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Abstract 31 

DNA methylation is an epigenetic mark that controls gene expression in response to internal and 32 

environmental cues. In this study, we sought to understand the role of DNA methylation in 33 

response to desiccation and salinity stresses in three rice cultivars (IR64, stress-sensitive; 34 

Nagina 22, drought-tolerant and Pokkali, salinity-tolerant) via bisulphite sequencing. We 35 

identified DNA methylation patterns in different genomic/genic regions and analysed their 36 

correlation with gene expression. Methylation in CG context within gene body and methylation 37 

in CHH context in distal promoter regions were positively correlated with gene expression. 38 

However, methylation in other sequence contexts and genic regions was negatively correlated 39 

with gene expression. DNA methylation was found to be most dynamic in CHH context under 40 

stress condition(s) in the rice cultivars. The expression profiles of genes involved in de-novo 41 

methylation were correlated with methylation dynamics. Hypomethylation in Nagina 22 and 42 

hypermethylation in Pokkali in response to desiccation and salinity stress, respectively, were 43 

correlated with higher expression of abiotic stress response related genes. Our results suggest an 44 

important role of DNA methylation in abiotic stress responses in rice in cultivar-specific 45 

manner. This study provides useful resource of DNA methylomes that can be integrated with 46 

other data to understand abiotic stress response in rice. 47 

 48 
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Introduction  53 

Abiotic stress is one of the most unpredictable contraventions resulting in crop loss and imposes 54 

major concerns in food security. Global warming and adverse environmental conditions result in 55 

lower crop yield. Rice is one of the most important cereal crops serving as primary source of 56 

dietary carbohydrates in more than half of world population. Drought and salinity stresses affect 57 

growth and yield of rice (Bartels et al., 2005; Singh et al., 2018; Peethambaran et al., 2018). 58 

Unlike animals, plants are sessile in nature and responses to abiotic stress are associated with 59 

activation of gene regulatory networks and pathways involved in stress response (Shinozaki et 60 

al., 2007; Zeller et al., 2009). The role of transcription factors and signal transduction 61 

components in adaptive stress responses has been revealed (Xiong et al., 2001; Mizoi et al., Zhu 62 

et al., 2016; Khan et al., 2018). Epigenetic modifications associated with chromatin re-63 

organization can also play significant role in stress responses (Bruce et al., 2007; Probst et al., 64 

2015; Garg et al., 2015; Neto et al., 2017).  65 

 DNA methylation is one of most commonly found epigenetic marks. In plants, 66 

methylated cytosines are found in three different sequence contexts [CG, CHG and CHH (where 67 

H = A, C or T)]. Maintenance of DNA methylation after each round of DNA replication in 68 

daughter stands is mediated by METHYLTRANSERASE 1 (MET1) in CG context and 69 

maintenance in CHG context is mediated via CHROMOMETHYLASE 3 (Lindroth et al., 2001; 70 

Kankel et al., 2003; Law et al., 2010). De-novo methylation in CHH context is governed by 71 

small RNA dependent and independent pathways via DOMAINS REARRANGED 72 

METHYLTRANSFERASE 1/2 (DRM1/2) and CHROMOMETHYLASE 2 (CMT2), 73 

respectively (Cao et al., 2002; Slothkin et al., 2009; Mosher et al., 2010; Stroud et al., 2014).  74 

The possible role of DNA methylation in abiotic stress response has been reported in 75 

model and crop plants (Chinnusamy et al., 2009; Lang et al., 2010). Drought induced 76 

methylation differences have been identified in sensitive and tolerant cultivars via methylation-77 

sensitive restriction digestion and whole genome bisulphite sequencing in different plants 78 

(Wang et al., 2011; Liang et al., 2014; Garg et al., 2015). Interestingly, methylation dynamics 79 

under drought stress has been found extensively in CHH context in both susceptible and tolerant 80 

cultivars in Populus trichocarpa (Liang et al., 2014). However, methylation differences between 81 

drought-tolerant and susceptible cultivars under control conditions were mostly found in CG 82 

context in rice (Garg et al., 2015). Likewise, methylation dynamics under salinity stress have 83 

also been investigated in susceptible and tolerant cultivars in different plants using various 84 

approaches, and methylation changes under the stress conditions were found to be genotype-85 
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specific (Wang et al., 2014; Al-Lawati et al., 2016; Lu et al., 2017). Interestingly, methylation 86 

changes induced in response to abiotic stress condition(s) reversed to its original methylation 87 

status after stress recovery (Wang et al., 2011). However, the plants exposed to those abiotic 88 

stress(s) were found to adapt more successfully to adverse environmental conditions in 89 

subsequent exposures and epigenetic memory was transmitted to subsequent generations 90 

