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Abstract

Biotic/abiotic stresses are known to induce genome instability in all organisms. Plants being sessile, are more vulnerable to
stresses. Thus, they have evolved mechanisms to protect their genome from the unpredictably changing environment. DNA repair
genes play a critical role in preserving genome integrity. Plants have about 15 different DNA repair pathways comprising more than
100 genes. To gain a better understanding of how plant DNA repair genes perceive stress and regulate their expression, we
performed a computational analysis of the putative binding sites of different abiotic stress-responsive transcription factors
(ASRTFs) on their promoters, in the model plant Arabidopsis thaliana. Of the 12 different ASRTFs that we analysed, MYC2 had the
highest number of 1876 putative binding sites. Diversity study in 135 DNA repair gene promoters revealed that these had about 6
to 12 types of putative binding sites for the ASRTFs. While RAD51 promoter had the highest number of 207 putative binding sites,
RECQ4B had only 11. Comparison of the Arabidopsis eFP browser-based temporal/spatial expression profiles of these genes under
nine different abiotic stresses revealed that all of these genes had altered expression under various stresses. Some genes exhibited
similar expression profiles. To identify the reasons for their similar expression pattern, we compared the promoter sequences and
putative cis-regulatory elements such as binding sites for ASRTFs and methylation-prone nucleotide repeats. Our analysis indicated
that the gene expression and gene regulation mediated by ASRTFs, and DNA methylation have a stochastic correlation.

Keywords: Abiotic stress-responsive transcription factors, DNA repair genes, Abiotic stress, Methylation, Gene expression,
Arabidopsis thaliana.

Abbreviations: ASRTFs_Abiotic stress-responsive transcription factors; TFs_Transcription factors; ASRTFBSs_Abiotic stress-
responsive transcription factor binding sites; TAIR_The Arabidopsis Information Resource; TSS_Transcription start site.

Introduction

Since plants are sessile, they are forced to face changing Transcription is the primary target for gene regulation. Gene
environmental conditions. Environmental stresses could be expression during transcription is regulated by multiple cis
biotic or abiotic. The former type includes infections/attacks and trans factors (Levy and Darnell, 2002; Latchman, 1990).
due to microbes and herbivores. The latter type includes The trans factors act on cis-elements located on promoters
changes in environmental conditions such as temperature, and regions in and around genes. Trans factors mostly
water availability, salinity, and exposure to harmful include special transcription factors (TFs) and epigenetic
chemicals/radiations (Khan et al.,, 2018), which are often regulators such as DNA/histone-modifying enzymes,
mutagenic (Bray and West, 2005). The DNA repair machinery including various methyltransferases, deacetylases, other
of organisms protects the genome by recognizing and chromatin remodeling enzymes, and small RNAs (Kim, 2019).
reversing the damage. Plants are known to have more than a TFs are DNA-binding proteins that bind to unique cis-
hundred DNA repair genes, broadly classified into 15 elements, RNA polymerases, and/or other TFs, thereby
pathways (Manova and Gruszka, 2015; Ciccia and Elledge, activating or repressing transcription (Gonzalez, 2015). TFs
2010). Because DNA replication and repair are highly act in response to various parameters such as growth,
conserved across higher eukaryotes (Liu and Huang, 2015) development, cell cycling, cell signaling, and stress
and plants can survive in highly mutagenic conditions (lethal (Gonzalez, 2015). Abiotic stress-responsive transcription
to animals) (Yoshiyama et al., 2013), plants offer an excellent factors (ASRTFs) include families such as MYB, MYC, NAC,
model system for studying the function and regulation of DREB/CBF, ABA-responsive TFs, and WRKY (Nakashima et al.,
genes involved in DNA repair. 2009; Khan et al.,, 2018; Hirayama and Shinozaki, 2010).

