTTT

GAGATTAACAAGAAAACGACTTCTTTTTTTTCTTAAATTCTACTTTCCATTTCTCTCAACTCTCGGAATC

ACCTATGCTGATTCTACTCGCACATTGCATATAGTTCTTAATCTTAAACTAGGTACGGCGAACAACTT

TCCTATAGATGTCTACTTGGCTTATAATATTTTTGTATTGAAAAACTAATTAGAAAGATATGAATATC

GTTAAGCAAATATAAAACAATTACTAATACGTCAAGAAGTCAAAGTGATGACAATGCGAAACGTAG

TTGCTTACGAAATAAACGTTAAGGAATAAAATTATTTGAGAACTTATAATTTATATTCACACCCGTTTC

TCACATGCATCGTGTTTATTAACAACAATCTATATAATATTCTTTTCTACGTATTTTTGTGGTTGATGTT

TAAAATTTTTACAAAACAATTTTTTTTTTTTTAATTTTTGTTTTTCTCAAAACTAACACATTGTTTATAAT

CTATTATAACTCAAACAAACCAATAATAAAATCATTTACATAATAGAAATCATCAAAAATAAAAATAA

AAATTAATTGGTTTGTATTAAAATTTGAAAACATAATTTAATTGCAAGAAAAAAAAATTCCTAAAACA

TCGACTATAAAAAATACGAAGCGAGTATAAAGTATAATGTGTCCTCCTTGTCCAAGTAAACTTAGAG

CAACCTTACAAA 

 

>THAS terminator region (1349bp) 

CCATGTCACATCTATCTTCTTCACCGTTTTATATATCAATTCTGTTTTTGTTTTTATTTTCCTTTGCATGT

ATAATAAAAGAAATGTTATGTACTTCTATGAAATGAACTATGGTTATTGACAGATTACATATTAATTC

CACAAATTTATTTGTTGAATGTGTTCAAAGAGTACAAGTACTAAAAATTATAACCTACAAGTTGAAAA

TTTATAATTTATAATTAGTTTGATTTTTTTTTTTTTAGAAATAAATAGTTAATTATAATTTAGGTATTTA

AGTACTCATACAACTAAAAAATATGTAGTTTTTCTTTTCTTCTCAAATGAAGTATATTTTCCTAAATTTT

ATAGTTTAGTGTATTTAAAAAATTTCCGCCCATTGTTTTAACTAAGATTATGTGTCTTACCTAATGATA

ATAAGGTCATCTCCCTATCTATAAGTAGATGCTTTGCTCCATCACAAATGTATCATATTAATAAAAAC
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AACACTTAAAGAGAAAGATTAGAGGTAAGGGAAGAGAAACCTTATCTTCGAATCAAAGTTATAAGA

GTTTCACTTTCAAGTCTACAAATCATTTAGGAAGAAAGCTTTACCATCAAAGGTAGCATCATTTGTAC

AATGAATGGAGGTAACTCTAAATCCTCTTTTTGATTCTATTATGTGATTGATATAGATGTCCCATATCT

TAGGGTTCATATCAAAAAATATGTTTAACAAAGCAATCTCGCTGAGTCTTTTGATGCGGTTTTAAAAG

ATGCACGGTAATTCCTCATCATTACAAAAACCGAGTACATACAGAGTACACTCGGGATGTGGTTTTG

GCAAATGTACCAGTCCAACTTCGAAAGGATGATATCGCTTGGCGTGCTCCAAATAAAAAATGCAGA

GTATGAGGTTAAGACAGTCGCCGGTTCATCTATCAAGAATATCTGCTCATGAAATCTTGCAAATGAA

TGTACAATCTGGAATGGATCACATGCAATGCAGGGCTTAATTAGGTCCACACACTTGTTAATGTGGA

ATATAGCTCTACTTTTAGAGGTGGCTTAGCGCAAAAGTTTCTAACCAGTACCAGACATTCCTGCATTC

AATATGTTGCATTTGGCGGCCATTTGAATACAAGGGAACGGCATAACTATTGCTTTTTATTCTTCTTT

GTAGTTGACCAATAAAAAAGTTTACACCGGTTCAAATGAAACAAATACAAGTCCTAAATTCAACCAA

ATTCTGAGTTCATCAACATCAGTTGCTTTAACAAAAGCAAAGATTTCAAAACTTCAGAATCAGCAGG

AAGTAGGAAATATTTGTCGACCCATGAATGCAACTGGTTCACGGCTGAACACTGAAA 

 

>eGFP/Gus (2535bp) 

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGA

CGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGA

CCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAC

CTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCC

ATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGC

GCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAA

GGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCAT

GGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCA

GCGTGCAGCTCGCCGACCACTACAAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCG

ACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGG

TCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACGAACCCGGCA

TGTTACGTCCTGTAGAAACCCCAACCCGTGAAATCAAAAAACTCGACGGCCTGTGGGCATTCAGTCT

GGATCGCGAAAACTGTGGAATTGATCAGCGTTGGTGGGAAAGCGCGTTACAAGAAAGCCGGGCAA

TTGCTGTGCCAGGCAGTTTTAACGATCAGTTCGCCGATGCAGATTTTCGTAATTATGCGGGCAACGT

CTGGTATCAGCGCGAAGTCTTTATACCGAAAGGTTGGGCAGGCCAGCGTATCGTGCTGCGTTTCGAT

GCGGTCACTCATTACGGCAAAGTGTGGGTCAATAATCAGGAAGTGATGGAGCATCAGGGCGGCTAT

ACGCCATTTGAAGCCGATGTCACGCCGTATGTTATTGCCGGGAAAAGTGTACGTATCACCGTTTGCG
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TGAACAACGAACTGAACTGGCAGACTATCCCGCCGGGAATGGTGATTACCGACGAAAACGGCAAGA

AAAAGCAGTCTTACTTCCATGATTTCTTTAACTATGCCGGAATCCATCGCAGCGTAATGCTCTACACC

ACGCCGAACACCTGGGTGGACGATATCACCGTGGTGACGCATGTCGCGCAAGACTGTAACCACGCG

TCTGTTGACTGGCAGGTGGTGGCCAATGGTGATGTCAGCGTTGAACTGCGTGATGCGGATCAACAG

GTGGTTGCAACTGGACAAGGCACTAGCGGGACTTTGCAAGTGGTGAATCCGCACCTCTGGCAACCG

GGTGAAGGTTATCTCTATGAACTGTGCGTCACAGCCAAAAGCCAGACAGAGTGTGATATCTACCCGC

TTCGCGTCGGCATCCGGTCAGTGGCAGTGAAGGGCGAACAGTTCCTGATTAACCACAAACCGTTCTA

CTTTACTGGCTTTGGTCGTCATGAAGATGCGGACTTGCGTGGCAAAGGATTCGATAACGTGCTGATG

GTGCACGACCACGCATTAATGGACTGGATTGGGGCCAACTCCTACCGTACCTCGCATTACCCTTACG

CTGAAGAGATGCTCGACTGGGCAGATGAACATGGCATCGTGGTGATTGATGAAACTGCTGCTGTCG

GCTTTAACCTCTCTTTAGGCATTGGTTTCGAAGCGGGCAACAAGCCGAAAGAACTGTACAGCGAAGA

GGCAGTCAACGGGGAAACTCAGCAAGCGCACTTACAGGCGATTAAAGAGCTGATAGCGCGTGACA

AAAACCACCCAAGCGTGGTGATGTGGAGTATTGCCAACGAACCGGATACCCGTCCGCAAGGTGCAC

GGGAATATTTCGCGCCACTGGCGGAAGCAACGCGTAAACTCGACCCGACGCGTCCGATCACCTGCG

TCAATGTAATGTTCTGCGACGCTCACACCGATACCATCAGCGATCTCTTTGATGTGCTGTGCCTGAAC

CGTTATTACGGATGGTATGTCCAAAGCGGCGATTTGGAAACGGCAGAGAAGGTACTGGAAAAAGA

ACTTCTGGCCTGGCAGGAGAAACTGCATCAGCCGATTATCATCACCGAATACGGCGTGGATACGTTA

GCCGGGCTGCACTCAATGTACACCGACATGTGGAGTGAAGAGTATCAGTGTGCATGGCTGGATATG

TATCACCGCGTCTTTGATCGCGTCAGCGCCGTCGTCGGTGAACAGGTATGGAATTTCGCCGATTTTG

CGACCTCGCAAGGCATATTGCGCGTTGGCGGTAACAAGAAAGGGATCTTCACTCGCGACCGCAAAC

CGAAGTCGGCGGCTTTTCTGCTGCAAAAACGCTGGACTGGCATGAACTTCGGTGAAAAACCGCAGC

AGGGAGGCAAACAATGA 

 

>U6-26 promoter::sgRNA::U6-26 terminator (378bp)  