(Boyko et al., 2010; Bilichak et al., 2016). 91 

 Earlier, we reported DNA methylation patterns and differences between rice cultivars, 92 

including stress-sensitive IR64, drought-tolerant Nagina 22 and salinity-tolerant Pokkali (Garg 93 

et al., 2015). To further understand the role of DNA methylation in desiccation and salinity 94 

stress responses, we sequenced DNA methylomes of rice seedlings exposed to these stresses and 95 

compared with that of control conditions. We analyzed the extent of DNA methylation in 96 

different sequence contexts at whole genome level. Methylation density and patterns of DNA 97 

methylation in protein coding genes and transposable elements (TEs) were revealed. The 98 

correlation between DNA methylation density and gene expression levels was analysed under 99 

stress conditions in the rice cultivars. We identified differentially methylated regions (DMRs) 100 

under stress conditions and their correlation with differential gene expression was revealed. The 101 

possible role of DNA methylation in regulation of sets of genes involved in abiotic stress 102 

response was also analyzed. Overall, we demonstrated the role of DNA methylation in abiotic 103 

stress responses in cultivar-specific manner in rice.  104 

 105 

Materials and Methods  106 

Plant materials and genomic DNA isolation  107 

We analyzed three rice cultivars with contrasting response to abiotic stresses, including tolerant 108 

to desiccation (Nagina 22), tolerant to salinity (Pokkali) and sensitive to both stress conditions 109 

(IR64). Two-weeks old hydroponically grown rice seedlings were treated with desiccation stress 110 

in IR64 and Nagina 22 by keeping them between folds of tissue papers for 3 h. Salinity stress 111 

was given by keeping seedlings in 200 mM NaCl solution for 3 h. The control plants were kept 112 

in water for the same duration as described in the previous study (Garg et al., 2015). Stress 113 

treated and control seedlings were harvested, snap frozen in liquid nitrogen and stored at -80 ºC 114 

till further use. Genomic DNA was isolated using Qiagen DNeasy Minikit (Qiagen) as per 115 

manufacturer's instructions. Genomic DNA was quantified using Qubit Fluorimeter (Life 116 

Technologies) and purity of DNA was verified by estimating absorbance ratio at 260/280 and 117 
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260/230 wavelengths using Spectrophotometer (Nanodrop) and integrity of the DNA was 118 

verified by resolving into agarose gel.  119 

 120 

Whole genome bisulphite sequencing  121 

To prepare library for bisulphite sequencing, we fragmented the genomic DNA of all the tissue 122 

samples to an average size of 100-300 bp via sonication (Covaris, Massachusetts, USA). The 123 

genomic fragments were end repaired and TrueSeq-methylated adaptors were ligated to their 124 

ends. Adaptor ligated genomic fragments were treated with sodium bisulphite as described in 125 

previous study (Garg et al., 2015). Library preparation and sequencing were performed to 126 

generate 90 nt long reads in paired-end mode with sufficient sequencing depth (>30x) via 127 

HiSeq-2000 platform (Illumina, San Diego, USA).   128 

 129 

Read alignment and identification of mCs  130 

The adaptor sequences and low-quality reads were removed from the raw reads using NGSQC 131 

Toolkit (v2.3) at default parameters (Patel and Jain, 2012). The clonal reads were filtered out by 132 

mapping on the rice genome (MSU v7.0) using Bismark (v0.8) under default parameters in each 133 

sample (Krueger and Andrews, 2011). Efficiency of bisulphite conversion was estimated by 134 

mapping the high-quality filtered reads on rice chloroplast genome. More than >99% of the 135 

cytosine(s) in chloroplast genome were converted to thymine(s) indicating very high efficiency 136 

of bisulphite conversion in our experiments. The mCs in rice genome were identified based on 137 

the significance of ≤0.001 p-value and sequencing depth of ≥5 reads, as described in previous 138 

study (Garg et al., 2015). Methylation level was determined by estimating the percentage of 139 

reads giving methylation call at a particular cytosine site to all the reads in the sequencing data 140 

covering that site (Garg et al., 2015). Patterns of DNA methylation in rice genome were 141 

visualized via circos plot using a window size of 100 kb. Density of DNA methylation in 142 

genes/TEs and their 2 kb flanking regions was calculated using customized perl scripts. 143 

 144 

Identification of DMRs  145 

We identified differential methylation under stress conditions as compared to the control 146 

condition for each cultivar within each 100 bp bin in the rice genome. The bins covered by ≥5 147 

reads and containing at least 3 cytosine residues were considered for differential methylation 148 

analysis. The two bins with same genomic co-ordinates under control and stress conditions were 149 

analysed for detection of methylation level difference. Differentially methylated bins showing at 150 

least 20% methylation level difference with <0.01 q-value calculated using Fisher's exact test 151 
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followed by correction with Sliding Linear Model (SLIM) were determined as described in the 152 

previous studies (Garg et al., 2015, Bhatia et al., 2018). Consecutive differentially methylated 153 

bins (within a distance of 50 bp) were merged to identify DMRs and their distribution in 154 

different sequence contexts within gene body and 2 kb flanking regions was analyzed. 155 

 156 

Gene ontology (GO) enrichment analysis  157 

The enrichment of gene ontology (GO) terms in the sets of DMR associated genes in different 158 

cultivars was analysed using BiNGO tool in Cytoscape (v3.7). The significantly enriched GO 159 

terms with q-value of at least ≤0.05 were identified for each given set of genes. 160 