Epigenetic factors also play an important role in gene
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regulation during stressed conditions (Chinnusamy and Zhu,
2009). Epigenetic regulation has the potential to maintain
long-term regulation of the gene expression. Cytosine
methylation is one of the epigenetic mechanisms that
provide enhanced tolerance to environmental stresses
through symmetric ("CpG and MCpHpG) and asymmetric
("CpHpH) methylation of the DNA in plants (Sahu et al.,
2013; Henderson and Jacobsen, 2007). Methylation status
can vary (hypermethylated/hypomethylated), depending on
the loci and/or stress. Epigenetic regulation is also conferred
by chromatin remodeling (Kim et al., 2008). Small RNAs and
microRNAs are important epigenetic regulators at the post-
transcription level. (Filipowicz et al., 2005).

The availability of Arabidopsis’ complete genome and whole
transcriptome sequences (Kaul et al., 2000; Zeller et al.,
2009) has improved our understanding of various pathways
in plants. Though more than a hundred DNA repair genes are
known to function in plants, reports on their regulation are
scanty. In this work, we report an elaborate in silico survey
of transcription regulation of almost all known DNA repair
genes (about 135), belonging to 15 different pathways in the
model plant A. thaliana. We generated a comparative profile
of putative binding sites of 12 ASRTFs. Arabidopsis eFP
browser-based temporal/spatial expression profile of DNA
repair genes under nine different abiotic stresses such as
cold, osmotic change, salt, drought, genotoxic, oxidative,
UV-B, wounding, and heat was compared. Based on this
pattern, we performed a promoter sequence analysis to
understand the nature of binding sites of ASRTFs, and
methylation-sensitive  sequences. Our computational
analysis, elaborate profiling, and comparison can aid in
designing further experiments on functional confirmation of
DNA repair expression/regulation, and stress tolerance in
plants.

Results

The frequency and diversity of putative binding sites for
abiotic stress-responsive transcription factors (ASRTFs)

All ASRTFs had sites in any of the 135 DNA repair genes
(Table S3). MYC 2 had the highest number of 1876 putative
binding sites, followed by others (Fig. 1), with ABI3 having
the least number of only three. MYC 2 also had sites
invariably in all 135 genes, followed by WRKYs 18, 33, and
40, with sites in 134 genes (Table S3). The DNA repair
pathway-wise analysis revealed that the highest frequency
of putative binding sites was for MYC 2 or WRKY 40 (Fig. S1).
The highest number of 207 putative ASRTFBSs, for 8
different ASRTFs, was observed in RAD51 (Fig. 2 G) of the HR
pathway. The number of putative ASRTFBSs often did not
correlate with their diversity (Fig. 2) because the highest
diversity (for 12 ASRTFs) was exhibited by two other genes,
MFD and MBD4 (Fig. 2 B and C). RECQ4B, belonging to the
HR pathway, had the least number and diversity of 11 and 6
putative sites, respectively (Fig. 2 G).

Distribution of putative abiotic
transcription factor binding sites

TF binding sites can be located both upstream and
downstream of the transcription start site (TSS) (Porto et al.,
2014). Their numbers and position are important in
regulating transcription. To determine if there was any
preference for their location, their numbers were studied in
5 regions of the promoter (Table S4). The distribution
profiles generated (Fig. 3) indicated that most ASRTFs were

stress-responsive
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scattered in all the regions, with more numbers upstream of
TSS.

Expression profiling of DNA repair genes under abiotic
stresses

Since all DNA repair genes exhibited the presence of many
putative ASRTFBSs, we compared their expression profiles
under nine abiotic stresses (Table S5). Most genes showed
altered expression under all stresses. Some gene
pairs/groups, belonging to the same/different pathways,
exhibited similar expression patterns. It could be possible
that they have a similar regulatory mechanism. To obtain a
deeper insight, such gene profiles were identified (Table 1)
and chosen for further analysis.