CATCTTCATTCTTAAGATATGAAGATAATCTTCAAAAGGCCCCTGGGAATCTGAAAGAAGAGAAGCA

GGCCCATTTATATGGGAAAGAACAATAGTATTTCTTATATAGGCCCATTTAAGTTGAAAACAATCTTC

AAAAGTCCCACATCGCTTAGATAAGAAAACGAAGCTGAGTTTATATACAGCTAGAGTCGAAGTAGT

GATTGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTG

AAAAAGTGGCACCGAGTCGGTGCTTTTTTTTGCAAAATTTTCCAGATCGATTTCTTCTTCCTCTGTTCT

TCGGCGTTCAATTTCTGGGGT 
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7.2 USER vector 

 

 

 

7.3 Primers 

 

T-DNA line Primers 

SALK_021008 TCAGACGATGCTTATGGTTCC 
 TTATGAACCAAAGCAAAACCG 
SALK_073442 TTCAGGTTTATGGTCACCCTG 
 TAGAACCATCATTTCCCTCCC 
SALK_057762 AATGTGGAGGCAACAACTCAC 
 TCAGTCATTCAGCAGTTGTCG 
SALK_034869 TGTTTCCGTGTAACTTCTGGG 
 TTGTTCTTGACGACGACTGTG 
SALK_149692 TCTTGTGACAGGTGCAACTTG 
 AAACAAAGCTAGGCACAAGGC 

Supplementary Figure 1: Map of the USER plasmid used for USER cloning. 

Supplementary Table 1: Primers used for genotyping PCRs 
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SALK_135712 GAATTCTAAATTTCCCACCCG 
 TGAAATGAAAAACGAATTGGG 
SALK_128444 TGGTGAACTGTGGAAACCTAG 
 TCCTAAAATCCAAATCCCATG 
SALK_135831 AATTGCAGCATATTCCAAACG 
 TAGTTGCTGGAGAAGCTGCTC 
SALK_117262 GCAATTTGGCTGTACAGAAGC 
 AAGTTGCTGCTATGATGCCTC 
SALK_003313 CCGAGCTTTCTACCATGACTG 
 TATTCGACGGTTGCGTTAGAC 
SALK_013895 CTTTCTCGCAAGATCCATGAC 
 TTTACATGCTTTGCCGGTTAC 
SALK_035608 GCTGCTACCACTAGTTGCCAG 
 ACTGCCACGATAATGAGGTTG 
SALK_092672 ACGCAATGTATGTCTTGGGTC 
 ATCCATTGCCAATTTTCACAG 
SALK_026442 GCTGGGGGTTTATGTAGGAAG  
 CACTGTCCAGTAAAAGCTGGC 
GK-128H01 AGCATAGCAATTGGGCATACACTG 
 GAATTTAGTTGCACTGCCTGGAAA 
GK-143H01 TGTAAAATCTGCTTCCTGGTGTGT 

TTGTGGGTTCATGTAACATGTGCT 
GK-229F03 GATAGTAGAGATCCCTGCAGACGG 
 TCTGGAAAACTGAAACCTCTTTAATTG 
GK-663C11 TATTACCTTGAAGAGTGGACCCAG 
 TTGAAGCTGTTAAGTCCCTCTCAG 
Salk_149002 AATGAAAGCATGCGGATACAC 
 TCCGTGTTGACTGGAAAGATC 
Salk_029530 AGGCGACATATGAACGAACAC 
 GATGCAATTTCTTCTGGCAAG 
Salk_065480 CCTTCATCGCAATCGTAAATC 
 TTTTGCGCTAAACTAGTTGGG 
Salk_037362 TTTTTGTTGGATGCGTTCTTC 
 AGAGGAGATTCTCCGTCCATC 
Salk_ 060156 ATCGTCTTGCTTCTTCTTCCC 
 TGGCTTACTTGGTGGATTGAG 
Sail_80_F03 TTCACGCAACAAAAAGGAAAC 
 AGCACAATAATGGCGATGAAC 
Sail_535_F09 TTCAAAAAGGTCAGGCAAATG 
 TTGAGACGTTTGGGTTTGAAC 
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Region Primer 

PP2AA3 insertion CAGAGATTGTAGAGCCTACC 
 CTCTCACTCTCTCAGCTTTG 
MRN insertion CTCGACATCTCAACGCAAC 
 GTGTTGAATTGGAGGTGAG 
THAS insertion CTAGTAGGAACAGTCGGAGT 
 GCTAGCTGGTAATTATGTC 
GFP/Gus GAACTTGTGGCCGTTTACG 
 GACTTCAAGGAGGACGGCAA 
Chr3 del 1  GATGGTCCTATGGGTTCAG 
 GCAGATTGGCTAGACTCTG 
Chr3 del 2 GCAAAGTGTGATGCTCCAC 
 GTCAGCATCAGGCCAACCG 
Chr3 del mid 1 CTGCGGATTTTGTACACGC 
 CAAGGATGTGAAGACTCTT 
Chr3 del mid 2 GCAAAGCTTGTGGAACTAG 
 CATAATCCACAGGGACCTG 
Chr3 del 1 CTCCGGCTGCGATTTTTAG 
 GTCCTGGATCGTCTAATACG 
Chr3 del 2 GAATCGGACCAAGTATCAGG 
 CCCAATCATAAGCTGATCAC 
Chr5 del 1 CAGGGTCGATGCGATTGATG 
 GCCAGTCTTGCTAACACTT 
Chr5 del 2 GTTTCTTCTCTCGCACTCCA 
 CTGAAAAATGAGGACAGCG 
Chr5 del mid 1 GCAGACGAGAAATGAGTGG 
 GGTAACAAGCGACTAAATG 
Chr5 del mid 2 GCATGTTTAAGATCGGTCG 
 CCAATCAGATAAGCCGTTG 
Chr5 del 1 GTTGTTTCCATTGGCTTGG 
 CATCTAACGAGTCTTGAG 
Chr5 del 2   GACGCGGCTGTAGATTGAT 
 GGTCTTCTACCACCTACGA 

  

  

 

qPCR primer location Primer 

PP2AA3 GTTGTGGAGAACATGATACGG 
 GCTAGACATCATCACATTGTC 
At5g47950 GCTGGATCTGTTTCTCCGA 
 CAAGCAGTTCTGTGCTCTG 
At5g47970 GGATACCAACGAGACCTGTG 
 CATCACATCTTTGTAGCTGCATG 
At5g47980 CGGCCATACTAACACTAGACT 

Supplementary Table 2: Primers used for genotyping CRISPR plants 

Supplementary Table 3: Primers used for qPCR 
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 TGCCTACCCATACTTCAAGAC 
At5g47990 ATCCTGATTTCTGGGAAGACC 
 TGTTGCACCATCATTCCAATT 
At5g48000 GAGGATTAATCAAAGGTTATCA 
 GTTAGTAAGAAAGCCTGTCGC 
At5g48010 CTTCAATCCACTATGGCACTC 
 TAAAAATAATCACTCTTAGGGTCTTC 
At5g48030 GACAGCGTGAACTGCTTGAG 
 CACTGGGAAGATCCAGTTGC 
Acn GAGCAGGTCACAGTCATGAAG 
 CGACAGACACGAATCATTTCG 

 

 

 

7.4 Codes 

7.4.1 Edit data, make readable in R  

setwd("Data files/") 

library("tidyverse") 

 

##click on data file 

 

dataname <- GSE25446.H3K27me3.Col.0_seedling_10d.ref6_peaks.broadPeak 

names(dataname )[1]<- "Chromosome" 

names(dataname )[2]<- "From" 

names(dataname )[3]<- "To" 

names(dataname )[4]<- "Accession" 

names(dataname )[5]<- "Score" 

names(dataname )[6]<- "/" 

names(dataname )[7]<- "Signal Value" 

names(dataname )[8]<- "pValue (-log10)" 

names(dataname )[9]<- "qValue (-log10)" 

 

##Change file name! 

dataname$Size <- dataname$To - dataname$From 
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filename <- paste("H3.1.Col.0_seedling_10d_", nrow(dataname), "Sizes_", ncol(dataname), 

"variables.csv", sep = "") 

write.csv(dataname,filename ) 

 

##Change table name (will open called table) 

table <- read.csv("H2A.Z_leaves_26406Sizes_10variables.csv", header = TRUE) 

 

7.4.2 Select for ROI 

##Regions of interest 

 

Thalianol_cluster_large <- as.data.frame(list(5, 19200000, 19550000)) 

names(Thalianol_cluster_large )[1]<- "Chromosome" 

names(Thalianol_cluster )[2]<- "From" 

names(Thalianol_cluster_large )[3]<- "To" 

rownames(Thalianol_cluster_large) <- "Thalianol_large" 

ThalLarge <- 19550000-19200000 

 

Thalianol_cluster_small <- as.data.frame(list(5, 19412077, 19462516)) 

names(Thalianol_cluster_small )[1]<- "Chromosome" 

names(Thalianol_cluster_small )[2]<- "From" 

names(Thalianol_cluster_small )[3]<- "To" 

rownames(Thalianol_cluster_small) <- "Thalianol_small" 