 161 

Integration of DNA methylation and gene expression data   162 

The correlation between DNA methylation and gene expression was determined by plotting 163 

methylation density of genes expressed at different levels in each sample. Based on FPKM 164 

values, genes expressed at very low (<1 FPKM), low (≥1-5 FPKM), moderate (≥5-25 FPKM) 165 

and high (>25 FPKM) levels were categorized. Methylation density in gene body, gene ends and 166 

flanking regions was estimated for these sets of genes expressed at varying levels. The 167 

correlation between differential methylation and differential gene expression (≥2 fold-change 168 

with <0.05 q-value) under desiccation/salinity stress as compared to control condition within 169 

same cultivar was analysed by estimating methylation level differences in different sequence 170 

contexts within gene body and flanking regions. 171 

 172 

Data availability   173 

Bisulphite sequencing and RNA sequencing data reported/used in this study are available under 174 

GSE60288 and GSE60287 series accession numbers, respectively, at the Gene Expression 175 

Omnibus (GEO) database. 176 

 177 

Results and discussion 178 

Methylome profiling under desiccation and/or salinity stress 179 

To understand the role of DNA methylation in desiccation and salinity stress responses, we 180 

profiled DNA methylomes in seedlings of IR64 (sensitive), drought-tolerant (Nagina 22) and 181 

salinity-tolerant (Pokkali) rice cultivars after the stress treatment(s) and compared with that of 182 

respective control condition. We analysed DNA methylation in IR64 under desiccation and 183 

salinity stresses, Nagina 22 under desiccation stress and Pokkali under salinity stress. Bisulphite 184 
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sequencing allowed interrogating DNA methylation status of rice genome at single base 185 

resolution. We generated about (76-86 million) high-quality 90 bp long paired-end reads with 186 

>30x sequencing depth for each sample. A total of about 46-55 million uniquely mapped reads 187 

covered ~88% of the rice genome and (81.5-82.8 %) of the total cytosine residues in each 188 

sample (Table S1).  189 

We estimated percentage of methylcytosines (mCs) with respect to total cytosines in 190 

each sequence context that were covered in sequencing for each sample analysed. Interestingly, 191 

about half (46.7-49.52%) of the total cytosines in CG context were found to be methylated in 192 

each sample followed by CHG (28.36-30.72%) and CHH contexts (19.76-24.3%) (Fig. 1A). 193 

Methylation level of mCs in CG context (85.45-90.37%) was much higher than CHG (66.41-194 

70.15%) and CHH (39.76-45.69%) contexts (Fig. 1B; Fig. S1). Previous studies have also 195 

shown that methylation levels are generally higher in CG context (Lister et al., 2008; Cokus et 196 

al., 2008; Garg et al., 2015; Hossain et al., 2017). It may be due to methylation maintenance in 197 

CG and CHG contexts that ensures methylation in the newly formed DNA strands after 198 

replication. Another reason for high methylation level in these sequence contexts may be due to 199 

KRYPTONITE mediated methylation in CHG context in deep heterochromatic regions 200 

associated with H3K9me2 followed by spreading of methylation in CG context (Du et al., 2014; 201 

Trejo et al., 2017). In contrast, de-novo methylation in CHH context is dependent on internal 202 

and/or environmental cues, which may be the possible reason for low methylation level in CHH 203 

context. Similar methylation levels were found in forward and reverse strands in all the samples 204 

analysed (Fig. S2) as reported in previous studies (Jones et al., 2007; Probs et al., 2009; Garg et 205 

al., 2015).  206 

To examine differences in patterns of DNA methylation in response to abiotic stress, we 207 

compared methylation levels between stress treated and control samples in each cultivar. 208 

Interestingly, methylation levels showed most variations in CHH context followed by CHG 209 

context in response to desiccation and salinity stresses in Nagina 22 and Pokkali, respectively 210 

(Fig. 1B). Decreased methylation levels in Nagina 22 under desiccation stress and increased 211 

methylation level in Pokkali under salinity stress were observed in both the sequence contexts. 212 

However, no obvious methylation level difference was observed in these sequence contexts 213 

under desiccation and salinity stress conditions in IR64 with the exception of increased 214 

methylation level detected in CHH context under salinity stress. In CG context, methylation 215 

levels were marginally higher under both stress conditions in IR64. In contrast, methylation 216 

levels in CG context were marginally lower under desiccation stress in Nagina 22 and under 217 

salinity stress in Pokkali. These results showed methylation level differences majorly in CHH 218 
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context under stress conditions, suggesting its important role in determining abiotic stress 219 

response.  220 

To understand correlation among different samples analysed, we performed clustering 221 

among control and stress treated samples of all the rice cultivars based on detected mCs. The 222 

control and stress treated sample(s) of the same cultivar clustered together, suggesting that 223 

methylome divergence between the cultivars is much higher than the methylome dynamics in 224 

response to abiotic stress within a cultivar (Fig. 1C). Further, to examine global methylation 225 

patterns, we analyzed the distribution of DNA methylation on the rice chromosomes in all the 226 

samples. Interestingly, pericentromeric and centromeric regions harbouring high density of 227 

transposable elements (TEs) were found to be extensively methylated in CG and CHG contexts 228 

in control and stress treated samples in the rice cultivars. In contrast, higher fraction of mCs in 229 

