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ABSTRACT

High temperature (HT) stress induces male sterility, leading to yield reductions in
crops. DNA methylation regulates a range of processes involved in plant development
and stress responses, but its role in male sterility under HT remains unknown. Here,
we investigated DNA methylation levels in cotton (Gossypium hirsutum) anthers
under HT and normal temperature (NT) conditions by performing whole-genome
bisulfite sequencing to investigate the regulatory roles of DNA methylation in male
fertility under HT. Global disruption of DNA methylation, especially CHH
methylation (where H=A, C or T), was detected in an HT-sensitive line. Changes in
the levels of 24-nucleotide small-interfering RNAs were significantly associated with
DNA methylation levels. Experimental suppression of DNA methylation led to pollen
sterility in the HT-sensitive line under NT conditions but did not affect the normal
dehiscence of anther walls. Further transcriptome analysis showed that the expression
of genes in sugar and reactive oxygen species (ROS) metabolic pathways were
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significantly modulated in anthers under HT, but auxin biosynthesis and signaling
pathways were only slightly altered, indicating that HT disturbs sugar and ROS
metabolism via disrupting DNA methylation, leading to microspore sterility. This
study opens up a pathway for creating HT-tolerant cultivars using epigenetic
techniques.

INTRODUCTION

DNA methylation represents an epigenetic mechanism for the regulation of gene
expression (He et al., 2011; Zhang and Zhu, 2011; Jullien et al., 2012; Matzke and
Mosher, 2014). DNA methylation of cytosines begins with the activation of DNA
methyltransferases (DNMTs). The methylated cytosines are classified by sequence
context as CG, CHG and CHH (H represents A, T or C) (Law and Jacobsen, 2010).
Much research has shown that DNA methylation strongly influences many aspects of
plant development, such as flower development, fruit ripening and stress responses
(Kim et al., 2009; Zhong et al., 2013; Yong-Villalobos et al., 2015).

In Arabidopsis thaliana, DOMAINS REARRANGED
METHYLTRANSFERASE2 (DRM2) catalyzes de novo DNA methylation in all
contexts (Cao and Jacobsen, 2002). After the establishment of DNA methylation,
METHYLTRANSFERASE1 (MET1) maintains methylation at CG sequences (Hu et
al., 2014), CHROMOMETHYLASE3 (CMT3) maintains methylation at CHG (Cao
and Jacobsen, 2002; Cao et al., 2003) and CMT2 maintains CHH methylation patterns
(Shen et al., 2014). In plants, CG and CHG methylation patterns can be maintained by
the recognition of hemimethylated signatures during DNA replication, but CHH
methylation is not established by the same recognition process (Henderson and
Jacobsen, 2007; Law and Jacobsen, 2010). An RNA-directed DNA methylation
(RADM) pathway guides de novo CHH methylation on strand-specific DNA
sequences using a combination of 24-nucleotide small-interfering RNAs (24 nt
siRNAs) (Matzke and Mosher, 2014). In the canonical RADM pathway, specific
transcripts are generated from plant-specific RNA polymerase (Pol IV) complexes.
RNA-DEPENDENT RNA POLYMERASE2 (RDR2) then converts the transcripts
into double stranded RNAs (dsRNAs). The 24 nt siRNAs are subsequently spliced by
DICER-LIKE3 (DCL3). ARGONAUT4 (AGO4) binds to the 24 nt siRNAs to target
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the silencing complex to the transcripts generated by Pol V. Finally, DRM2 interacts
with AGO4 to target the CHH sites (Chan et al., 2004; Jia et al., 2009; Havecker et al.,
2010; Matzke and Mosher, 2014).

When plants encounter stress, genome-wide transcriptional regulation occurs,
including the activation of stress defense genes and regulatory proteins (Jiang et al.,
2014; Le et al., 2014; Secco et al., 2015). Plants also require a mechanism to
terminate these responses after stress. The transcriptional regulation of genes is
closely linked with their epigenetic status (Iwasaki and Paszkowski, 2014). CHG and
CHH DNA methylation usually participate in the regulation of heterochromatin
formation and transcriptional gene silencing, while the methylation sites in gene
bodies are predominantly in the CG context (Sijen et al., 2001; He et al., 2011;
Melnyk et al., 2011).

There is increasing evidence that epigenetic regulation is essential for plant stress
responses. In Arabidopsis, a large number of genes that respond to phosphate
starvation are associated with hypo-methylation in their upstream regions
(Yong-Villalobos et al., 2015). Mutants in the RdADM pathway show a lower survival
rate compared to wild type under heat stress, indicating that the RADM pathway is
required for heat stress tolerance in plants (Popova et al., 2013).

Several studies have been carried out on the role of DNA methylation in male
reproductive development. In Arabidopsis, DNA demethylation occurs in vegetative
cells and sperm cells and is associated with the reactivation of transposable elements
(TEs) and transposition. However, reactivated TEs do not initiate transposition in
fertilized zygotes (Slotkin et al., 2009). siRNAs generated from retrotransposons
accumulate in pollen and sperm cells, suggesting that epigenetic reprogramming
occurs during reproductive development (Slotkin et al., 2009). Other studies have
revealed that CG and CHG DNA methylation sites remain stable in the plant germline
during development, but CHH methylation levels are reduced in retrotransposons of
sperm cells and microspores. The lost CHH methylation is subsequently restored by
RdDM in both fertilized embryos and vegetative cells (Calarco et al., 2012). These
findings indicate that the epigenetic reprogramming, especially via RADM in germ
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cells, participates in the silencing of transposons and the regulation of development.
Previous DNA methylation studies have typically focused on model plants or
seedlings under HT stress (Pecinka et al., 2010; Popova et al., 2013). Male
reproductive organs are more sensitive to damage from environmental change than
vegetative organs (Stromme et al., 2015). In a recent study, we detected changes in
the levels of DNA methylation in cotton (Gossypium hirsutum) anthers under high
temperature (HT) in both HT-tolerant and HT-sensitive cotton cultivars (Min et al.,
2014). However, how DNA methylation is linked with male sterility under HT
remains unclear. Here, we utilized the HT-tolerant cotton cultivar 84021 and
HT-sensitive cotton cultivar HO5 to uncover the role of DNA methylation during the
HT response in anthers using whole genome bisulfite sequencing. Our results provide
evidence for the mechanism by which HT disrupts DNA methylation to cause sterility

in the anther, providing important insights into breeding using epigenetic techniques.