ThalSmall <-19462516-19412077 

 

Marneral_cluster <- as.data.frame(list(5, 17000000, 17120000)) 

names(Marneral_cluster )[1]<- "Chromosome" 

names(Marneral_cluster )[2]<- "From" 

names(Marneral_cluster )[3]<- "To" 

rownames(Marneral_cluster) <- "Marneral" 

Marn  <- 17120000-17000000 

 

Arabidol_cluster <- as.data.frame(list(4, 8700000, 8830000)) 
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names(Arabidol_cluster )[1]<- "Chromosome" 

names(Arabidol_cluster )[2]<- "From" 

names(Arabidol_cluster )[3]<- "To" 

rownames(Arabidol_cluster) <- "Arabidiol" 

Arabidiol <- 8830000-8700000 

 

Chr3_reg <- as.data.frame(list(3, 4250000, 4300000)) 

names(Chr3_reg )[1]<- "Chromosome" 

names(Chr3_reg )[2]<- "From" 

names(Chr3_reg )[3]<- "To" 

rownames(Chr3_reg) <- "Chr3" 

Chr3 <- 4300000-4250000 

 

##Make table of all  

table1 <- rbind(Thalianol_cluster, Marneral_cluster) 

table2 <- rbind(table1, Arabidol_cluster) 

table3 <- rbind(table2, Chr3_reg) 

 

dim(table) 

ROI <- rbind(table3,Thalianol_cluster_meg ) 

 

##Save table 

write.csv(ROI, "Regions_of_interest.csv") 

Regions <- read.csv("Regions_of_interest", header = TRUE) 

 

## Bind with random region table 

Random <- read.csv("Random_region", header = TRUE) 

Random$X <- NULL 

Random$Size <- NULL 

All_regions <- rbind(Random, table3) 

 

#Save table 
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write.csv(All_regions, "All_region1.csv") 

All_region <- read.csv("All_region", header = TRUE) 

 

7.4.3 Selecting random regions 

##100 random chromosomes 

Chromosome <- as.data.frame(sample(1:5, 100, replace = T)) 

view(Chromosome) 

 

#100 random sample sizes 

SampleSize <- as.data.frame (sample (20000:200000, 100, replace = T)) 

 

table <- cbind(Chromosome, SampleSize) 

view(table) 

 

##How many random regions in each chromosome  

Chromosome_1 <- sum(Chromosome == 1) 

Chromosome_2 <- sum(Chromosome == 2) 

Chromosome_3 <- sum(Chromosome == 3) 

Chromosome_4 <- sum(Chromosome == 4) 

Chromosome_5 <- sum(Chromosome == 5) 

view(Chromosome_1) 

 

Chromosome_1_length <- 17438289 

Chromosome_2_length <- 9907821 

Chromosome_3_length <- 12830135 

Chromosome_4_length <- 10011585 

Chromosome_5_length <- 15235375 

Genome_length <- 65423205 

 

##Random starter number for Chromosome 

Ch1_start <- sample(1:Chromosome_1_length, Chromosome_1, replace = T) 

Ch2_start <- sample(1:Chromosome_2_length, Chromosome_2, replace = T) 
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Ch3_start <- sample(1:Chromosome_3_length, Chromosome_3, replace = T) 

Ch4_start <- sample(1:Chromosome_4_length, Chromosome_4, replace = T) 

Ch5_start <- sample(1:Chromosome_5_length, Chromosome_5, replace = T) 

view(Ch2_start) 

 

##save as data frame to bind 

Ch1_start_1 <- as.data.frame(Ch1_start) 

Ch2_start_1 <- as.data.frame(Ch2_start) 

Ch3_start_1 <- as.data.frame(Ch3_start) 

Ch4_start_1 <- as.data.frame(Ch4_start) 

Ch5_start_1 <- as.data.frame(Ch5_start) 

 

##merge rows together, can only do 2 at a time and need same column name 

names(Ch1_start_1)[1]<- "From" 

names(Ch2_start_1)[1]<- "From" 

names(Ch3_start_1)[1]<- "From" 

names(Ch4_start_1)[1]<- "From" 

names(Ch5_start_1)[1]<- "From" 

 

 

table1 <- rbind(Ch1_start_1, Ch2_start_1) 

table2 <- rbind(table1, Ch3_start_1) 

table3 <- rbind(table2, Ch4_start_1) 

table4 <- rbind(table3, Ch5_start_1) 

dim(table) 

total_table <- cbind(table, table4) 

 

#rename columns 

names(total_table)[1] <- "Chromosome" 

names(total_table)[2] <- "Size" 

 

#Add end bp 
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total_table$To <- total_table$Size + total_table$From 

 

##Save table 

write.csv(total_table, "Random_region.csv") 

Random <- read.csv("Random_region.csv", header = TRUE) 

 

##Order by chromosome 

table2 <- read.csv("Random_region.csv") 

table2 <- with(table, table[order(Chromosome ) ,]) 

table2$X = NULL 

 

write.csv(table2, "Random_region.csv") 

 

Table S 1: Co-ordinates of the 100 randomly selected regions. 

  Chromosome 
Size 
(bp) From To   

  1 167083 3934083 4101166   
  1 79034 4275854 4354888   
  1 64574 4147771 4212345   
  1 109773 4183042 4292815   
  1 62702 5524154 5586856   
  1 72169 316380 388549   
  1 157713 2323288 2481001   

  1 73463 339191 412654   
  1 107055 2907405 3014460   
  1 189531 8242420 8431951   
  1 143602 8060831 8204433   
  1 171473 4768892 4940365   
  1 79184 472503 551687   
  1 150293 4544123 4694416   
  1 47276 4525094 4572370   
  1 75390 3554987 3630377   
  1 105282 2820289 2925571   

  2 39824 3978652 4018476   
  2 133302 8034466 8167768   
  2 61367 7525293 7586660   
  2 131756 792722 924478   
  2 151905 10248480 10400385   
  2 125903 8756884 8882787   



Page 240 of 258 
 

  2 179652 10358358 10538010   
  2 20360 16230117 16250477   
  2 194889 16223073 16417962   
  2 74603 7271873 7346476   
  2 88788 3132824 3221612   
  2 92099 5992354 6084453   
  2 166500 1062661 1229161   
  2 129427 7729577 7859004   
  2 187172 8507587 8694759   
  2 109052 9001625 9110677   

  2 138078 4144595 4282673   
  2 72586 4302067 4374653   
  2 143148 3942167 4085315   
  2 65452 9075743 9141195   
  2 102837 6734263 6837100   
  2 158077 5195272 5353349   
  2 142205 541202 683407   
  2 165751 2479479 2645230   
  2 188469 1645201 1833670   
  2 117714 12021605 12139319   

  2 62086 7123142 7185228   
  2 29135 11547432 11576567   
  2 31442 3072884 3104326   
  3 177808 4506446 4684254   
  3 136267 1899495 2035762   
  3 118989 9029031 9148020   
  3 33317 9059491 9092808   
  3 107953 2123106 2231059   
  3 46550 2628498 2675048   
  3 75565 4910970 4986535   

  3 82540 14353308 14435848   
  4 30234 3062228 3092462   
  4 86986 8594414 8681400   
  4 124325 9224953 9349278   
  4 96858 3406375 3503233   
  4 163691 8452885 8616576   
  4 122254 7278350 7400604   
  4 150428 7536521 7686949   
  4 197572 3854480 4052052   
  4 56632 1262405 1319037   

  4 82667 7232835 7315502   
  4 126910 9943480 10070390   
  4 38008 4588560 4626568   
  4 188713 9146328 9335041   
  4 125825 5053651 5179476   
  4 23245 6310451 6333696   
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  4 147065 5862477 6009542   
  4 94488 6147192 6241680   
  4 40225 4920036 4960261   
  4 167117 7222503 7389620   
  4 49822 6896087 6945909   
  5 45651 8357049 8402700   
  5 78085 13230401 13308486   
  5 101200 10837762 10938962   
  5 62496 12917232 12979728   
  5 129175 15206188 15335363   

  5 60769 10408378 10469147   
  5 110848 3743087 3853935   
  5 53891 1310479 1364370   
  5 73042 8857025 8930067   
  5 123053 4599183 4722236   
  5 142149 5146615 5288764   
  5 189881 7514097 7703978   
  5 151258 4038146 4189404   
  5 198314 6764316 6962630   
  5 159408 6474257 6633665   

  5 192270 11305911 11498181   
  5 102511 2778821 2881332   
  5 125165 8294514 8419679   
  5 156225 4380871 4537096   
  5 83365 14975244 15058609   
  5 52194 1317964 1370158   
  5 117546 3352695 3470241   
  5 102448 14959904 15062352   
  5 60474 9991963 10052437   
  5 172761 8918606 9091367   

  5 40061 9531445 9571506   
 

 

7.4.4 Extracting values 

###### Code for Jade######## 

####### Soheila Bayat sb3014@bath.ac.uk######## 

setwd("") 

library("dplyr") 

# make a list of all tables. path = "." means working directory 

file_names<- list.files(path = ".") 