CHH context was detected in gene rich regions under control and stress conditions in all the 230 

cultivars, further suggesting the important role of CHH context DNA methylation in abiotic 231 

stress response (Fig. 1D).  232 

 233 

DNA methylation in protein coding genes and TEs 234 

We estimated DNA methylation density within the body of protein coding genes and TEs, and 235 

their flanking regions in different sequence contexts in all the samples analysed. In general, 236 

methylation density in TEs was much higher than protein coding genes in all the sequence 237 

contexts. The methylation density at gene ends representing transcription start site (TSS) and 238 

transcription termination site (TTS) was much lower than their body and flanking regions in all 239 

the sequence contexts. Interestingly, decreased methylation density at TE ends was not observed 240 

in CG and CHG contexts, suggesting important role of DNA methylation in TE repression (Fig. 241 

2).  Another interesting difference in methylation patterns between genes and TEs was observed 242 

in CHH context. In genes, methylation density at proximal promoter regions (-500 bp) is 243 

significantly high in CHH context, but no such distinct methylation pattern was observed in TEs 244 

(Fig. 2).   245 

 Next, we analysed differences in methylation density under stress condition(s) as 246 

compared to control in the rice cultivars. In Nagina 22, methylation density under desiccation 247 

stress was lower as compared to control condition in all the sequence contexts. In contrast, 248 

methylation density was higher under desiccation stress in IR64. The difference in methylation 249 

density was most evident in the flanking (-500 bp) regions (Fig. 2A). Interestingly, similar 250 

differential pattern of DNA methylation profiles between control and desiccation stress treated 251 

samples was detected in TEs in both sensitive and tolerant rice cultivars (Fig. 2B; Fig. S3A). 252 
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Likewise, methylation density difference between control and salinity stress conditions in IR64 253 

and Pokkali cultivars was analysed. Higher methylation density in IR64 and lower methylation 254 

density in Pokkali were observed in all the sequence contexts under salinity stress in both 255 

protein coding genes and TEs (Fig. 2C, D; Fig. S3B).  256 

  257 

Influence of DNA methylation on gene expression 258 

To examine influence of DNA methylation on expression of protein coding genes, we analysed 259 

methylation of genes expressed at varying levels under control and stress conditions. The rice 260 

genes were classified into sets of genes based on their expression levels, including silent/very-261 

low (<1 FPKM), low (≥1 to 5 FPKM), moderate (≥5 to 25 FPKM) and high (>25 FPKM) using 262 

transcriptome data from our previous study (Shankar et al., 2016). A positive correlation 263 

between methylation density in CG context of gene body and expression level was observed as 264 

reported in previous studies (Zilberman et al., 2007; Bewick et al., 2017). Interestingly, we 265 

observed a positive correlation between DNA methylation in CHH context in flanking regions (-266 

500 bp) and gene expression. A positive correlation between DNA methylation in CHH context 267 

in distal promoter regions and TE expression in rice has been reported in previous studies 268 

(Zemach et al., 2010a; Zemach et al., 2010b). The mechanism of CHH methylation in promoter 269 

regions and enhanced gene expression is largely unknown. In contrast, an antagonistic 270 

correlation between DNA methylation in all other genic regions in CG and CHG contexts and 271 

gene expression was observed. However, most significant antagonistic correlation of gene 272 

expression was found with methylation at transcription start site (TSS) and transcription 273 

termination site (TTS) in all the sequence contexts, suggesting that methylation at TSS/TTS 274 

may repress gene expression (Fig. 3). These results suggest an important role of DNA 275 

methylation in determining expression levels of genes irrespective of different cutivar(s) and/or 276 

condition(s).  277 

 278 

Differentially methylated regions under abiotic stress in rice cultivars 279 

To study methylation dynamics under desiccation stress in IR64 and Nagina 22 rice cultivars, 280 

differentially methylated regions (DMRs) between stress and control conditions were identified 281 

for both the cultivars. In total, 2346 and 3013 DMRs representing 2162 and 2744 genes were 282 

detected in IR64 and N22, respectively, under desiccation stress. Interestingly, highest number 283 

of DMRs was found in CHH context (76.73-77.92%) followed by CG (15.33-17.22%) and CHG 284 

(4.86-7.93%) contexts in both the cultivars, suggesting an important role of CHH context DNA 285 

methylation in response to desiccation stress (Fig. 4A). Further, we analyzed 286 
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hyper/hypomethylation under desiccation stress in different sequence contexts. Interestingly, 287 

about 80%, 78% and 71% of the total DMRs were found to be hypomethylated in CG, CHG and 288 