RESULTS
Single base resolution maps of DNA methylation in cotton anthers under high
temperature (HT) stress
We previously identified two cotton lines that respond differentially to HT: 84021,
which is HT-tolerant and HOS, which is HT-sensitive. HT-induced male sterility in
HOS5 is characterized by an indehiscent anther wall with abortive pollen grains, while
84021 shows normally developed anthers and pollen grains under HT (Figure 1A, B).
High performance liquid chromatography (HPLC) analysis reveals different
autologous genome methylation levels between 84021 and HO5 under normal
temperature (NT) conditions, and 84021 shows higher DNA methylation than HOS5
under HT (Min et al., 2014). To explore the roles of DNA methylation in male
fertility under HT, we sampled anthers from 84021 and HOS5 at the tetrad stage (TS),
tapetum degradation stage (TDS) and anther dehiscence stage (ADS) under NT and
HT and performed whole-genome bisulfite sequencing (BS-seq).

After trimming adapters and filtering low-quality reads, approximately 1.2 billion
paired-end reads were generated. There were more than 100 million cytosines covered
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in each sample, a number sufficient for analysis (Supplemental Table 1). We used
MethylKit (Akalin et al., 2012) software to evaluate the correlation between the
replicates of each sample (Supplemental Figure 1). We used bisulfite-treated lambda
DNA to evaluate the bisulfite conversion rate (Supplemental Table 2) and evaluated
the false methylation rate by analyzing the methylation status of the mitochondrial
genomes of each replicate per sample (Supplemental Table 3). The false methylation
rates were relatively low compared to the results reported by Zhang et al., 2015a. We
identified methylated cytosines using bismark methylation extractor software and
binomial tests (Krueger and Andrews, 2011) (Supplemental Figure 2). Low
methylated cytosines were all filtered out (Supplemental Figure 3), and ca. 63 to 93
million methylated-cytosines (mCs) in each sample were identified. Of these mCs, ca.
29 to 37 million mCs (~40% to 52% of total mCs) were in the CG context, ca. 23 to
30 million mCs (~32% to 41% of total mCs) were in the CHG context and ca. 4 to 25
million mCs (~6% to 27% of total mCs) were in the CHH context (Supplemental
Figure 4, Supplemental Table 4). Among the three contexts, a large fraction of
cytosines in the CG and CHG contexts were strongly methylated, while few CHH
sites were methylated (Supplemental Figure 4). From the chromosome-scale
viewpoint, CG and CHG methylation sites were enriched in heterochromatic regions,
and CHH sites were relatively enriched in chromosomal arms compared to the
pericentromere (Figure 1C, Supplemental Figure 5A-C). In the figure, the
approximate centromere regions (Wang et al., 2015) are indicated by gray rectangles
(Figure 1C) and light grey boxes (Supplemental Figure 5A-C). We constructed a
website to show the profiles and details of DNA methylation of 84021 and HOS5 at the
tetrad, tapetum degradation, and anther dehiscence stages under NT and HT

(http://cgrd.hzau.edu.cn/cgi-bin/gb2/gbrowse/CottonReSequencing2016/).

The Hyper-CHH methylation on chromosomal arms may be driven by
euchromatin-preferential transposable elements (TEs) in cotton anthers

DNA methylation usually occurs in heterochromatic regions, with the effect of
preserving genome stability and silencing TEs. This has been confirmed in many
species, including Arabidopsis, maize (Zea mays), rice (Oryza sativa) and cotton
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(Gossypium barbadense) (Li et al., 2015; Zhang et al., 2015a; Rigal et al., 2016;
Wang et al., 2016). However, in the present study, we found that CHH methylation
sites were relatively enriched on chromosomal arms, i.e. in euchromatic regions.

Different CHH methylation patterns have been found in the different types of TEs
(Song et al., 2013; Wang et al.,, 2016). To understand the basis of hyper-CHH
methylation on chromosomal arms, we divided the TEs into short (<0.5 kb), medium
(0.5-4 kb) and long (>4 kb) classes, as previously described (Wicker et al., 2007). We
examined the distribution of these three types of TEs on the genome, finding that
short and medium TEs represent a major proportion of TEs across the whole genome
(Supplemental Data Set 1). There are more short TEs than medium and long TEs in
every position of each chromosome, with long TEs distributed evenly on each
chromosome in both the At and Dt subgenomes (Figure 1D).

We also analyzed the CHH methylation levels in the three types of TEs, including
TE bodies and their upstream (-2 kilobase, -2kb) and downstream (+2 kilobase, +2kb)
regions. No significant CHH methylation occurred in medium TE bodies, upstream or
downstream regions. However, hyper-CHH methylation occurred in short and long
TEs bodies, but not in their upstream or downstream regions (Figure 1E). These data
demonstrate that short TEs are preferentially enriched on each chromosomal arm and
that hyper-CHH methylation is initiated in the short TEs regions, which may lead to
the hyper-CHH methylation observed on chromosomal arms.
HT-induced changes in CHH methylation patterns in 84021 and H05
To investigate the difference in DNA methylation patterns under HT, we examined
the cytosines that were covered by sequencing reads in the two replicates of each
sample and identified the methylated cytosines in both replicates for further analysis
via binomial tests. We analyzed the changes in DNA methylation by comparing HT to
NT treatments in the HT-tolerant 84021 and HT-sensitive HOS5 cultivars. No
significant changes in the number of CG and CHG methylation sites were observed
under HT conditions in 84021 or HO5 at the three anther stages. However, significant
changes in the number of methylation sites in the CHH context were observed (Figure
1F, Supplemental Figure 2, Supplemental Table 4). At the tetrad and tapetum
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degradation stages, HO5 had reduced CHH methylation under HT but increased CHH
methylation under HT at the anther dehiscence stage (Figure 1F). 84021 showed
increased CHH methylation under HT compared to NT conditions at the tetrad,
tapetum degradation, and anther dehiscence stages.