# chech th length of the list 
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length(file_names) 

#test <- read.csv("test_1.csv") 

#names(test) 

 

##Random regions code - change WD 

random <- read.csv("Random_region.csv") 

random$X = NULL 

 

C <- 100 

A <- random[C , 3] 

B <- random[C , 4] 

 

for (i in file_names) { 

  #read each data frame  

  table <- read.csv(i, row.names = 1) 

  # filter each dataset 

  #1 3934083 4101166 

  table <- filter(table, Chromosome == "5" , From >= A, To <= B  ) 

  #rewmove these three columns 

  table$X = NULL 

  table$Accession = NULL 

  table$X. = NULL 

  #get the sum of other columns 

  sum_of_size <- as.data.frame(t(apply(table, 2, sum))) 

  #bind the sum_of_size with table and assign the name "sum_size_ as the row name of the 

sum_of_size table 

  table <- rbind(table, "sum_size" = sum_of_size) 

  #in the table change the values of 1:7 column and sum_size row to "NA" 

  table["sum_size", 1:7] <- "NA" 

  # save each data frame as csv 

  write.csv(table, file = paste("RandomReg_", C , i, sep = "_")) 

} 
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table2 <- read.csv("All_region1.csv") 

 

##Specific region code 

 

Region <- read.csv("Regions_of_interest.csv") 

 

#REMEMBER TO CHANGE CHROMOSOME MANUALLY 

 

#Thalianol <- C 

#A <- Region[1 , 3] 

#B <- Region[1 , 4] 

 

#Marneral <- C 

#A <- Region[2 , 3] 

#B <- Region[2 , 4] 

 

#Arabidiol <- C 

#A <- Region[3 , 3] 

#B <- Region[3 , 4] 

 

#Chr3_region <- C 

A <- Region[4 , 3] 

B <- Region[4 , 4] 

 

#Thalainol_Meg <- C 

A <- Region[5 , 3] 

B <- Region[5 , 4] 

 

file_names <- list.files(path = ".") 

 

for (i in file_names) { 
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  #read each data frame  

  table <- read.csv(i, row.names = 1) 

  # filter each dataset 

  #1 3934083 4101166 

  table <- filter(table, Chromosome == "5" , From >= A, To <= B  ) 

  #rewmove these three columns 

  table$X = NULL 

  table$Accession = NULL 

  table$X. = NULL 

  #get the sum of other columns 

  sum_of_size <- as.data.frame(t(apply(table, 2, sum))) 

  #bind the sum_of_size with table and assign the name "sum_size_ as the row name of the 

sum_of_size table 

  table <- rbind(table, "sum_size" = sum_of_size) 

  #in the table change the values of 1:7 column and sum_size row to "NA" 

  table["sum_size", 1:7] <- "NA" 

  # save each data frame as csv 

  write.csv(table, file = paste("ThalianolMeg_" , i, sep = "_")) 

} 

 

##Total sizes 

file_names<- list.files(path = ".") 

for (i in file_names) { 

  #read each data frame  

  table <- read.csv(i, row.names = 1) 

  #remove these three columns 

  table$X = NULL 

  table$Accession = NULL 

  table$X. = NULL 

  #get the sum of other columns 

  sum_of_size <- as.data.frame(t(apply(table, 2, sum))) 
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  #bind the sum_of_size with table and assign the name "sum_size_ as the row name of the 

sum_of_size table 

  table <- rbind(table, "sum_size" = sum_of_size) 

  #in the table change the values of 1:7 column and sum_size row to "NA" 

  table["sum_size", 1:7] <- "NA" 

  # save each data frame as csv 

  write.csv(table, file = paste("Total_", i, sep = "_")) 

} 

 

7.4.5 Calculate percentage of marks and fold enrichement  

##Percentages  

 

sizebp <- read.csv("Size_of_regions.csv") 

#peaks <- read.csv("Region_PeakSizes.csv") 

peaks <- read.csv("New_RegionsPeakSizes.csv") 

 

pROI <- NULL 

pWhole <- NULL 

enrich <- NULL 

exp <- NULL 

 

b <- 1 

 

#(total marks across DNA) 

m <- peaks[b, 8] 

 

#(total size of DNA) 

N <- sizebp[1 , 2] 

 

n <-  N - m  

 

#(size of region of interest) 
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k <- sizebp[1, 3] 

 

#(marks across region of interest) 

x <-  peaks[b, 7] 

 

## Percent of marks across ROI 

ROIperc <- ( x / k * 100)  

 

## Percent of marks across whole genome 

Genperc <- ( x / m * 100)  

 

# expected number of red marbles 

#k * m / (m + n) 

 

#expmarks <- k * m / (m + n) * (m + n - k) / (m + n) * n / (m + n - 1) 

 

#Fold enrichment 

Enrichment <-  (x / k ) / (m / N)  

 

## Random expectation 

Expected <- m / N 

 

pROI <- rbind(pROI , ROIperc) 

pROI <- as.data.frame(pROI) 

names(pROI) <- "New_Percent of marks across ROI_Thalianol" 

 

pWhole <- rbind(pWhole , Genperc) 

pWhole <- as.data.frame(pWhole) 

names(pWhole) <- "New_Percent of marks across whole genome_Thalianol" 

 

enrich <- rbind(enrich , Enrichment) 

enrich <- as.data.frame(enrich) 
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names(enrich) <- "New_Fold enrichment_Thalianol" 

 

exp <- rbind(exp , Expected) 

exp <- as.data.frame(exp) 

names(exp) <- "New_Expected_Thalianol" 

 

#rownames(pROI) <- c("H2A.X_leaves_3w" , "H2A.Z_leaves_3w" , "H2A.Z_leaves" , 

"H2A.Z_seedling_10d_wt" , "H2A_leaves_3w" , "H2AK121ub_seedling_7d_1hp1" , 

"H2AK121ub_seedling_7d_atbmi" , "H2AK121ub_seedling_7d_clf.swn" , 

"H2AK121ub_seedling_7d_wt" , "H3ac_leaves_4w_wt" , "H3ac_roots_4w_wt" , 

"H3ac_roots_7d_hag1" , "H3ac_roots_7d_wt" , "H3K4me3_leaves" , 

"H3K4me3_roots_5d_mutant" , "H3K4me3_roots_5d_wt" , "H3K4me3_roots_14d_OTU5" , 

"H3K4me3_roots_14d_wt" , "H3K9me2_seedling_10d_wt" , "H3K14ac_seedling_10wt" , 

"H3K27me3_leaves_20d" , "H3K27me3_leaves" , "H3K27me3_roots_5d_mutant" , 

"H3K27me3_roots_5d_wt" , "H3K27me3_roots_14d_OTU5" , "H3K27me3_roots_14d_wt" , 

"H3K27me3_whole_30h" , "H3K36ac_leaves_35d_sdg8" , "H3K36ac_leaves_35d_wt" , 

"H3K36me3_leaves" , "H3K36me3_seedling_10d_wt") 

#rownames(pWhole) <- c("H2A.X_leaves_3w" , "H2A.Z_leaves_3w" , "H2A.Z_leaves" , 

"H2A.Z_seedling_10d_wt" , "H2A_leaves_3w" , "H2AK121ub_seedling_7d_1hp1" , 

"H2AK121ub_seedling_7d_atbmi" , "H2AK121ub_seedling_7d_clf.swn" , 

"H2AK121ub_seedling_7d_wt" , "H3ac_leaves_4w_wt" , "H3ac_roots_4w_wt" , 

"H3ac_roots_7d_hag1" , "H3ac_roots_7d_wt" , "H3K4me3_leaves" , 

"H3K4me3_roots_5d_mutant" , "H3K4me3_roots_5d_wt" , "H3K4me3_roots_14d_OTU5" , 

"H3K4me3_roots_14d_wt" , "H3K9me2_seedling_10d_wt" , "H3K14ac_seedling_10wt" , 

"H3K27me3_leaves_20d" , "H3K27me3_leaves" , "H3K27me3_roots_5d_mutant" , 

"H3K27me3_roots_5d_wt" , "H3K27me3_roots_14d_OTU5" , "H3K27me3_roots_14d_wt" , 

"H3K27me3_whole_30h" , "H3K36ac_leaves_35d_sdg8" , "H3K36ac_leaves_35d_wt" , 

"H3K36me3_leaves" , "H3K36me3_seedling_10d_wt") 