CHH contexts, respectively, under desiccation stress in Nagina 22. Number of hypermethylated 289 

DMRs in CG (59.41%) and CHH (53.83%) contexts were marginally higher, while number of 290 

hypomethylated DMRs in CHG context (55.26%) were lower under desiccation stress in IR64 291 

(Fig. 4A). Next, we estimated methylation level differences under desiccation stress in both the 292 

cultivars. In IR64, fraction of hypermethylated DMRs in CG and CHG contexts was more than 293 

hypomethylated DMRs under desiccation stress. In contrast, much higher fraction of DMRs was 294 

found to be hypomethylated in all sequence contexts in Nagina 22 (Fig. 4B, C). These results 295 

suggest that hypomethylation may be associated with desiccation stress response in Nagina 22.  296 

Likewise, we analyzed DMRs under salinity stress in IR64 and Pokkali. A total of 2511 297 

and 3580 DMRs representing 2314 and 3246 genes were detected in IR64 and Pokkali, 298 

respectively, under salinity stress (Fig. 4D). Majority of DMRs were detected in CHH context 299 

(76.65-77.46) followed by CG (17.92-18.44) and CHG (4.62-4.92) contexts in both the 300 

cultivars. In IR64, hypermethylated DMRs in all the sequence contexts; CG (63.56%), CHG 301 

(58.62%) and CHH (57.99%), were more in number under salinity stress. In contrast, 302 

hypomethylated DMRs in CG (57.73%) and CHG (63.64%) contexts were represented in higher 303 

fraction in Pokkali. However, a significant fraction of hypermethylated DMRs in CHH context 304 

(80.69%) was observed under salinity stress in Pokkali cultivar. We analysed methylation level 305 

differences under salinity stress in both the cultivars. In IR64, marginally larger fraction of 306 

DMRs was associated with hypermethylation in CG and CHG sequence contexts. While, extent 307 

of hypermethylation in CHG context was high (Fig. 4E). Interestingly, a very large fraction of 308 

DMRs showed hypermethylation in CHH context in Pokkali, even though higher number of 309 

hypomethylated DMRs was detected in CG and CHG contexts (Fig. 4F). This suggests that 310 

CHH context hypermethylation may be involved in salinity stress response in the rice cultivars.   311 

 Next, we analysed expression profiles of genes encoding DNA methyltransferases and 312 

genes involved in chromatin remodelling, RNA-dependent DNA methylation (RdDM) pathway 313 

and demethylation (Lanciano et al., 2017). Interestingly, lower transcript abundance of 314 

OsDRM1a and OsDRM1b methyltransferase genes (involved in methylation) and higher 315 

expression level of OsROS1c genes (involved in demethylation) was detected in response to 316 

desiccation stress in Nagina 22 as compared to IR64 (Fig. 4G). This suggested that passive 317 

methylation and active demethylation in CHH context might be important for desiccation stress 318 

tolerance in Nagina 22. In addition, lower expression of CMT3 under desiccation stress may be 319 

the possible reason for hypomethylation in CHG and CG contexts in Nagina 22. CMT3 320 
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mediated methylation in CHG context and further its role in extending methylation in CG 321 

context has been reported ((Du et al., 2014; Trejo et al., 2017). Likewise, we detected higher 322 

expression of OsDRM1 (involved in de-novo methylation in CHH context) and higher 323 

expression of genes involved in RdDM pathway, such as OsDcl3b and OsRDR2, under salinity 324 

stress in Pokkali as compared to IR64. In addition, lower expression of OsDML3a and 325 

OsDML3b involved in demethylation was detected. This suggests that RdDM pathway 326 

associated hypermethylation in CHH context and less demethylation may be important for 327 

salinity stress tolerance in Pokkali (Fig. 4G). 328 

Our previous analysis showed that methylation differences among the rice cultivars with 329 

contrasting responses to drought and salinity stresses were mostly found in CG context (Garg et 330 

al., 2015). However, most of methylation changes under stress conditions were detected in CHH 331 

context in this study. Methylation differences in CG context between cultivars and methylation 332 

changes in CHH context within a cultivar under stress have been reported in previous studies 333 

too (Liang D et al., 2014; Garg et al., 2015; Lu et al., 2017). This suggests that methylation 334 

dynamics in CHH context guided by de-novo methylation and demethylation may be important 335 

during stress response in a cultivar. However, methylation differences detected in CG context 336 

between cultivars may be due to diversification of DNA methylomes during selection. 337 

Significant methylation in CG context within gene body has been detected in most of the higher 338 

plants, but not in lower organisms (Zemach et al., 2010b; Bewick et al., 2016). However, lack 339 

of gene body methylation in CG context in an angiosperm (Eutrema salsugineum) was found to 340 

be due to loss of CMT3 (Bewick et al., 2016). This suggests that methylation differences 341 

detected in CG context between cultivars may be guided by CMT3 in cultivar specific-manner. 342 