To decipher the patterns of variation in DNA methylation across the whole genome,
we divided the genome into 100 base pair (bp) regions with no overlaps to identify
differentially methylated regions (DMRs). All mCs were mapped to the
corresponding genome (At, Dt). Putative DMRs were pooled via Fisher’s Exact test
(cutoff with p-value <0.05) (Calarco et al., 2012), followed by multiple testing
correction (FDR <0.05), and were subsequently classified into the CG, CHG and
CHH contexts (Supplemental Table 5, Supplemental Data Set 2-4). We then
calculated the ratio between the number of hyper-DMR and hypo-DMR sites in the
whole genome to investigate the relationship between DMRs and changes in whole
genome methylation in 84021 and HOS. At the tetrad and tapetum degradation stages,
84021 presented a higher ratio of hyper-DMRs than HO5 in the CG, CHG and CHH
contexts, indicating the existence of genome-wide hyper-methylation levels in 84021
under HT. At the anther dehiscence stage, both 84021 and HO5 showed more
hyper-DMRs than hypo-DMRs under HT (Supplemental Table 5). To further explore
the function of DMRs, we analyzed the distribution of DMRs along the genome. We
mapped the DMRs to both the At and Dt subgenomes. DMRs in the CG and CHG
methylation contexts were randomly distributed (Supplemental Figure 6). However,
DMRs in the CHH context were distributed uniformly across the chromosomes
(Figure 2B), which contrasts with the data for soybean, wheat and cotton fibers (Song
et al., 2013; Gardiner et al., 2015; Wang et al., 2016). These results demonstrate that
changes in DNA methylation across the genome occur widely when anthers suffer HT
stress, with significant hyper-CHH methylation in HT-tolerant 84021 and hypo-CHH
methylation in HT-sensitive HOS at the tetrad and tapetum degradation stages under
HT.

The RdDM pathway plays a central role in altering DNA methylation in cotton

anthers in response to HT



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

Clear differences in CHH methylation were detected in 84021 and HOS5 anthers under
HT, while CG and CHG showed only minor changes (Figure 1F). Given that RADM
can specifically initiate CHH methylation to regulate transcriptional gene silencing
and contributes to chromatin remodeling during multiple stress responses, including
responses to HT stress (Zhang and Zhu, 2011; Popova et al., 2013; Matzke and
Mosher, 2014), we next focused on changes in the RADM pathway in 84021 and HO5
under HT conditions. First, we utilized the same samples used to perform BS-seq to
perform small RNA sequencing in order to evaluate the effect of 24 nt siRNAs on
DNA methylation (Supplemental Table 6). After adapter clipping and structural RNA
filtering, the 24 nt siRNAs were mapped to the TM-1 cotton genome (Zhang et al.,
2015b). We then selected uniquely mapped 24 nt siRNAs and analyzed their
distribution on each chromosome. We found that the preferential enrichment of 24 nt
siRNAs occurred on each chromosomal arm (Supplemental Figure 5D), which is
similar to the distribution of hyper-CHH methylation sites. We carried out correlation
analysis between CHH methylation levels, the number of 24 nt siRNAs,
protein-coding genes, and TEs in each 1 mega-base (Mb) chromosomal region. We
detected a high correlation (R=0.87) between CHH methylation levels and 24 nt
siRNAs, as well as a high correlation (R=0.82) between the number of 24 nt siRNAs
and protein-coding genes (Supplemental Figure 7). These results point to a possible
relationship between CHH methylation and the density of 24 nt siRNAs.

To further confirm that 24 nt siRNAs actively contribute to altering CHH
methylation under HT, we studies the effects of 24 nt siRNAs in the 1 Mb genomic
regions. We partitioned the genome into 1 Mb bins: regions harboring 24 nt siRNAs
(siRNA-mapped regions) were regarded as siRNA+ regions, and regions lacking
siRNA-mapped regions were regarded as siRNA- regions. CHH methylation levels in
siRNA+ and siRNA- regions were also identified (Figure 2A). At all three stages of
anther development, all siRNA+ regions showed a higher hyper-methylation level
than the siRNA- regions (Figure 2A). This result suggests that the genome-wide
changes in CHH methylation under HT might be associated with 24 nt siRNAs.
Therefore, we divided the genome into 100 bp regions to identify differentially
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siRNA-mapped regions (DSRs), as previously reported (Gent et al., 2014), to identify
changes in CHH methylation levels in DSRs. The density of siRNAs in each bin were
normalized using the 10*Transcripts Per Kilobase Million (10*TPM) value for each
sample. We compared HT to NT conditions and identified DSRs based on the criteria
of 10*TPM of bins greater than 0 and changes of more than 2-fold. After identifying
the DSRs, we mapped the hypo-DSRs and hyper-DSRs to 1 Mb genomic regions. The
distribution of DSRs was similar to that of CHH DMRs (Figure 2B). We then
calculated the CHH methylation levels of each DSR. The hyper-DSRs showed
hyper-CHH methylation, while the hypo-DSRs showed hypo-CHH methylation
(Figure 2C). Furthermore, we analyzed the expression of genes that participate in 24
nt siRNA generation and methylation initiation in the RADM pathway, such as RDR2,
DCL3, HUA ENHANCERI (HENI), AGO4 and DRM2. In HOS5, lower expression
levels of these genes were detected at the tetrad and tapetum degradation stages under
HT, while HT treatment increased the expression levels of these genes at the anther
dehiscence stage. Meanwhile, these genes were all up-regulated in 84021 at the tetrad,
tapetum degradation and anther dehiscence stages under HT. These results are
consistent with the changes in CHH methylation levels detected in 84021 and HO5
(Supplemental Figure 8). In conclusion, under HT, RADM was disrupted in 84021 and
HOS at the tetrad and tapetum degradation stages, which might be associated with
reduced CHH methylation levels.