Comparison of sequence homology in the promoter region
Since the majority of transcription-related regulatory
mechanisms depend on promoters, it could be possible that
the gene groups with comparable expression patterns (Table
1) share similar sequences in the promoter regions. To verify
this hypothesis, we compared the promoters of gene groups
exhibiting similar as well as dissimilar expression patterns
and counted the number of nucleotide stretches having 25
bases homology (Table S6). The closely related gene pair
BRCA2A/BRCA2B shared the maximum number of 48
homologous stretches, with the longest stretch of 109 bp.
Rest of the similarly expressing gene pairs had 0-31 numbers
of homologous stretches, with length up to 15 bp. Groups
containing more than two genes did not have any sequence
with > 5 nucleotide homology. The average number of
stretches with > 5 nucleotide homology was 8.06.

To see whether such stretches were present in promoters
with dissimilar expression patterns, we analysed the status
of 31 gene pairs/groups. Similar to the former case, here the
number of homologous stretches ranged from 1-35, and the
longest stretch of 12 nucleotides was shared by
RECQ4B/KU70 (Table S6). The average number of stretches
with > 5 nucleotide homology was 9.55, which was higher
than the former case. Thus, in contrast to our hypothesis,
the expression pattern was not related to the overall
sequence similarity of promoters.

Comparison of putative ASRTFBs in the regions of
homology

Genes exhibiting similar as well as dissimilar expression
patterns randomly shared a few common putative ASRTFBSs
(Table S7). POLQ/Mag1p, the similarly expressing gene pair,
shared the highest number of 27 putative ASRTFBSs.
XRCC1/ATMSH?7, the pair with dissimilar expression patterns
shared a higher number of 36 putative ASRTFBSs.

Analysing the methylation-prone sequences in the
promoters

DNA methylation is an important gene regulation in plants.
Sequence repeats such as CG, CHG, and CHH (H represents
A, T, or C) in the promoter regions are prone to
methylation/demethylation in plants. Therefore, we wanted
to see if there was any correlation in the distribution of such
sequences in the promoters of genes exhibiting
similar/dissimilar expression patterns. The promoters
showed the presence of about 13 to 42 numbers of
randomly distributed repeats, belonging to any of the 12
categories (CAT, CTT, CCT, CTC, CAA, CTA, CCA, CAGCTT,
CAGCTC, CAG, CTTCCT, CAGCAA) (Table S8). The overall
frequency of these sites was 25.9 and 28.41 in genes



showing similar and dissimilar expression patterns,
respectively. CTC repeats were present more frequently (4-
17 times) in most of the genes analysed (Table S8). Similar
distribution of CAT, CTT, CCT, CTC, and CAA repeats was
observed only in one gene pair RAD51C and DINB1 (Table
S9), which also had similar expression patterns.

Co-expression analysis

Co-expression analysis was done for all 135 repair genes
under abiotic stress. Expression correlation varied in the root
(Fig. 4a) and shoot (Fig. 4b); seven and five correlation
networks were obtained, respectively. The largest network
was from roots and comprised eight genes, BRCA1, TSO2,
RADS51, PARP1, DINB1, RAD17, ADPRT, and RPA1. The co-
expression data obtained here did not correlate with our
gene expression pattern analysis.

Discussion

The sessile nature of plants demands greater adaptability
and crucial maintenance of genome integrity under stressful
environments (Tuteja et al., 2009). Many previous studies
have reported the stress-induced alteration of gene
expression in plants (Bhargava and Sawant, 2013; Haak et
al., 2017). The availability of high-throughput data on gene
expression, and various sequence analysis/characterization-
related databases has opened up new vistas for a deeper
understanding of gene regulation (Sanchita and Sharma,
2015; Ko and Brandizzi, 2020). Hence, we performed a
detailed in silico study of almost the entire DNA repair
system of A. thaliana, comprising 135 genes of 15 pathways.
A comparative analysis of putative ASRTFBSs on their
promoters, and gene expression patterns under nine
different abiotic stresses was performed. We then tried to
understand the reason for the similarity in expression
patterns by analysing their correlation with putative
regulatory regions such as ASRTFBSs and methylation-prone
sequences.