#rownames(enrich) <- c("H2A.X_leaves_3w" , "H2A.Z_leaves_3w" , "H2A.Z_leaves" , 

"H2A.Z_seedling_10d_wt" , "H2A_leaves_3w" , "H2AK121ub_seedling_7d_1hp1" , 

"H2AK121ub_seedling_7d_atbmi" , "H2AK121ub_seedling_7d_clf.swn" , 

"H2AK121ub_seedling_7d_wt" , "H3ac_leaves_4w_wt" , "H3ac_roots_4w_wt" , 
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"H3ac_roots_7d_hag1" , "H3ac_roots_7d_wt" , "H3K4me3_leaves" , 

"H3K4me3_roots_5d_mutant" , "H3K4me3_roots_5d_wt" , "H3K4me3_roots_14d_OTU5" , 

"H3K4me3_roots_14d_wt" , "H3K9me2_seedling_10d_wt" , "H3K14ac_seedling_10wt" , 

"H3K27me3_leaves_20d" , "H3K27me3_leaves" , "H3K27me3_roots_5d_mutant" , 

"H3K27me3_roots_5d_wt" , "H3K27me3_roots_14d_OTU5" , "H3K27me3_roots_14d_wt" , 

"H3K27me3_whole_30h" , "H3K36ac_leaves_35d_sdg8" , "H3K36ac_leaves_35d_wt" , 

"H3K36me3_leaves" , "H3K36me3_seedling_10d_wt") 

#rownames(exp) <- c("H2A.X_leaves_3w" , "H2A.Z_leaves_3w" , "H2A.Z_leaves" , 

"H2A.Z_seedling_10d_wt" , "H2A_leaves_3w" , "H2AK121ub_seedling_7d_1hp1" , 

"H2AK121ub_seedling_7d_atbmi" , "H2AK121ub_seedling_7d_clf.swn" , 

"H2AK121ub_seedling_7d_wt" , "H3ac_leaves_4w_wt" , "H3ac_roots_4w_wt" , 

"H3ac_roots_7d_hag1" , "H3ac_roots_7d_wt" , "H3K4me3_leaves" , 

"H3K4me3_roots_5d_mutant" , "H3K4me3_roots_5d_wt" , "H3K4me3_roots_14d_OTU5" , 

"H3K4me3_roots_14d_wt" , "H3K9me2_seedling_10d_wt" , "H3K14ac_seedling_10wt" , 

"H3K27me3_leaves_20d" , "H3K27me3_leaves" , "H3K27me3_roots_5d_mutant" , 

"H3K27me3_roots_5d_wt" , "H3K27me3_roots_14d_OTU5" , "H3K27me3_roots_14d_wt" , 

"H3K27me3_whole_30h" , "H3K36ac_leaves_35d_sdg8" , "H3K36ac_leaves_35d_wt" , 

"H3K36me3_leaves" , "H3K36me3_seedling_10d_wt") 

 

 

#rownames(pROI) <- c("H1.Col-0seedling10d-H3-KD" , "H2A-Z.Col-0aerial-part12-13d-wt" , 

"H2A-Z.Col-0aerial-part12-14d-arp6" , "H2A-Z.Col-0aerial-part3w-clf-28" , "H2A-Z.Col-

0aerial-part3w-pie1-5" , "H2A-Z.Col-0aerial-part3w-pkl-1" , "H2A-Z.Col-0aerial-part3w-wt" ,  

"H2A-Z.Col-0seedling6d-arp" , "H2A-Z.Col-0seedling6d-wt" , "H2AV.Col-0seedling12d-17c-

15min" , "H2AV.Col-0seedling12d-17c-1h" ,   "H2AV.Col-0seedling12d-27c-1h" , "H2AV.Col-

0seedling12d-37c-1h-exp" , "H2AV.Col-0seedling12d-37c-4h-exp" , "H2B.Col-0seedling12d-

17c-15min" , "H2B.Col-0seedling12d-17c-1h" , "H2B.Col-0seedling12d-27c-15min" , "H2B.Col-

0seedling12d-27c-4h" , "H3-1.Col-0leaves3w-A31T" , "H3-1.Col-0seedling10d" , "H3-3.Col-

0meristem-young-leaves4w" , "H3-3.Col-0old-leaves4w" , "H3-3.Col-0seedling10d" , "H3-

3.Col-0whole-plant2w-wt" , "H3.Col-0aerial-part3w-clf-28" , "H3.Col-0aerial-part3w-pie1-5" , 

"H3.Col-0aerial-part3w-pkl-1" , "H3.Col-0aerial-part6d-wt" ,  "H3.Col-0leaves-apical-

meristem5w-16c" ,  "H3.Col-0leaves-apical-meristem5w-25c" , "H3.Col-0rosette-leaves21d-



Page 249 of 258 
 

wt-watered" , "H3.Col-0seedling10-12d-wt" , "H3.Col-0seedling18d-wt" , "H3.Col-

0seedling3w-wt" , "H3.Col-x-Lerendosperm20d-1" , "H3.Col-x-Lerendosperm20d-2" , "H3.Ler-

x-Colendosperm20d-1"  , "H3.Ler-x-Colendosperm20d-2" ,  "H3K14ac.Col-0seedling12d-wt" , 

"H3K18ac.Col-0seedling12d-wt" , "H3K23ac.Col-0seedling3d-wt-air" , "H3K27ac.Col-

0seedling12d-wt" , "H3K27me1.Col-0leaves20d", "H3K27me1.Col-0rosette-leaves" , 

"H3K27me1.Col-x-Lerendosperm20d" , "H3K27me1.Ler-x-Colendosperm20d-2" , 

"H3K27me3.C24seedling10d-fen1" , "H3K27me3.C24seedling10d-pold2", 

"H3K27me3.C24seedling10d-wt" , "H3K27me3.C24seedling14d-clf" , 

"H3K27me3.C24seedling14d-wt" , "H3K27me3.Col-0aerial-part2w-atbmi" , "H3K27me3.Col-

0aerial-part2w-atring"  , "H3K27me3.Col-0aerial-part2w-clf" , "H3K27me3.Col-0aerial-

part2w-lhp" , "H3K27me3.Col-0aerial-part2w-wt" , "H3K27me3.Col-0aerial-part3w-clf-28" , 

"H3K27me3.Col-0aerial-part3w-pie1-5" , "H3K27me3.Col-0aerial-part3w-pkl-1" , 

"H3K27me3.Col-0aerial-part3w-wt" , "H3K27me3.Col-0aerial-part6d-wt" ,  "H3K27me3.Col-

0roots5d-wt" , "H3K27me3.Col-0seedling10d-ref6", "H3K27me3.Col-0seedling10d-wt" , 

"H3K27me3.Col-0seedling12d-wt" , "H3K27me3.Col-0seedling14d-clf" ,  "H3K27me3.Col-

0seedling14d-wt" , "H3K27me3.Col-0seedling7d-atbmi" , "H3K27me3.Col-0seedling7d-clf-

swn" ,  "H3K27me3.Col-0seedling7d-wt" , "H3K27me3.Col-x-C24seedling14d-clf" , 

"H3K27me3.Col-x-C24seedling14d-wt" , "H3K27me3.Col-x-Lerendosperm20d" , 

"H3K27me3.Lerpartial-inflorescence10d-mutant-Dex" , "H3K27me3.Lerpartial-

inflorescence10d-mutant" , "H3K27me3.Lerrosette-leaves10d-wt" , "H3K27me3.Lerwhole-

inflorescence10d-wt" , "H3K36me3.Col-0leaves3w-wt" , "H3K4me3.C24seedling10d-fen1" , 

"H3K4me3.C24seedling10d-pold2" ,  "H3K4me3.C24seedling10d-wt" , "H3K4me3.Col-

0rosette-leaves21d-mutant-watered" , "H3K4me3.Col-0seedling10d-wt" , 

"H3K4me3.Lerpartial-inflorescence10d-mutant-Dex" , "H3K4me3.Lerpartial-

inflorescence10d-mutant" , "H3K4me3.Lerrosette-leaves10d-wt" , "H3K4me3.Lerwhole-

inflorescence10d-wt" , "H3K56ac.Col-0leaves" , "H3K9-14ac.Col-0seedling7d-water-3h" , 

"H3K9-14ac.Col-0seedling7d-water-6h" , "H3K9ac.Col-0rosette-leaves30d"  , "H3K9ac.Col-

0rosette-leaves34d" , "H3K9ac.Col-0rosette-leaves42d" , "H3K9ac.Col-0seedling10d-pwr2" , 

"H3K9ac.Col-0seedling10d-wt" , "H3K9ac.Col-0seedling12d-wt" , "H3K9ac.Col-0seedling3d-

air" ,  "H3K9me2.C24seedling10d-pold2" , "H3K9me2.C24seedling10d-wt" , "H3K9me2.Col-

0aerial-part6d-wt" , "H3K9me2.Col-x-Lerendosperm20d" , "H3K9me2.Ler-x-

Colendosperm20d" , "H3T3ph.Col-0rosette-leaves21d-wt-watered" , "H4ac.Col-0seedling6d-
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arp" , "H4ac.Col-0seedling6d-wt" , "H4K12ac.Col-0seedling12d-wt" , "H4K5ac.Col-