CHH methylation changes significantly in the promoter and downstream regions
of protein-coding genes in anthers under HT conditions

Our results reveal whole genome-wide changes in CHH methylation under HT
conditions and relatively high levels of CHH methylation on chromosomal arms.
Given the consensus that chromosomal arms are enriched in protein-coding genes, an
interaction between DNA methylation and the expression of protein-coding genes
would be expected. To test this hypothesis, we first explored the genome-wide DNA
methylation density of protein-coding genes. All of the identified mCs were mapped
to genic regions, including gene body, promoter (-2kb) and downstream (+2kb)
regions. Minor changes were detected in the CG and CHG contexts in protein-coding
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gene regions in HT compared to NT conditions in anthers at the same stage
(Supplemental Figure 9). However, CHH methylation levels were found to exhibit
variation in the gene regions (Figure 3A), which is consistent with changes in the
three methylation contexts (Figure 1F). We also found that CHH methylation mainly
changed in the promoter and downstream regions, which is similar to the distribution
of 24 nt siRNAs (Figure 3A and B). At the tetrad stage, 84021 showed lower CHH
methylation levels than HOS under NT. However, 84021 showed little hyper-CHH
methylation under HT, while HO5 exhibited significantly reduced CHH methylation
in the promoter and downstream regions under HT. At the tapetum degradation stage,
compared to NT, there was little difference in CHH methylation in HO5 under HT, but
84021 showed a small amount of hyper-CHH methylation under HT. Hyper-CHH
methylation was found in both 84021 and HO5 compared HT to NT at the anther
dehiscence stage, while 84021 showed higher CHH methylation levels than HO5
under HT (Figure 3A).

To visualize the relationship between DMR and protein-coding gene regions, we
mapped DMRs in the CG, CHG and CHH contexts to promoter (-2kb), gene body and
downstream (+2kb) regions. The results showed that more CG and CHG DMRs were
mapped to gene bodies and that CHH DMRs mainly mapped to promoter and
downstream regions (Supplemental Figure 10). Considering there were many more
DMRs in the CHH context (Supplemental Table 5) and the higher enrichment of 24 nt
siRNAs on the promoters (Figure 3B), we analyzed the effect of 24 nt siRNAs on the
promoters of protein-coding genes. Genes with 24 nt siRNAs that were mapped to
promoters were identified as P_siRNA+ genes, and other genes were classified as
P siRNA- genes. We then analyzed CHH methylation levels on the promoters of
P siRNA+ and P _siRNA- genes. At all stages of anther development and in both
HT-tolerant and sensitive cotton under both HT and NT conditions, hyper-CHH
methylation levels were higher on the promoter regions of P_siRNA+ genes
compared to P_siRNA- genes (Figure 3C). Meanwhile, minor differences in CHH
methylation levels were found between 84021 and HOS in anthers at the same stage,
which further strengthens the conclusion that 24 nt siRNAs are responsible for
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altering CHH methylation levels in gene promoter regions and regulating gene
expression under HT conditions in anthers.

Different changes in the RADM pathway were found between 84021 and HOS5
(Supplemental Figure 8). Therefore, to explore the specific interactions between 24 nt
siRNAs and protein-coding genes in 84021 and HO5, we analyzed P_siRNA+ genes.
In anthers at the same developmental stage, P_siRNA+ genes detectable in all four
samples (84021 under NT and HT conditions, HO5 under NT and HT conditions)
were identified as common genes, and the remaining genes were classified as
84021-specific or HOS5-specific P_siRNA+ genes (Figure 3D). At the tetrad and
tapetum degradation stages, there was little difference in the number of specific
P _siRNA+ genes in 84021 vs. HO5 under NT conditions, but HO5 had fewer specific
P_siRNA+ genes than 84021 under HT, suggesting weaker RADM regulation at these
stages in HO5 under HT (Figure 3D). At the anther dehiscence stage, both 84021 and
HOS5 had more specific P_siRNA+ genes, indicating that RADM was strengthened in
these two samples under HT. We subjected the sample-specific P_siRNA+ genes to
gene ontology (GO) analysis to identify any enriched pathways. Oxidoreductase
activity and carbohydrate binding were found to be enriched (Figure 3D), suggesting
that genes involved in energy metabolism and redox homeostasis might be regulated
by RADM under HT.

Global depression of DNA methylation leads to pollen sterility

The HT-sensitive line HO5 showed reduced DNA methylation levels under HT
conditions. We hypothesized that reduced DNA methylation has a negative effect on
male fertility under HT. To further investigate the role of DNA methylation in male
sterility caused by HT stress, we treated HO5 plants with Zebularine (Zeb), a DNA
methylation inhibitor. We applied four different treatments via spray application to
buds: 150 pM Zeb solution to HO5 under NT and HT conditions [HNZ
(HO5+NT+Zeb), HHZ (HO05+HT+Zeb)], and water under NT and HT to HO5 as
controls [HNW (HO5+NT+Water), HHW (HO5+HT+Water)]. After treatment, we
carried out tissue sectioning of treated anthers to determine any developmental effects
of the treatments.
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Under control treatments, both HNW and HHW showed normal tetrad formation
(Figure 4A, B) and normal callose staining with aniline blue (Figure 4 A’, B’) at the
tetrad stage. No significant difference in tetrad or tapetum formation was found at the
tetrad stage (Figure 4A, B). At the tapetum degradation stage, normally formed
microspores were observed in HNW-treated anthers (Figure 4C), but HHW treatment
led to the production of shriveled microspores with fewer inclusions (Figure 4D); this
microspores phenotype is similar to a previously reported male sterility phenotype
(Cecchetti et al., 2008; Cecchetti et al., 2017). At the anther dehiscence stage, pollen
was released normally from HNW anthers (Figure 4E), while plants treated with
HHW had completely shriveled pollen grains and an indehiscent anther wall (Figure
4F). These results further confirmed the distinct male reproductive phenotype of HOS
under NT and HT conditions.