Our detailed in silico study on profiling the numbers and
distribution of putative ASRTFBSs indicated their invariably
wide range of presence on the promoters of all DNA repair
genes. There are previous reports of other gene promoters,
such as those of the heat-shock protein-encoding genes in
Arabidopsis (Li et al., 2010), genes for photoperiod and
vernalization in Arabidopsis, Brachypodium, wheat, and
barley (Peng et al.,, 2016), and RNA-dependent RNA
polymerases in Arabidopsis and other crop plants (Prakash
and Chakraborty, 2019), whose profiles for putative binding
sites of various TFs have been studied. In our study, MYC2
and ABI3 had the highest and least number of putative
binding sites, respectively. MYC2 is a negative regulator of
salt stress tolerance and is involved in the jasmonic acid-
associated defence signalling pathway (Kazan and Manners,
2013; Verma et al.,, 2019). ABI3 is a seed germination TF,
involved in the dehydration stress response, including stress
recovery (Bedi et al., 2016). The sites for MYC2 were
invariably present in all 135 genes analysed, followed by
those for three WRKY TFs, 18, 33, and 40, all with sites in
134 genes, except RECQ4B. However, RECQ4B had an
exceptionally low number of putative ASRTFBSs in
comparison to all other genes. RECQ4B codes for a helicase
and previous reports indicated that it is not required to
repair DNA damage due to various genotoxic agents
(Hartung et al., 2007). Probably, that could be the reason for
the fewer numbers of putative ASRTFBSs on its promoter.
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The popularity of MYC 2 and WRKY 18, 33, and 40 in DNA
repair genes indicates that these TFs could be playing a
crucial role in their transcription regulation under abiotic
stresses. There are many previous reports confirming the
involvement of various WRKY TFs in regulating gene
expression under abiotic stresses (Phukan et al., 2016;
Shahzad et al., 2021). DNA repair pathway-wise analysis
revealed that both the highest and least numbers of putative
ASRTFBSs were located in genes belonging to the HR
pathway (in RAD51 and RECQ4B, respectively). The number
of sites did not correlate with the diversity, as MBD4 and
MFD genes from BER and NER-related categories exhibited
the highest diversity. A previous report conveyed that most
of the DNA repair gene’s promoters in Arabidopsis plants are
rich in the distribution of putative binding sites for biotic
stress-related TFs (Joseph et al., 2021). Other in silico reports
include those regarding the presence of biotic/abiotic stress-
related TF binding sites in the promoters of other genes such
as germin-like protein genes (Das et al., 2019) and CAMTA
gene family (Gain et al., 2022) of rice, Pathogenesis-related
genes of Arabidopsis (Joseph et al.,, 2021), and various
drought/salt-responsive genes in Solanum tuberosum (Ain-
Ali et al., 2021; Sanchita and Sharma, 2015). In most of these
reports, the expression of these genes also changed under
various abiotic/biotic stresses. Hence, the presence of a
large number of putative ASRTFBs on all DNA repair genes
indicates that their expression could be altered by abiotic
stresses.