0seedling12d-wt" , "H4K5ac.undefseedling10d-wt" , "H4K8ac.Col-0seedling12d-wt" ,  

"HTR12.Col-0seedling7-10d-At" , "HTR12.Col-0seedling7-10d-Lo" , "HTR12.Col-0seedling7-

10d-Zm")      

#rownames(pWhole) <- c("H1.Col-0seedling10d-H3-KD" , "H2A-Z.Col-0aerial-part12-13d-wt" 

, "H2A-Z.Col-0aerial-part12-14d-arp6" , "H2A-Z.Col-0aerial-part3w-clf-28" , "H2A-Z.Col-

0aerial-part3w-pie1-5" , "H2A-Z.Col-0aerial-part3w-pkl-1" , "H2A-Z.Col-0aerial-part3w-wt" ,  

"H2A-Z.Col-0seedling6d-arp" , "H2A-Z.Col-0seedling6d-wt" , "H2AV.Col-0seedling12d-17c-

15min" , "H2AV.Col-0seedling12d-17c-1h" ,   "H2AV.Col-0seedling12d-27c-1h" , "H2AV.Col-

0seedling12d-37c-1h-exp" , "H2AV.Col-0seedling12d-37c-4h-exp" , "H2B.Col-0seedling12d-

17c-15min" , "H2B.Col-0seedling12d-17c-1h" , "H2B.Col-0seedling12d-27c-15min" , "H2B.Col-

0seedling12d-27c-4h" , "H3-1.Col-0leaves3w-A31T" , "H3-1.Col-0seedling10d" , "H3-3.Col-

0meristem-young-leaves4w" , "H3-3.Col-0old-leaves4w" , "H3-3.Col-0seedling10d" , "H3-

3.Col-0whole-plant2w-wt" , "H3.Col-0aerial-part3w-clf-28" , "H3.Col-0aerial-part3w-pie1-5" , 

"H3.Col-0aerial-part3w-pkl-1" , "H3.Col-0aerial-part6d-wt" ,  "H3.Col-0leaves-apical-

meristem5w-16c" ,  "H3.Col-0leaves-apical-meristem5w-25c" , "H3.Col-0rosette-leaves21d-

wt-watered" , "H3.Col-0seedling10-12d-wt" , "H3.Col-0seedling18d-wt" , "H3.Col-

0seedling3w-wt" , "H3.Col-x-Lerendosperm20d-1" , "H3.Col-x-Lerendosperm20d-2" , "H3.Ler-

x-Colendosperm20d-1"  , "H3.Ler-x-Colendosperm20d-2" ,  "H3K14ac.Col-0seedling12d-wt" , 

"H3K18ac.Col-0seedling12d-wt" , "H3K23ac.Col-0seedling3d-wt-air" , "H3K27ac.Col-

0seedling12d-wt" , "H3K27me1.Col-0leaves20d", "H3K27me1.Col-0rosette-leaves" , 

"H3K27me1.Col-x-Lerendosperm20d" , "H3K27me1.Ler-x-Colendosperm20d-2" , 

"H3K27me3.C24seedling10d-fen1" , "H3K27me3.C24seedling10d-pold2", 

"H3K27me3.C24seedling10d-wt" , "H3K27me3.C24seedling14d-clf" , 

"H3K27me3.C24seedling14d-wt" , "H3K27me3.Col-0aerial-part2w-atbmi" , "H3K27me3.Col-

0aerial-part2w-atring"  , "H3K27me3.Col-0aerial-part2w-clf" , "H3K27me3.Col-0aerial-

part2w-lhp" , "H3K27me3.Col-0aerial-part2w-wt" , "H3K27me3.Col-0aerial-part3w-clf-28" , 

"H3K27me3.Col-0aerial-part3w-pie1-5" , "H3K27me3.Col-0aerial-part3w-pkl-1" , 

"H3K27me3.Col-0aerial-part3w-wt" , "H3K27me3.Col-0aerial-part6d-wt" ,  "H3K27me3.Col-

0roots5d-wt" , "H3K27me3.Col-0seedling10d-ref6", "H3K27me3.Col-0seedling10d-wt" , 

"H3K27me3.Col-0seedling12d-wt" , "H3K27me3.Col-0seedling14d-clf" ,  "H3K27me3.Col-

0seedling14d-wt" , "H3K27me3.Col-0seedling7d-atbmi" , "H3K27me3.Col-0seedling7d-clf-
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swn" ,  "H3K27me3.Col-0seedling7d-wt" , "H3K27me3.Col-x-C24seedling14d-clf" , 

"H3K27me3.Col-x-C24seedling14d-wt" , "H3K27me3.Col-x-Lerendosperm20d" , 

"H3K27me3.Lerpartial-inflorescence10d-mutant-Dex" , "H3K27me3.Lerpartial-

inflorescence10d-mutant" , "H3K27me3.Lerrosette-leaves10d-wt" , "H3K27me3.Lerwhole-

inflorescence10d-wt" , "H3K36me3.Col-0leaves3w-wt" , "H3K4me3.C24seedling10d-fen1" , 

"H3K4me3.C24seedling10d-pold2" ,  "H3K4me3.C24seedling10d-wt" , "H3K4me3.Col-

0rosette-leaves21d-mutant-watered" , "H3K4me3.Col-0seedling10d-wt" , 

"H3K4me3.Lerpartial-inflorescence10d-mutant-Dex" , "H3K4me3.Lerpartial-

inflorescence10d-mutant" , "H3K4me3.Lerrosette-leaves10d-wt" , "H3K4me3.Lerwhole-

inflorescence10d-wt" , "H3K56ac.Col-0leaves" , "H3K9-14ac.Col-0seedling7d-water-3h" , 

"H3K9-14ac.Col-0seedling7d-water-6h" , "H3K9ac.Col-0rosette-leaves30d"  , "H3K9ac.Col-

0rosette-leaves34d" , "H3K9ac.Col-0rosette-leaves42d" , "H3K9ac.Col-0seedling10d-pwr2" , 

"H3K9ac.Col-0seedling10d-wt" , "H3K9ac.Col-0seedling12d-wt" , "H3K9ac.Col-0seedling3d-

air" ,  "H3K9me2.C24seedling10d-pold2" , "H3K9me2.C24seedling10d-wt" , "H3K9me2.Col-

0aerial-part6d-wt" , "H3K9me2.Col-x-Lerendosperm20d" , "H3K9me2.Ler-x-

Colendosperm20d" , "H3T3ph.Col-0rosette-leaves21d-wt-watered" , "H4ac.Col-0seedling6d-

arp" , "H4ac.Col-0seedling6d-wt" , "H4K12ac.Col-0seedling12d-wt" , "H4K5ac.Col-

0seedling12d-wt" , "H4K5ac.undefseedling10d-wt" , "H4K8ac.Col-0seedling12d-wt" ,  

"HTR12.Col-0seedling7-10d-At" , "HTR12.Col-0seedling7-10d-Lo" , "HTR12.Col-0seedling7-

10d-Zm")      

#rownames(enrich) <- c("H1.Col-0seedling10d-H3-KD" , "H2A-Z.Col-0aerial-part12-13d-wt" , 

"H2A-Z.Col-0aerial-part12-14d-arp6" , "H2A-Z.Col-0aerial-part3w-clf-28" , "H2A-Z.Col-

0aerial-part3w-pie1-5" , "H2A-Z.Col-0aerial-part3w-pkl-1" , "H2A-Z.Col-0aerial-part3w-wt" ,  

"H2A-Z.Col-0seedling6d-arp" , "H2A-Z.Col-0seedling6d-wt" , "H2AV.Col-0seedling12d-17c-

15min" , "H2AV.Col-0seedling12d-17c-1h" ,   "H2AV.Col-0seedling12d-27c-1h" , "H2AV.Col-

0seedling12d-37c-1h-exp" , "H2AV.Col-0seedling12d-37c-4h-exp" , "H2B.Col-0seedling12d-

17c-15min" , "H2B.Col-0seedling12d-17c-1h" , "H2B.Col-0seedling12d-27c-15min" , "H2B.Col-

0seedling12d-27c-4h" , "H3-1.Col-0leaves3w-A31T" , "H3-1.Col-0seedling10d" , "H3-3.Col-

0meristem-young-leaves4w" , "H3-3.Col-0old-leaves4w" , "H3-3.Col-0seedling10d" , "H3-

3.Col-0whole-plant2w-wt" , "H3.Col-0aerial-part3w-clf-28" , "H3.Col-0aerial-part3w-pie1-5" , 

"H3.Col-0aerial-part3w-pkl-1" , "H3.Col-0aerial-part6d-wt" ,  "H3.Col-0leaves-apical-

meristem5w-16c" ,  "H3.Col-0leaves-apical-meristem5w-25c" , "H3.Col-0rosette-leaves21d-
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wt-watered" , "H3.Col-0seedling10-12d-wt" , "H3.Col-0seedling18d-wt" , "H3.Col-