In response to Zeb treatment, both HNZ and HHZ showed normal tetrad formation
at the tetrad stage (Figure 4a, b). Abnormal microspores were detected under both NT
and HT in response to Zeb treatment at the tapetum degradation stage (Figure 4c, d).
At the anther dehiscence stage, HHZ showed indehiscent anther walls and abnormal
pollen grains (Figure 4f), which was similar to the phenotype observed under HHW
treatment (Figure 4F). Unexpectedly, the anther endothecium of HNZ dehisced
normally but contained barren pollen grains (Figure 4¢).

Anther dehiscence is related to the thickness of secondary walls of the endothecium
(Mitsuda et al., 2005; Zhao et al., 2010). We therefore performed aniline blue staining
of anther tissue sections to examine secondary wall thickening in the endothecium. At
the tetrad stage, no significant changes in tetrads were found in any of the treatment
groups (Figure 4A’°, B’ and a’, b’). At the tapetum degradation stage, only the HNW
(HO5+NT+Water) treatment group had normally shaped microspores (Figure 4C’, D’
and c’, d’). At the anther dehiscence stage, secondary wall thickening in the
endothecium was observed under HT (Figure 4F’, ). There was little difference in
secondary wall thickening following Zeb treatment compared to the controls (Figure
4F’, ¢’ and F’, ). Therefore, HT induced severe microspore sterility and secondary
wall thickening of the endothecium in HOS, but the suppression of DNA methylation
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disrupted microspore development, with minor effects on secondary wall thickening
in the endothecium. These results suggest that HT stress disrupts DNA methylation,
which affects microspore development and has minor effects on anther dehiscence.
Suppression of DNA methylation disrupts gene and TE transcription in anthers
Disordered DNA methylation lead to abnormal development due to disrupted gene
and TE expression (Hu et al., 2014; Zhang et al., 2015a). We hypothesized that the
observed shrunken pollen grain observed in response to Zeb treatment might be due to
disordered DNA methylation. First, we performed BS-seq on anthers at the tapetum
degradation stage treated with HNZ and HHZ to evaluate the changes in DNA
methylation under Zeb treatment (Supplemental Table 7). Reduced DNA methylation
levels under Zeb treatment were observed based on the BS-seq data (Supplemental
Figure 11). To further test this hypothesis, we subjected Zeb-treated and control
samples to RNA-sequencing to identify transcriptional changes (Supplemental Table
8). We detected an increasing number of differentially expressed TEs in HO5 under
HT treatment, while Zeb treatment led to increased numbers of differentially
expressed TEs under both NT and HT conditions (Supplemental Table 9). We also
examined changes in gene expression in HOS following Zeb application and identified
differentially expressed genes (DEGs) using Tophat2 and Cuftdiff software. There
were more DEGs in HOS following Zeb treatment under both NT and HT treatment
compared to the controls (Supplemental Figure 12, Supplemental Table 10). Given
the previous finding that the unexpected transcription of TEs could results in severe
growth defects in plants (Hu et al., 2014; Zhang et al., 2015a), we propose that HT
disrupts whole-genome methylation, removes DNA methylation on TEs and genes,
and leads to their unregulated transcription in HOS5. Zeb treatment might mimic the
HT-induced disruption of hypo-methylation and induce unexpected transcription of
TEs and genes in HOS.

Changes in the sugar metabolism pathway under HT and following suppression
of DNA methylation

To understand how changes in DNA methylation under HT stress disrupt gene
expression and lead to pollen abortion, we identified DEGs under control (water) vs.
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Zeb treatment and subjected them to Gene Ontology (GO) enrichment analysis. Under
HT treatment, the DEGs from HO5 sprayed with water were enriched in the GO
categories ‘carbohydrate metabolic process’, ‘plant hormone response’, and especially
‘auxin signaling’ (ARF signaling) and ‘oxidoreductase activity’ (Supplemental Figure
13), which suggests that energy metabolism, auxin signaling and redox homeostasis
are altered by HT stress in anthers. Among DEGs under Zeb treatment, we found that
the GO categories ‘carbohydrate metabolic process’ and ‘response to oxidative stress’
were further enriched, but no significant enrichment observed in the category ‘plant
hormone response’ (Supplemental Figure 13). These results suggest that greater
energy consumption and changes in redox status occur in HOS under Zeb treatment
than under HT stress.

To further investigate any changes in carbohydrate content under Zeb or HT
treatment, we carried out total soluble sugar and starch assays. At the tetrad and
tapetum degradation stages, both HT and Zeb treatment induced the accumulation of
soluble sugars, with combined HT and Zeb treatment affecting the soluble sugar
content more strongly than single treatments (Figure 5A). At the anther dehiscence
stage, significant accumulation of soluble sugar was detected following Zeb treatment
under both NT and HT conditions compared to the respective controls (Figure 5A).
Starch content showed an opposite trend to soluble sugar content in all samples
(Figure 5B). We also found that DNA methylation levels on the promoters of several
amylase genes were negatively correlated with the expression levels at the three
developmental stages, suggesting that amylase genes are regulated by DNA
methylation (Figure 5C). The results of starch (I,-KI) staining of pollen grains
following HNW (HO5+NT+Water), HNZ (HO5+NT+Zeb), HHW (HO5+HT+Water)
and HHZ (HO5+HT+Zeb) treatment strengthened our conclusion that HT induces
DNA methylation that disrupts carbohydrate metabolism in pollen (Figure 5D). We
therefore conclude that HT alters the DNA methylation status, leading to the
excessive expression of amylase genes, thereby resulting in starch hydrolysis and a
higher sugar concentration.