Interestingly, epigenetic memory was found to be transmitted through DNA methylation in CG 343 

context in subsequent generations (Mathieu et al., 2007; Reinders et al., 2009). It is possible that 344 

epigenetic memory in subsequent exposures within a generation may be retained through DNA 345 

methylation in CHH context.  346 

Next, we analysed gene ontology (GO) terms represented in hyper/hypomethylated 347 

genes under stress conditions.  In Nagina 22, GO terms associated with abiotic stress response, 348 

including response to desiccation, were enriched in hypomethylated genes. In Pokkali, GO 349 

terms related to abiotic stress response, including response to salt stress in the hypermethylated 350 

genes (Fig. S4). These results suggest that hypomethylation under desiccation stress in Nagina 351 

22 and hypermethylation under salinity stress in Pokkali may be important to elicit stress 352 

tolerance in these cultivars. 353 

 354 
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Correlation between differential methylation and differential gene expression under 355 

desiccation stress 356 

To further understand the role of DNA methylation in response to desiccation stress, we 357 

analyzed differential gene expression of DMR associated genes in IR64 and Nagina 22 cultivars 358 

under desiccation stress.  In IR64, a total of 163 DMR-associated genes exhibited differential 359 

expression under desiccation stress (Fig. 5A). Interestingly, 84.1% of these genes were 360 

associated with DMRs in CHH context (Fig. 5C). In Nagina 22, a total of 178 DMR-associated 361 

differentially expressed genes were identified and most (87.77%) of these genes showed 362 

differential methylation in CHH context (Fig. 5B, D). These results suggest that methylation 363 

dynamics in CHH context is involved in desiccation stress response in both the cultivars. Next, 364 

we analyzed the DMRs found in CHH context in different gene regions. Interestingly, most (83-365 

86.5%) of the DMRs were located in flanking regions in both the cultivars (Fig. 5B, D). 366 

Majority (69.1-71%) of the CHH context DMR-associated genes showed higher expression in 367 

both the cultivars under desiccation stress (Fig. 5B, D). However, a negative correlation of 368 

hypomethylation with higher gene expression was observed only in Nagina 22. In IR64, about 369 

45-50% of the genes showing hypomethylation in CHH context in different gene regions 370 

exhibited higher expression under desiccation stress, suggesting no obvious correlation between 371 

differential methylation and differential gene expression (Fig. 5B). In contrast, about 77-84% of 372 

the genes that showed hypomethylation in CHH context in different gene regions exhibited 373 

enhanced transcript abundance under desiccation stress in Nagina 22 (Fig. 5D).  374 

Next, we analyzed methylation changes under desiccation stress in sets of genes known 375 

to be involved in abiotic stress response.  In IR64, a total of 18 DMR-associated genes involved 376 

in abiotic stress response showed differential expression under desiccation stress. Of these, 12 377 

genes showed enhanced expression and 50% of them were either hyper/hypomethylated under 378 

desiccation stress, suggesting no obvious correlation (Fig. 5C). In contrast, 13 genes 379 

representing 81.25% of the CHH context DMR-associated genes exhibited hypomethylation and 380 

higher gene expression under desiccation stress in Nagina 22 (Fig. 5F). Hypomethylation was 381 

found mostly in flanking regions (92.3%) for this set of genes. Genes encoding transcription 382 

factor(s) and/or those involved in abiotic stress response, including bZIP (LOC_Os08g36790), 383 

zinc finger (LOC_Os08g38460), AP2 (LOC_Os04g57340), no apical meristem 384 

(LOC_Os02g38130), and homeobox (LOC_Os01g06560), were found to be correlated with 385 

hypomethylation and higher gene expression under desiccation stress in Nagina 22. Gain of 386 

function of bZIP (OsbZIP71), zinc finger (OsSAP1), a member of APETELLA 2 (OsAP37) and 387 

no apical meristem (NAM) transcription factors conferred tolerance to desiccation stress in rice 388 
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(Mukhopadhyay et al., 2004; Oh et al., 2009; Liu et al., 2014; Rahman et al., 2016). A gene 389 

involved in photochemical quenching and dissipation of excess light, zeaxanthin epoxidase gene 390 

(LOC_Os04g37619), showed hypomethylation in CHH context and higher expression. 391 

Zeaxanthin epoxidase (ZEP) gene(s) are known to involved in abscisic acid (ABA) synthesis 392 

pathway and over-expression of an AtZEP gene elicited tolerance to drought stress in 393 

Arabidopsis (Park et al., 2008). Other genes involved in abiotic stress responses, such as 394 

cysteine proteinase inhibitor (LOC_Os01g16430), phospholipase (LOC_Os09g37100), and 395 

cytochrome c oxidase (LOC_Os07g42910) too showed hypomethylation and higher expression 396 

under desiccation stress. It has been shown that over-expression of chymotrypsin inhibitor-like 1 397 

(OsCPI1) in rice resulted in better survival and higher seed yield under severe drought (Huang 398 

et al., 2007). The role of phospholipase in eliciting drought tolerance via modulating calcium-399 

signalling pathway has also been demonstrated in rice (Abreu et al., 2018; Deng et al., 2019). 400 