0seedling3w-wt" , "H3.Col-x-Lerendosperm20d-1" , "H3.Col-x-Lerendosperm20d-2" , "H3.Ler-

x-Colendosperm20d-1"  , "H3.Ler-x-Colendosperm20d-2" ,  "H3K14ac.Col-0seedling12d-wt" , 

"H3K18ac.Col-0seedling12d-wt" , "H3K23ac.Col-0seedling3d-wt-air" , "H3K27ac.Col-

0seedling12d-wt" , "H3K27me1.Col-0leaves20d", "H3K27me1.Col-0rosette-leaves" , 

"H3K27me1.Col-x-Lerendosperm20d" , "H3K27me1.Ler-x-Colendosperm20d-2" , 

"H3K27me3.C24seedling10d-fen1" , "H3K27me3.C24seedling10d-pold2", 

"H3K27me3.C24seedling10d-wt" , "H3K27me3.C24seedling14d-clf" , 

"H3K27me3.C24seedling14d-wt" , "H3K27me3.Col-0aerial-part2w-atbmi" , "H3K27me3.Col-

0aerial-part2w-atring"  , "H3K27me3.Col-0aerial-part2w-clf" , "H3K27me3.Col-0aerial-

part2w-lhp" , "H3K27me3.Col-0aerial-part2w-wt" , "H3K27me3.Col-0aerial-part3w-clf-28" , 

"H3K27me3.Col-0aerial-part3w-pie1-5" , "H3K27me3.Col-0aerial-part3w-pkl-1" , 

"H3K27me3.Col-0aerial-part3w-wt" , "H3K27me3.Col-0aerial-part6d-wt" ,  "H3K27me3.Col-

0roots5d-wt" , "H3K27me3.Col-0seedling10d-ref6", "H3K27me3.Col-0seedling10d-wt" , 

"H3K27me3.Col-0seedling12d-wt" , "H3K27me3.Col-0seedling14d-clf" ,  "H3K27me3.Col-

0seedling14d-wt" , "H3K27me3.Col-0seedling7d-atbmi" , "H3K27me3.Col-0seedling7d-clf-

swn" ,  "H3K27me3.Col-0seedling7d-wt" , "H3K27me3.Col-x-C24seedling14d-clf" , 

"H3K27me3.Col-x-C24seedling14d-wt" , "H3K27me3.Col-x-Lerendosperm20d" , 

"H3K27me3.Lerpartial-inflorescence10d-mutant-Dex" , "H3K27me3.Lerpartial-

inflorescence10d-mutant" , "H3K27me3.Lerrosette-leaves10d-wt" , "H3K27me3.Lerwhole-

inflorescence10d-wt" , "H3K36me3.Col-0leaves3w-wt" , "H3K4me3.C24seedling10d-fen1" , 

"H3K4me3.C24seedling10d-pold2" ,  "H3K4me3.C24seedling10d-wt" , "H3K4me3.Col-

0rosette-leaves21d-mutant-watered" , "H3K4me3.Col-0seedling10d-wt" , 

"H3K4me3.Lerpartial-inflorescence10d-mutant-Dex" , "H3K4me3.Lerpartial-

inflorescence10d-mutant" , "H3K4me3.Lerrosette-leaves10d-wt" , "H3K4me3.Lerwhole-

inflorescence10d-wt" , "H3K56ac.Col-0leaves" , "H3K9-14ac.Col-0seedling7d-water-3h" , 

"H3K9-14ac.Col-0seedling7d-water-6h" , "H3K9ac.Col-0rosette-leaves30d"  , "H3K9ac.Col-

0rosette-leaves34d" , "H3K9ac.Col-0rosette-leaves42d" , "H3K9ac.Col-0seedling10d-pwr2" , 

"H3K9ac.Col-0seedling10d-wt" , "H3K9ac.Col-0seedling12d-wt" , "H3K9ac.Col-0seedling3d-

air" ,  "H3K9me2.C24seedling10d-pold2" , "H3K9me2.C24seedling10d-wt" , "H3K9me2.Col-

0aerial-part6d-wt" , "H3K9me2.Col-x-Lerendosperm20d" , "H3K9me2.Ler-x-

Colendosperm20d" , "H3T3ph.Col-0rosette-leaves21d-wt-watered" , "H4ac.Col-0seedling6d-
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arp" , "H4ac.Col-0seedling6d-wt" , "H4K12ac.Col-0seedling12d-wt" , "H4K5ac.Col-

0seedling12d-wt" , "H4K5ac.undefseedling10d-wt" , "H4K8ac.Col-0seedling12d-wt" ,  

"HTR12.Col-0seedling7-10d-At" , "HTR12.Col-0seedling7-10d-Lo" , "HTR12.Col-0seedling7-

10d-Zm")      

#rownames(exp) <- c("H1.Col-0seedling10d-H3-KD" , "H2A-Z.Col-0aerial-part12-13d-wt" , 

"H2A-Z.Col-0aerial-part12-14d-arp6" , "H2A-Z.Col-0aerial-part3w-clf-28" , "H2A-Z.Col-

0aerial-part3w-pie1-5" , "H2A-Z.Col-0aerial-part3w-pkl-1" , "H2A-Z.Col-0aerial-part3w-wt" ,  

"H2A-Z.Col-0seedling6d-arp" , "H2A-Z.Col-0seedling6d-wt" , "H2AV.Col-0seedling12d-17c-

15min" , "H2AV.Col-0seedling12d-17c-1h" ,   "H2AV.Col-0seedling12d-27c-1h" , "H2AV.Col-

0seedling12d-37c-1h-exp" , "H2AV.Col-0seedling12d-37c-4h-exp" , "H2B.Col-0seedling12d-

17c-15min" , "H2B.Col-0seedling12d-17c-1h" , "H2B.Col-0seedling12d-27c-15min" , "H2B.Col-

0seedling12d-27c-4h" , "H3-1.Col-0leaves3w-A31T" , "H3-1.Col-0seedling10d" , "H3-3.Col-

0meristem-young-leaves4w" , "H3-3.Col-0old-leaves4w" , "H3-3.Col-0seedling10d" , "H3-

3.Col-0whole-plant2w-wt" , "H3.Col-0aerial-part3w-clf-28" , "H3.Col-0aerial-part3w-pie1-5" , 

"H3.Col-0aerial-part3w-pkl-1" , "H3.Col-0aerial-part6d-wt" ,  "H3.Col-0leaves-apical-

meristem5w-16c" ,  "H3.Col-0leaves-apical-meristem5w-25c" , "H3.Col-0rosette-leaves21d-

wt-watered" , "H3.Col-0seedling10-12d-wt" , "H3.Col-0seedling18d-wt" , "H3.Col-

0seedling3w-wt" , "H3.Col-x-Lerendosperm20d-1" , "H3.Col-x-Lerendosperm20d-2" , "H3.Ler-

x-Colendosperm20d-1"  , "H3.Ler-x-Colendosperm20d-2" ,  "H3K14ac.Col-0seedling12d-wt" , 

"H3K18ac.Col-0seedling12d-wt" , "H3K23ac.Col-0seedling3d-wt-air" , "H3K27ac.Col-

0seedling12d-wt" , "H3K27me1.Col-0leaves20d", "H3K27me1.Col-0rosette-leaves" , 

"H3K27me1.Col-x-Lerendosperm20d" , "H3K27me1.Ler-x-Colendosperm20d-2" , 

"H3K27me3.C24seedling10d-fen1" , "H3K27me3.C24seedling10d-pold2", 

"H3K27me3.C24seedling10d-wt" , "H3K27me3.C24seedling14d-clf" , 

"H3K27me3.C24seedling14d-wt" , "H3K27me3.Col-0aerial-part2w-atbmi" , "H3K27me3.Col-

0aerial-part2w-atring"  , "H3K27me3.Col-0aerial-part2w-clf" , "H3K27me3.Col-0aerial-

part2w-lhp" , "H3K27me3.Col-0aerial-part2w-wt" , "H3K27me3.Col-0aerial-part3w-clf-28" , 

"H3K27me3.Col-0aerial-part3w-pie1-5" , "H3K27me3.Col-0aerial-part3w-pkl-1" , 

"H3K27me3.Col-0aerial-part3w-wt" , "H3K27me3.Col-0aerial-part6d-wt" ,  "H3K27me3.Col-

0roots5d-wt" , "H3K27me3.Col-0seedling10d-ref6", "H3K27me3.Col-0seedling10d-wt" , 

"H3K27me3.Col-0seedling12d-wt" , "H3K27me3.Col-0seedling14d-clf" ,  "H3K27me3.Col-

0seedling14d-wt" , "H3K27me3.Col-0seedling7d-atbmi" , "H3K27me3.Col-0seedling7d-clf-
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swn" ,  "H3K27me3.Col-0seedling7d-wt" , "H3K27me3.Col-x-C24seedling14d-clf" , 