HT-induced DNA methylation is associated with ROS generation but not with

14



387

388

389

390

301

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

auxin accumulation in anthers

The GO term ‘oxidoreductase activity’ was further enriched following the DNA
suppression assay, as described above. We then performed a hydrogen peroxide
(H203) assay to investigate the redox status of pollen under HT or Zeb treatment. At
the tetrad stage, HT or Zeb treatment induced a higher level of H,O, in HT-sensitive
HOS (Figure 6A). At both the tapetum degradation and anther dehiscence stages, HOS
generated more H,O, when under HT coupled with Zeb, similar to the results for
soluble sugar (Figure 6A). Since it is generally considered that H,O, is synthesized by
respiratory burst oxidase homolog (RBOH) proteins (Mittler et al., 2004; Marino et al.,
2012), we analyzed the expression and DNA methylation levels of all RBOH genes .
Several RBOH genes were up-regulated under HT, which was associated with
hypo-methylation of promoter regions (Figure 6B), as well as H,O, concentrations
(Figure 6A).

To further investigate ROS generation in pollen, we performed a ROS staining assay
on the same four treatment groups used for starch staining [HNW (HO5+NT+Water),
HNZ (HO5+NT+Zeb), HHW (HO5+HT+Water) and HHZ (HO5+HT+Zeb)]. The
results show that Zeb or HT significantly induces ROS generation in HOS (Figure 6C),
and HT combined with Zeb induced additional ROS generation in HOS5. We therefore
speculate that HT induces hypo-methylation to release the RBOH genes from
silencing, thereby leading to the enhanced generation of H,O, under HT.

Auxin contributes to the control of anther dehiscence by regulating endothecium
lignification and the jasmonic acid pathway in Arabidopsis (Cecchetti et al., 2013).
We previously showed that HT alters auxin metabolism and signaling and causes
anther abortion in cotton (Min et al., 2014). The DEGs under HT treatment show
significant enrichment for the GO term 'hormone response pathway', but the DEGs
under Zeb treatment did not. Therefore, we investigated whether the changes in auxin
metabolism and signaling pathways might be caused by disrupted DNA methylation
under HT.

We investigated the expression of auxin biosynthesis genes at the anther dehiscence
stage and found that several auxin biosynthesis genes (such as ALDEHYDE
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OXIDASEI (AAOI), AAO2, NITRILASE4 (NIT4), YUCCA4, YUCCAS, and YUCCA6)
were upregulated under HT in HOS5 following treatment with water (Figure 7A).
Under Zeb treatment, fewer genes were found to be up-regulated (Figure 7A). Given
there were only minor changes in the expression levels of auxin biosynthesis genes,
we investigated the expression of auxin signaling pathway genes. Several such genes
(mostly auxin response factors, ARFs) were upregulated in plants under HT
conditions treated with water, but no obvious changes were detected under Zeb
treatment (Figure 7A). These results suggest that the auxin biosynthesis and signaling
pathways are slightly regulated by DNA methylation under HT.

We therefore hypothesized that auxin concentrations would not change under Zeb
treatment and carried out auxin assays in anthers at the anther dehiscence stage under
the following treatments: HNW (HO5+NT+Water), HNZ (HO5+NT+Zeb), HHW
(HO5+HT+Water) and HHZ (HO5+HT+Zeb). We found that HT stress induced auxin
accumulation in the anther, but no significant changes were detected between water
and Zeb treatment under NT or HT (Figure 7B). To determine whether the auxin
concentration in the endothecium differed under HT vs. Zeb treatment, we
investigated the distribution of auxin in the endothecium tissue of anthers at one day
before anthesis (-1 DPA) via an immunohistochemical assay. As shown in Figure 7C,
the controls showed no significant differences across the four treatments (Figure 7C:
a-d). HT induced the accumulation of auxin in the endothecium (Figure 7C: b’, d’),
but Zeb treatment had no significant effect on auxin concentration (Figure 7C: a’, ¢’).
These results suggest that HT induces auxin accumulation in the endothecium and that
this might cause anther indehiscence, but it is likely that HT-disrupted DNA

methylation does not play a major role in this auxin-mediated process.

DISCUSSION

Global warming is increasing the mean temperature annually (Bita and Gerats, 2013),
leading to HT stress to crops and resulting in male sterility and yield reductions in rice,
wheat, maize and cotton (Peng et al., 2004; Tang et al., 2006; Sakata et al., 2010; Min
et al., 2014). We previously showed that two cotton lines, 84021 (HT-tolerant) and
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HOS5 (HT-sensitive), exhibit different male fertility phenotypes when subjected to one
week of HT stress. Gene expression profile analysis revealed a significant change in
the number of DEGs between 84021 and HO5. Further analysis showed significant
changes in the expression of genes involved in sugar metabolism and auxin signaling
pathways, suggesting roles for energy metabolism and plant hormone pathways in HT
stress responses in cotton anthers (Min et al., 2014). However, the mechanistic basis
for the differential responses observed in 84021 and HO5 had been unknown.