These results suggest that hypomethylation in CHH context may govern regulation of candidate 401 

genes involved in desiccation stress response in Nagina 22.  402 

 403 

Correlation between differential methylation and differential gene expression under 404 

salinity stress 405 

To understand the role of DNA methylation in response to salinity stress, we analyzed 406 

differential expression of the DMR-associated genes in different sequence contexts and gene 407 

regions in IR64 and Pokkali. A total of 39 and 80 DMR-associated differentially expressed 408 

genes under salinity stress were detected in IR64 and Pokkali, respectively (Fig. 6A, B). Most 409 

(86.8-90%) of these genes showed differential methylation in CHH context in both the cultivars 410 

(Fig. 6C, D). About (86.8-92%) of the DMR-associated genes in CHH context showed higher 411 

expression under salinity stress in both the cultivars and most of these genes harbored DMRs in 412 

their flanking regions (81.9-86.1%).  413 

 In IR64, CHH context hypermethylation in gene body (80%) and downstream regions 414 

(66.6%) was correlated with higher gene expression under salinity stress (Fig. 6B). In Pokkali, 415 

correlation of CHH context hypermethylation and higher gene expression was observed with 416 

greater significance in all the gene regions, such as promoter (95%), gene body (81.8%) and 417 

downstream (87.5%) regions (Fig 6E). In addition, the number of genes showing correlation 418 

was much higher (~5 times) in Pokkali as compared to IR64. These results suggest that 419 

hypermethylation in CHH context may be associated with salinity stress response in Pokkali. 420 

Further, we analyzed correlation of differential methylation with differential gene expression in 421 

the sets of genes involved in abiotic stress response. In IR64, four such genes exhibited CHH 422 
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context hypermethylation and higher expression under salinity stress (Fig. 6E). In Pokkali, a 423 

total of five genes involved in abiotic stress response showed hypermethylation in CHH context 424 

and higher expression under salinity stress (Fig. 6F). A gene encoding transcription factor, 425 

homeobox/leucine zipper (LOC_Os04g45810) and other genes involved in abiotic stress 426 

response, including dehydrogenase (LOC_Os06g13720) and glycosyl hydrolase 427 

(LOC_Os01g64100) showed hypermethylation in CHH context and higher expression under 428 

salinity stress in Pokkali (Fig. 6F). Positive regulation of salinity stress response genes via 429 

leucine zipper (bZIP) has been revealed in earlier studies (Xiang et al., 2008; Zhao et al., 2014). 430 

Aldehyde dehydrogenase gene(s) play a major role in betaine biosynthesis and were found to be 431 

associated with regulation of cellular osmolytes in eliciting salinity tolerance in Arabidopsis and 432 

rice (Kishitani et al., 2000; Sunkar et al., 2003). A glycosyl hydrolase gene of rice (OsGH5BG) 433 

was also found to be induced in response to salinity stress (Opassiri et al., 2007). These results 434 

suggest that candidate genes are activated under salinity stress in the rice cultivars. 435 

This is interesting that desiccation stress response in Nagina 22 is mediated via 436 

hypomethylation in CHH context and salinity stress response in Pokkali is mediated via 437 

hypermethylation in CHH context. Previous studies have also demonstrated that 438 

hypomethylation associated with higher gene expression under drought/salinity stress response 439 

and hypermethylation associated with higher gene expression under salinity stress response 440 

(Boyko et al., 2010; Wang et al., 2014; Al-Lawati et al., 2016). These results suggest that 441 

abiotic stress response(s) is dependent on cultivar specific manner. 442 

   443 

Conclusions 444 

In this study, we showed an important role of DNA methylation in abiotic stress responses in 445 

desiccation tolerant (Nagina), salinity tolerant (Pokkali) and sensitive (IR64) rice cultivars. 446 

Methylation in CHH context was found to be most dynamic under desiccation and/or salinity 447 

stress conditions in all the rice cultivars. Interestingly, hypomethylation in CHH context was 448 

correlated with higher gene expression under desiccation stress in Nagina 22. In contrast, 449 

hypermethylation in CHH context was correlated with higher gene expression under salinity 450 

stress in Pokkali. These results revealed that abiotic stress response is cultivar-specific in rice. 451 

Altogether, we provided new insights into role of DNA methylation in response to abiotic stress 452 

in rice. 453 

 454 

Supplementary data 455 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 22, 2019. ; https://doi.org/10.1101/558064doi: bioRxiv preprint 

https://doi.org/10.1101/558064


15 
 

Supplementary data are available at JXB online. 456 

Table S1. Summary of bisulphite sequencing data, mapping and methylated cytosines. 457 
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Figure legends 

Fig. 1. Methylation patterns in the rice cultivars under desiccation and salinity stresses.  