"H3K27me3.Col-x-C24seedling14d-wt" , "H3K27me3.Col-x-Lerendosperm20d" , 

"H3K27me3.Lerpartial-inflorescence10d-mutant-Dex" , "H3K27me3.Lerpartial-

inflorescence10d-mutant" , "H3K27me3.Lerrosette-leaves10d-wt" , "H3K27me3.Lerwhole-

inflorescence10d-wt" , "H3K36me3.Col-0leaves3w-wt" , "H3K4me3.C24seedling10d-fen1" , 

"H3K4me3.C24seedling10d-pold2" ,  "H3K4me3.C24seedling10d-wt" , "H3K4me3.Col-

0rosette-leaves21d-mutant-watered" , "H3K4me3.Col-0seedling10d-wt" , 

"H3K4me3.Lerpartial-inflorescence10d-mutant-Dex" , "H3K4me3.Lerpartial-

inflorescence10d-mutant" , "H3K4me3.Lerrosette-leaves10d-wt" , "H3K4me3.Lerwhole-

inflorescence10d-wt" , "H3K56ac.Col-0leaves" , "H3K9-14ac.Col-0seedling7d-water-3h" , 

"H3K9-14ac.Col-0seedling7d-water-6h" , "H3K9ac.Col-0rosette-leaves30d"  , "H3K9ac.Col-

0rosette-leaves34d" , "H3K9ac.Col-0rosette-leaves42d" , "H3K9ac.Col-0seedling10d-pwr2" , 

"H3K9ac.Col-0seedling10d-wt" , "H3K9ac.Col-0seedling12d-wt" , "H3K9ac.Col-0seedling3d-

air" ,  "H3K9me2.C24seedling10d-pold2" , "H3K9me2.C24seedling10d-wt" , "H3K9me2.Col-

0aerial-part6d-wt" , "H3K9me2.Col-x-Lerendosperm20d" , "H3K9me2.Ler-x-

Colendosperm20d" , "H3T3ph.Col-0rosette-leaves21d-wt-watered" , "H4ac.Col-0seedling6d-

arp" , "H4ac.Col-0seedling6d-wt" , "H4K12ac.Col-0seedling12d-wt" , "H4K5ac.Col-

0seedling12d-wt" , "H4K5ac.undefseedling10d-wt" , "H4K8ac.Col-0seedling12d-wt" ,  

"HTR12.Col-0seedling7-10d-At" , "HTR12.Col-0seedling7-10d-Lo" , "HTR12.Col-0seedling7-

10d-Zm")      

 

#write.csv(pROI, "Percent of marks across ROI_Thalianol.csv") 

#write.csv(pWhole,"Percent of marks across whole genome_Thalianol.csv" ) 

#write.csv(enrich, "Fold enrichment_Thalianol.csv") 

#write.csv(exp, "Expected_Thalianol.csv") 

 

7.4.6 Fishers test 

##Statistical tests 

setwd("~/Remap data"") 

library("dplyr") 

library("Rmpfr"") 
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sizebp <- read.csv("Size_of_regions.csv") 

peaks <- read.csv("Region_PeakSizes.csv") 

 

 

##Fishers test 

 

out <- NULL 

 

#Thalianol 

b <- 3 

 

#Random 

 

  

#(total marks across DNA) 

m <- peaks[b, 6] 

 

#(total size of DNA) 

N <- sizebp[1 , 3] 

 

n <-  N - m  

 

#(size of region of interest) 

k <- sizebp[1, 5] 

 

#(marks across region of interest) 

x <-  peaks[b, 2] 

 

contingency.table <- data.frame(matrix(nrow=2, ncol=2)) 

rownames(contingency.table) <- c("predicted.target", "non.predicted") 

colnames(contingency.table) <- c("class.member", "non.member") 
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## Assign the values one by one to make sure we put them in the right 

## place (this is not necessary, we could enter the 4 values in a 

## single instruction). 

contingency.table["predicted.target", "class.member"] <- x ## Number of marked genes in 

the selection 

contingency.table["predicted.target", "non.member"] <- k - x ## Number of non-marked 

genes in the selection 

contingency.table["non.predicted", "class.member"] <- m - x ## Number of marked genes 

outside of the selection 

contingency.table["non.predicted", "non.member"] <- n - (k - x) ## Number of non-marked 

genes in the selection 

 

print(contingency.table) 

 

##                  class.member non.member 

## predicted.target           19         40 

## non.predicted             592      12937 

## Print marginal sums 

(contingency.row.sum <- apply(contingency.table, 1, sum)) 

## predicted.target    non.predicted  

##               59            13529 

(contingency.col.sum <- apply(contingency.table, 2, sum)) 

## class.member   non.member  

##          611        12977 

## Create a contingency table with marginal sums 

contingency.table.margins <- cbind(contingency.table, contingency.row.sum) 

contingency.table.margins <- rbind(contingency.table.margins, 

apply(contingency.table.margins, 2, sum)) 

names(contingency.table.margins) <- c(names(contingency.table), "total") 

rownames(contingency.table.margins) <- c(rownames(contingency.table), "total") 

print(contingency.table.margins) 
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##                  class.member non.member total 

## predicted.target           19         40    59 

## non.predicted             592      12937 13529 

## total                     611      12977 13588 

## Check the total 

print(sum(contingency.table)) ## The value should equal N, since every 

## [1] 13588 

## possible gene must be assigned to one 

## cell of the contingency table. 

print(N) 

## [1] 13588 

## Run Fisher's exact test 

ftest.result <- fisher.test(x=contingency.table, alternative="greater", simulate.p.value=TRUE) 

print(ftest.result) 

 

print(x) 

 

pvals <- fisher.test(x=contingency.table, alternative="greater", 

simulate.p.value=TRUE)$p.value 

pvals 

c <- format.pval(pvals) 

c <- as.data.frame.integer(c) 

names(c) <- "ThalianolvRandom" 

c 

 

 

out <- rbind(out,c) 

out <- as.data.frame(out) 

names(out) <- "ThalianolvRandom" 
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rownames(out) <- c("H2A.X_leaves_3w" , "H2A.Z_leaves_3w" , "H2A.Z_leaves" , 

"H2A.Z_seedling_10d_wt" , "H2A_leaves_3w" , "H2AK121ub_seedling_7d_1hp1" ,  

                     "H2AK121ub_seedling_7d_atbmi" , "H2AK121ub_seedling_7d_clf.swn" , 

"H2AK121ub_seedling_7d_wt" , "H3ac_leaves_4w_wt" 

                     , "H3ac_roots_4w_wt" , "H3ac_roots_7d_hag1" , "H3ac_roots_7d_wt" , 

"H3K4me3_leaves" , "H3K4me3_roots_5d_mutant" ,  

                     "H3K4me3_roots_5d_wt" , "H3K4me3_roots_14d_OTU5" , 

"H3K4me3_roots_14d_wt" , "H3K9me2_seedling_10d_wt" , "H3K14ac_seedling_10wt" , 

"H3K27me3_leaves_20d" ,  

                     "H3K27me3_leaves" , "H3K27me3_roots_5d_mutant" , 

"H3K27me3_roots_5d_wt" , "H3K27me3_roots_14d_OTU5" , "H3K27me3_roots_14d_wt" ,  

                     "H3K27me3_whole_30h" , "H3K36ac_leaves_35d_sdg8" , 

"H3K36ac_leaves_35d_wt" , "H3K36me3_leaves" , "H3K36me3_seedling_10d_wt") 

 

write.csv(out, "Thalianol_fishers.csv") 

 

chisq.test(x=contingency.table) 

?fisher.test() 

 

7.5 FASTA files 

Thalianol cluster sequences (file://DESKTOP-

TUVGVRQ/Users/jb2980/Documents/Bioinformatics/Thalianol%20cluster%20sequences) 

Marneral cluster sequences (file://DESKTOP-

TUVGVRQ/Users/jb2980/Documents/Bioinformatics/Marneral%20cluster%20sequences) 

Arabidol cluster sequences (file://DESKTOP-

TUVGVRQ/Users/jb2980/Documents/Bioinformatics/Arabidol%20cluster%20sequences) 

 

file://///desktop-tuvgvrq/Users/jb2980/Documents/Bioinformatics/Thalianol%20cluster%20sequences
file://///desktop-tuvgvrq/Users/jb2980/Documents/Bioinformatics/Thalianol%20cluster%20sequences
file://///desktop-tuvgvrq/Users/jb2980/Documents/Bioinformatics/Marneral%20cluster%20sequences
file://///desktop-tuvgvrq/Users/jb2980/Documents/Bioinformatics/Marneral%20cluster%20sequences
file://///desktop-tuvgvrq/Users/jb2980/Documents/Bioinformatics/Arabidol%20cluster%20sequences
file://///desktop-tuvgvrq/Users/jb2980/Documents/Bioinformatics/Arabidol%20cluster%20sequences