DNA methylation regulates gene expression through transcriptional gene
silencing (Zhang and Zhu, 2011; Popova et al., 2013; Matzke and Mosher, 2014). By
performing bisulfite sequencing of 84021 (HT-tolerant) and HO5 (HT-sensitive) under
NT and HT conditions at three different stages of anther development, we
comprehensively analyzed the roles of DNA methylation during cotton anther
development in response to HT. Our results revealed several intriguing DNA
methylation patterns in anthers under HT. First, CG and CHG methylation sites were
initiated in heterochromatic regions, but CHH methylation sites were relatively
enriched on chromosomal arms. The hyper-methylation in the CHH context occurred
preferentially in the euchromatin-preferential TEs, which may have caused the
unusual CHH methylation pattern detected in anthers. How this CHH methylation
pattern is generated is still unknown. Second, few changes in CG and CHG
methylation were identified in HT compared to NT, while CHH methylation sites
changed significantly in both HT-tolerant 84021 and HT-sensitive HO5 under HT. We
conclude that hyper-CHH methylation may play a more important role than CG and
CHG in the response to HT stress in anthers.

The methylation sites in gene bodies were predominantly in the CG context, while
CHG and CHH showed hyper-density at promoter regions (-2kb). There were few
changes in CG and CHG methylation in genic regions, including promoter (-2kb),
gene body and downstream regions (+2kb). Previous work indicated that disrupted
DNA methylation disrupts gene expression, leading to seedling lethality in rice (Hu et
al., 2014). Based on the consensus that CHH methylation participates in
transcriptional gene silencing, the small changes in CG and CHG methylation under
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HT in anthers further support our hypothesis that disrupted CHH methylation under
HT disrupts gene expression, leading to male sterility.

The analysis of hyper-methylation levels in the siRNA+ regions indicated that 24 nt
siRNAs participate in initiating DNA methylation across the genome. Further analysis
of the DSRs confirmed the function of 24 nt siRNAs in altering genome-wide CHH
methylation. The expression of genes that participate in the regulation of the RdADM
pathway (RDR2, DCL3, AGO4, HENI and DRM?2) was significantly altered under HT
but showed contrary expression patterns in HT-tolerant 84021 vs. HT-sensitive HOS.
The changes in CHH methylation and 24 nt siRNA density correspond to the
expression patterns of the genes, perhaps implying that the RADM pathway changes
under HT conditions, although how the expression levels of genes involved in RADM
exhibited different changes in different samples remains unclear.

Disordered sugar metabolism is observed in anthers subjected to HT (Min et al.,
2014). Both sugar and starch are vital during male reproductive development, as they
serve as important energy sources (Yui et al., 2003; Zhang et al., 2010; Zhao et al.,
2010; Zhu et al., 2015). Our transcriptome and experimental analysis also showed that
starch hydrolysis was enhanced when DNA methylation was suppressed. These
results suggest that HT-disrupted DNA methylation enhances the expression of
amylase genes and resulted in the excess of consumption of starch, leading to male
sterility in HOS.

ROS-dependent cellular and metabolic processes occur during anther development
(Hu et al., 2011; Xie et al., 2014), and unbalanced ROS metabolism results in male
sterility. In rice, ROS levels are downregulated during late anther development to
protect pollen grain maturation, as supported by our HO, measurements (Hu et al.,
2011). Our results show that HT-induced hypo-DNA methylation levels on the
promoters of RBOH genes led to their higher expression and the generation of H,O,
in microspores, which was detrimental to pollen development. These results show that
hypo-DNA methylation in HO5 under HT alleviates the silencing of amylase and
RBOH genes, leading to excessive starch hydrolysis and ROS accumulation, thereby
resulting in microspore abortion. This finding indicates that disrupted DNA
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methylation disrupts two different pathways to induce male sterility under HT.

In Arabidopsis, auxin treatment reduces lignification of the endothecium to induce
anther dehiscence (Cecchetti et al., 2013) and can rescue male sterility in wheat and
Arabidopsis (Sakata et al., 2010). Our auxin analysis showed that HO5 accumulates
increased levels of auxin in the endothecium under HT, which is in contrast to the
results in Arabidopsis, in which auxin exerts a positive effect on male sterility. The
auxin assay also showed that the suppression of DNA methylation does not cause
changes in auxin concentration in HOS5, suggesting that DNA methylation does not
participate significantly in regulating auxin biosynthesis or signaling. These results

suggest that auxin acts differently in different crops under HT stress.

METHODS

Plant Materials

The cotton (Gossypium hirsutum) lines 84021 (HT-tolerant) and HO5 (HT-sensitive)
used in this study were cultivated in the greenhouse under a 14 h day/10 h night
photoperiod. All buds were sampled and divided into the tetrad stage (TS, 6-7 mm),
tapetum degradation stage (TDS, 9-14 mm) and anther dehiscence stage (ADS, >24
mm) by bud length (Ma et al., 2012; Min et al., 2014). The same stage of anthers from
the same line were harvested, pooled in tubes, and stored in liquid nitrogen or at
-70°C immediately for future use.

HT Treatment Procedures and in vitro Application of the DNA Methylation
Inhibitor Zebularine

84021 and HOS5 were planted in the greenhouse for various treatments. Plants under
NT (29-35°C daytime and 25-28°C at night) were used for the negative control. For
HT treatment, plants were moved to a greenhouse with temperatures of 39-41°C in
the daytime and 29-31°C at night.