Previously many studies reported on stress-induced
expression profiles of multiple genes based on
transcriptome as well as quantitative PCR (qPCR) analysis in
plants (Samarina et al., 2020; Sharma et al., 2009). Thus the
availability of expression profiles of various plant genes
allows functional studies under developmental as well as
stressed conditions. Accordingly, we complied the
expression patterns of all 135 genes, under nine different
abiotic stresses, obtained from the Arabidopsis eFP Browser
database. Since most of the previous studies in plants
focused on the effect of individual or a couple of stresses,
the reports on the comparison of expression under multiple
abiotic stresses were scanty (Chen et al., 2019; Arslan et al.,
2021). A previous report on transcriptome dataset-based
expression comparison of DNA repair genes indicated
altered expression patterns under biotic stresses (Joseph et
al., 2021). These genes also varied in the distribution of
putative binding sites for biotic stress-responsive
transcription factors. Our compilation showed that the
expression of most genes was invariably altered due to all
nine abiotic stresses, and some gene pairs/groups, belonging
to the same or different repair pathways, exhibited similar
patterns under the same stresses. Expression analysis of
histone deacetylase gene family members in cotton plant
under four different abiotic stresses such as metal, salt, cold,
and drought resulted in similar expression patterns under
same stress (Imran et al., 2020). In Arabidopsis, the
expression of 13 genes from the aquaporin family under
abiotic stresses such as drought, cold, high salinity, and ABA
treatment was similar in certain cases depending upon the
plant part and the duration of stress (Jang et al., 2004).
Studies on the effect of multiple stresses can represent the
genetic correlation between multiple traits (Thoen et al.,
2017). Also, the same ASRTFs can bind on the same cis-
elements under multiple stresses (Lata and Prasad, 2011).



Table 1. Genes having similar expression patterns under various stresses, based on the eFP browser data

Category Gene name S/ Abiotic stresses
R* 3
Accession §
_ Number** 8 .
1 NER XPB1 AT5G41730 R A
NER RAD23D AT5G38470 R A
NER XPG AT3G28030 R A
2 NER GTF2H1 AT3G61420 R\
BER FPG AT1G52500 S N
HR RAD51C AT2G45280 S N
ODP DINB1 AT1G49980 S N
HR RAD52-1A AT1G71310 R\
3 HR RADS5A AT5G22750 R
HR ATM AT3G48190 R b b b
oDP POLB AT1G10520 S b b b T
MMR MSH4 AT4G17380 R T T T T
NER XPG AT3G28030 S D D D T
OIGWASDRF SNM1B AT1G27410 S
4 HR XRCC3 AT5G57450 S ) N
NER AtNAP1;1 AT4G26110 S ¥ N { {
5 EAPN EX01 AT1G29630 S ) N
PR PHR1 AT4G28610 S ¥ { N {
BER p3MAG1 AT1G75090 R ¥ N ¥
6 OoDP POLH AT5G44740 R D { { T~
OBF APE1 AT2G41460 S b Mt
NER-RELATED CSB AT2G18760 S d d » 4
NER RAD 16 AT1G02670 S X X 0 X T
7 ODP POLQ AT4G32700 s T T J N T T
BER Maglp AT1G75230 S X X Nk X T
8 HR BRCA2 AT5G01630 s N T J J T T A
BRCA2A AT4G00020 S N X X T 2
9 HR BRCA2 AT5G01630 R N T J N 4 b
HR BRCA2A AT4G00020 R O N T Jy NN
10 HR SMC6B AT5G61460 s & T T 1 ) > T 7
NHEJ PRKDC AT1G50030 R O T T T T ~> T
11 OTHER BER APEI AT2G41460 R v 0 T T T T N
FACTORS
NHEJ 0SB1 AT1G47720 R ¢ T T T N
12 NER PCNA AT2G29570 S D { N N D N
LIG1 AT1G08130 S ) NN N

*$S and R indicate shoot and root, respectively; ** Accession numbers from TAIR database; NER is nucleotide excision repair; BER is base excision repair; HR is homologous recombination; ODP is OTHER DNA POLYMERASES (catalytic
subunits); MMR is mismatch repair; OIGWASDRF is other identified genes with a suspected DNA repair function; EAPN is editing and processing nucleases; PR is photo reactivation; OBF is BER factors; NHEJ is non-homologous end joining.
T indicate varied expression either increase or decrease irrespective of the time of exposure; 7 indicate a decrease in expression in the initial time of exposure then gradual increase; N indicate an increase in expression in the initial time
of exposure then gradual decrease; /" indicate a gradual increase; | indicate a gradual decrease.
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Fig 1. Total number of abiotic stress-responsive transcription factors binding sites in 135 DNA repair genes
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Fig 4. Correlation network under abiotic stress. a In root b In shoot.