(A) Pie chart showing percentage of methylated cytosines in different sequence contexts under 

control and stress conditions in the three rice cultivars. (B) Methylation levels in different 

sequence contexts under control and stress conditions are shown in boxplot. (C) Dendrogram 

showing similarity/divergence of methylation patterns among the rice cultivars under control 

and stress conditions are shown. (D) Methylation density (number of methylated cytosines per 

100 kb) in rice genome under control and stress conditions is shown via circos plot. Gene and 

TE density has also been shown in the two outermost circles. Ct, control; Ds, desiccation stress; 

Ss, salinity stress; N22, Nagina 22; PK, Pokkali. 

 

Fig. 2. Methylation patterns in genes and transposable elements (TEs) under desiccation 

and/or salinity stresses in the rice cultivars.  (A, B) Methylation density in IR64 and Nagina 

22 is shown in genes (A) and TEs (B) in different sequence contexts under control and 

desiccation stress conditions. (C, D) Methylation density in genes (C) and TEs (D) in IR64 and 

Pokkali under control and salinity stress conditions is shown. Methylation density indicates 

number of methylcytosines (mCs) per 100 bp.  

 

Fig. 3. Influence of DNA methylation on gene expression.  (A-G) Methylation density of 

genes expressed at different levels [silent/very-low (<1 FPKM), low (≥1 to 5 FPKM), moderate 

(≥5 to 25 FPKM) and high (>25 FPKM)] under control [IR64 (A), Nagina 22 (D), Pokkali (F)], 

desiccation stress [IR64 (B), Nagina 22 (E)] and salinity stress [IR64 (C), Pokkali (G)] 

conditions are shown. Up, upstream region, GB, gene body; D, downstream region. 

 

Fig. 4. Methylation dynamics in rice cultivars under desiccation and/or salinity stresses.  

(A) Number of differentially methylated regions (DMRs) in different sequence contexts under 

desiccation stress in IR64 and Nagina 22 are shown. (B, C) Methylation level differences in 

different sequence contexts under desiccation stress in IR64 (B) and Nagina 22 (C) are shown 

via kernel density plots. (D-F) Number of DMRs in different sequence contexts under salinity 

stress in IR64 and Pokkali are shown (D) and methylation level differences in different 

sequence contexts under salinity stress in IR64 (E) and Pokkali (F) are shown. (G) Differential 

expression profiles of genes encoding DNA methyltransferases, DNA glycosylases, and genes 

involved in RdDM pathway and chromatin remodeling under desiccation stress in IR64 and 
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Nagina 22, and under salinity stress in IR64 and Pokkali are shown via heatmap. Scale at the 

bottom represents log2 fold-change of expression under stress conditions.  

 

Fig. 5. Differential methylation associated with desiccation stress response in rice. (A, B) 

Number of DMR associated differentially expressed genes under desiccation stress in IR64 (A) 

and Nagina 22 (B) is given. (C, D) Differential methylation profiles of the up/down-regulated 

genes in different sequence contexts and gene regions in IR64 (C) and Nagina 22 (D) are shown. 

(E, F) Differential methylation (CHH context) profiles of up/down-regulated genes involved in 

abiotic stress response in IR64 (E) and Nagina 22 (F) are shown. The right most heatmaps show 

differential gene expression profiles under the stress conditions in IR64 (E) and N22 (F). Scales 

at the bottom represent methylation level difference (blue, hypomethylation; yellow, 

hypermethylation) and expression log2 fold-change (red, upregulation; green, downregulation) 

under stress condition. 

 

Fig. 6. Differential methylation associated with salinity stress response in rice. (A, B) 

Number of DMR associated differentially expressed genes under desiccation stress in IR64 (A) 

and Pokkali (B) is given. (C, D) Differential methylation profiles of the up/down-regulated 

genes in different sequence contexts and gene regions in IR64 (C) and Pokkali (D) are shown. 

(E, F) Differential methylation (CHH context) profiles of the up/down-regulated genes involved 

in abiotic stress response in IR64 (E) and Pokkali (F) is shown. The right most heatmaps in 

show differential gene expression profiles under the stress conditions in IR64 (E) and Pokkali 

(F). Scales at the bottom represent methylation level difference (blue, hypomethylation; yellow, 

hypermethylation) and expression log2 fold-change (red, upregulation; green, downregulation) 

under stress condition. 

 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 22, 2019. ; https://doi.org/10.1101/558064doi: bioRxiv preprint 

https://doi.org/10.1101/558064


not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 22, 2019. ; https://doi.org/10.1101/558064doi: bioRxiv preprint 

https://doi.org/10.1101/558064


not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 22, 2019. ; https://doi.org/10.1101/558064doi: bioRxiv preprint 

https://doi.org/10.1101/558064


not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 22, 2019. ; https://doi.org/10.1101/558064doi: bioRxiv preprint 

https://doi.org/10.1101/558064


not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 22, 2019. ; https://doi.org/10.1101/558064doi: bioRxiv preprint 

https://doi.org/10.1101/558064


not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 22, 2019. ; https://doi.org/10.1101/558064doi: bioRxiv preprint 

https://doi.org/10.1101/558064


not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted February 22, 2019. ; https://doi.org/10.1101/558064doi: bioRxiv preprint 

https://doi.org/10.1101/558064