For example, DREB activates various stress-inducible genes
under cold, drought, salt as well as heat stresses (Dubouzet
et al., 2003; Kidokoro et al., 2015). In Arabidopsis, a
comparison of gene expression responses under nine abiotic
stresses indicated similar expression peaks at different time
intervals, that differ with the plant part to which the stress is
exposed (Swindell, 2006). We postulated that gene
pairs/groups with similar expression patterns might have
similar regulatory mechanisms, and we started excavating
the sequence information in this direction. A previous study
in Caenorhabditis elegans revealed that similar expression
patterns in the excretory cells were mediated by distinct
regulatory elements (Zhao et al., 2005), which supports our
hypothesis.

To see whether the promoter regions of similarly expressing
genes shared more sequence similarity, we performed an
elaborate sequence comparison of the promoter regions of
genes exhibiting similar as well as dissimilar expression
patterns. Though there were numerous homologous
stretches >5 bp across the promoter lengths, the overall
frequencies of these stretches did not vary between the
promoters belonging to both expression categories. This
could be probably because of the routine cis-regulatory
requirements of most DNA repair gene promoters. Since our
survey on putative ASRTFBSs indicated that their numbers
and distribution vary between the DNA repair genes, we
went on to analyse the frequencies of putative ASRTFBSs in
the homologous stretches of promoters of genes with
similar as well as dissimilar expression patterns. The overall
frequencies of most ASRTF binding sites did not vary
between the two gene categories. The distribution of TFBS in
evolutionarily-related genes can differ due to the
neofunctionalization of gene duplicates (Das et al., 2019).
We did not find reports on the reason for the correlation
between the presence of regulatory elements and their
expression similarity.

Apart from TFs, transcription is also maintained by cis-
elements involved in epigenetic regulation. DNA
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methylation/demethylation acts as a switch to gene
expression. DNA methyltransferases act on cytosine
residues, which are then converted to 5-methyl cytosine. 5-
methyl cytosine is a sign of epigenetic gene silencing, which
mostly hinder the physical interaction of TFs on the
promoter region (Pikaard and Scheid, 2014). Among
eukaryotes, plant DNA is highly methylated and most of the
epigenetic regulation-related reports were based on studies
done on plants (Eriksson et al., 2020). The cytosine
methylation mainly occurs in repetitive regions like
transposable elements, centromeric regions, and also in the
gene body either in the promoter or coding regions. There
are many reports of abiotic stresses resulting in the altered
epigenetic status of many gene promoters in plants (Steward
et al., 2002; Pan et al., 2011; Xu et al., 2015). Towards this
end, like our analysis with ASRTFBSs, we compared the
frequencies of 12 types of cytosine methylation-prone
sequences in the promoters of genes exhibiting similar as
well as dissimilar expression patterns. It was interesting to
note that most gene promoters did have any of the 12
epigenetic regulatory repeats and, CTC was the most
common of all. However, we did not observe any obvious
difference in their overall frequencies in the promoters of
both gene categories. This indicates that expression pattern
maintenance probably does not involve the distribution of
the above epigenetic regulatory regions. In fact,
environmental stresses can alter the pattern of methylation
in plant DNA (Peng and Zhang, 2009).

Plant gene regulation involves a complex network of many
factors, and some of them have a combinatorial action on
gene regulation (Samad et al.,, 2017; Bemer et al., 2017;
Besseau et al.,, 2012; Roy, 2016). Hence, there could be
many more unknown factors responsible for the pattern
maintenance of transcription in plants. Our results are based
on in silico analysis and hence need to be confirmed in vitro.
Nevertheless, in silico predictions in plants show an
appreciable correlation when verified in vitro (Franco-Zorrilla
etal., 2014).



DNA repair genes being highly conserved across the
eukaryotes (Lopez-Camarillo et al.,, 2009), it could be
possible that similar to our results in plants, promoters of
these genes in animals could also carry an appreciable
diversity of ASRTFs. DNA repair being a crucial mechanism
for maintaining the genetic integrity of an organism,
elaborate profiling can be used for further studies in deeper
in vitro aspects. There are several reports where
overexpression, silencing, or genome editing of various TFs
enhanced tolerance to various abiotic stresses in plants
(Shahzad et al., 2021; Wang et al., 2016). Detailed in silico
studies on TF binding sites on the promoters are important
for the prediction of regulatory features of gene expression.
Such analysis paves the way for in vitro functional
characterization, and also crop development with enhanced
tolerance to abiotic stress.

Materials and methods

Selection of DNA repair genes and abiotic stress-responsive
transcription factors (ASRTFs)

A total of 135 DNA repair genes of A. thaliana belonging to
15 different categories were selected (Table S1). Details of
various repair genes in A. thaliana were retrieved from The
Arabidopsis  Information Resource (TAIR) database
(https://www.arabidopsis.org/). Twelve different ASRTFs
belonging to seven different families were selected for this
study (Table S2). Their details were retrieved from the Stress
Responsive Transcrlption Factor Database, and previous
literature (Lindemose et al., 2013; Nakashima et al., 2012;
Chen et al., 2012; Wunderlich et al., 2014).

Identification of the putative promoter sequences and
transcription factor binding sites

The putative promoter sequences ranging from 2000 bp
upstream to 500 bp downstream of TSS for all DNA repair
genes were obtained from ExPATH 2.0
(http://expath.itps.ncku.edu.tw) database. The putative
ASRTFBSs were identified using EXPATH 2.0 database, the
online  tool AthaMap (Steffens et al, 2004;
www.athamap.de/), and manually as well.

Calculating the frequency of putative transcription factor
binding sites

As the total number of sites in each DNA repair category
depended on the number of genes, their frequency was
calculated by the formula,

Frequency of ASRTFBSs=Total number of putative ASRTFBSs +

Total number of genes analyse

Expression profiling of DNA repair genes

Expression patterns of DNA repair genes under nine
different abiotic stresses, cold, osmotic, salt, drought,
genotoxic, oxidative, UV-B, wounding, and heat,
were obtained from the online tool Arabidopsis eFP Browser
2.0 BAR
(http://bar.utoronto.ca/efp2/Arabidopsis/Arabidopsis_eFPB
rowser2.html).

Finding sequence similarity in the promoter regions

Sequence homology between the promoter regions was
analysed using the multiple sequence alignment tool Clustal
Omega < EMBL-EBI
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The length of
the sequences showing 100% homology was calculated

manually. Average number of similar stretches was
calculated by the formula,
Average number of stretches with >5bp homology=

Total number of stretches with>5bp homology+Total number of genes

Identification of putative transcription factor binding sites

in similar stretches of promoter sequences

The putative sequences of ASRTF binding sites in the

homologous stretches were identified using ExPATH 2.0

database. Their locations were identified manually. Their

frequencies were calculated by the formula,

Frequency of putative ASRTFBSs in the similar stretches=
Total number of putative ASRTFBSs in the similar stretches+
Total number of gene pairs analysed

Screening of methylation-prone sequence repeats
Methylation-prone sequences were identified from
literature (Bartels et al., 2018), and screened on the
promoter region using the tool SnapGene viewer. The
average frequency was calculated by the formula,

Average frequency of methylation-prone sequence repeats=

Total number of sequence repeats+
Total number of selected methylaion-prone sequences

Co-expression analysis

The correlation networks of co-expressing DNA repair genes
were analysed using the online tool ExPath 2.0, in reference
to Pearson Correlation Coefficient. The correlated genes
with an input cut-off value 0.8 were considered for the
construction of correlation network. For co-expression
analysis, a group of input genes were matched with the
microarray datasets under abiotic stressed condition and
analysed separately in root and shoot.
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