The DNA methylation inhibitor Zebularine (Zeb) (Selleck #Catalog No.S7113)
was dissolved in distilled water and sprayed onto buds to suppress DNA methylation.
To evaluate the most suitable concentration of Zeb for use, a graded solution series
(100 uM, 150 pM, 200 pM and 250 pM) was applied to HOS under either NT or HT
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conditions. Because all buds of HO5 dropped after 200 uM and 250 uM Zeb treatment
under NT, 150 uM Zeb was chosen for methylation suppression treatments under both
NT and HT. 150 uM Zeb solution were sprayed onto all buds under NT conditions. 5
days later, half the plants were treated with HT, while the other half remained under
NT. Plants cultivated under the same conditions and treated with distilled water were
used as a control. The samples from different batches under HT or zebularine
treatment were stored separately as different biological replicates.
DNA Extraction, Bisulfite Treatment and Library Construction
The anthers from two different batches under HT or zebularine treatment were used
for DNA extraction, which was regarded as two biological replicates. Total DNA was
extracted using a Plant Genomic DNA Kit (Tiangen cat# DP305). ca. 3 ug DNA was
collected for bisulfite-conversion using an EZ DNA Methylation-Gold™ Kit (ZYMO
RESEARCH cat# D5005)
(http://www.zymoresearch.com/epigenetics/dna-methylation/bisulfite-conversion/ez-d
na-methylation-gold-kit). Illumina sequencing libraries were constructed using a
TruSeq DNA Methylation Kit following the manufacturer’s instructions
(https://www.illumina.com/products/by-type/sequencing-kits/library-prep-kits/truseq-
dna-methylation.html). Unmethylated Lambda genomic DNA (Promega) was used as
a control; the Lambda DNA was treated each time anther libraries were constructed.
The treated lambda DNA was sequenced together with the anther library to evaluate
the conversion rate. The false methylation rate of each replicates per sample was
evaluated by analyzing the methylation levels of mitochondrion (Liu et al., 2013).
Sequencing was performed on the Illumina HiSeq 2000 platform.
DNA Methylation Data Analysis
Low-quality sequence data for 84021, HO5 and Lambda DNA were trimmed using
Trimmomatic software (Bolger et al., 2014). Bisulfite non-conversion rates (0.003 of
CG, 0.003 of CHG and 0.003 of CHH) were evaluated by resequencing the BS-treated
lambda DNA (Yong-Villalobos et al., 2015; Zhang et al., 2015a; Wang et al., 2016)
(Supplemental Table 2).

Two biological replicates of clean reads of 84021 and HO5 were mapped to the
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TM-1 genome using Bismark software (Krueger and Andrews, 2011) with the
parameters —N 1 —L 30. The paired-end reads that uniquely mapped to the genome
were reserved for further analysis. MethylKit software was utilized to evaluate the
correlation between two replications of each sample (Akalin et al., 2012). The
cytosines that were detected in two sets of BS-data were selected to identify putative
methylated  cytosines  (mCs). Putative mCs  were extracted using
bismark methylation_extractor software with the parameters --no_overlap
--CX_ context. All putative mCs were pooled into the classic binomial test with a

cut-off p-value <le-4. True mCs were determined based on p-value under the
binomial distribution p = (mCs, totalCs, error ra te), where mCs = number of

mCs; totalCs = mCs + unmethylated Cs; error rate is the error rate for the
nonconversion rate of the Lambda DNA.

For DMR calling, the whole genome was divided into 100 bp bins with no
overlap, and all mCs identified by binomial test in two replicates were mapped to 100
bp bins. Fisher’s Exact test was then performed with the cutoff at 0.05 (Ausin et al.,
2012; Calarco et al., 2012; Guo et al., 2014; Zhang et al., 2015a; Groth et al., 2016;
Wang et al., 2016). Multiple testing correction (FDR < 0.05) was subsequently
followed to test each window.

Small RNA Library Preparation and Sequencing

A total of 10 ug RNA from each sample was prepared using a modified Guanidine
Thiocyanate method (Min et al., 2013), and 5S sections of RNA were separated by
agarose gel electrophoresis. Small RNA libraries were constructed using TruSeq
Small RNA Library Preparation Kits (Illumina) following the manufacturer’s protocol,
with two biological replicates. Clean reads (18-26 bp) were obtained after adapter
clipping and raw data trimming. Structural RNAs such as TRNA, snRNA, tRNA were
filtered via alignment to Rfam (http://rfam.xfam.org/), and the miRBase (http://www.
mirbase.org/) database was used to predict putative microRNAs.

All remaining reads were mapped to the cotton genome using Bowtie (version

1.1.1) (Langmead et al., 2009), allowing no mismatches (-a -v 0 -m 200). Only 24 nt
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596  siRNAs that uniquely mapped to the genome, with no overlaps with each other, were
597  selected for further analysis.

598 RNA-seq and Data Analysis

599  Anthers from two different batches under HT treatment were sampled for RNA
600  extraction. Total RNA was extracted using a modified Guanidine Thiocyanate method
601  (Min et al., 2013). Approximately 3 pg RNA was used to construct libraries with a
602 TruSeq Stranded Total RNA Kit with two biological replicates per sample
603  (https://www.illumina.com/techniques/sequencing/rna-sequencing/total-rna-seq.html).
604  Adapters and low-quality reads were clipped using Trimmomatic software (Bolger et
605 al., 2014). All remaining reads were mapped to the cotton genome using TopHat2
606  (Ghosh and Chan, 2016). Further identification of DEGs was performed using
607  Cuffdiff software with a cutoff p-value <0.05 (Ghosh and Chan, 2016).

608  Tissue Sectioning, Staining and Imaging

609  Bracts and petals were removed from buds, which were subsequently immersed in 50%
610 FAA (50 mL absolute ethanol, 10 mL 37% formaldehyde solution, 5 mL acetic acid
611  and diluted with water to 100 mL) and vacuum infiltrated three times for 15 min to fix
612  the tissue. After infiltration, the solution was replaced with fresh FAA solution and
613  postfixed at 4°C for at least 12 h. Fixed samples were dehydrated using a graded
614  ethanol series (30%, 50%, 70%, 95% and 100%) for 1 h at each concentration and
615 embedded in paraffin. Embedded tissues were sectioned to 10 um thickness.
616  Toluidine blue solution (1%) and aniline blue solution (1%) were used to stain the
617  anther sections. A Zeiss Axio Scope Al microscope was used to image the samples
618  under bright field for Toluidine Blue staining and at 395 nm excitation for aniline blue
619  staining.

620  ROS and Starch Staining of Pollen Grains

621  Pollen from different treatments including HO5+NT+Water (HNW; H, HOS5; N,
622  normal temperature; W, water), HOS+HT+Water (HHW; H, HOS; H, high temperature;
623 W, water), HOS+NT+Zeb (HNZ; H, HO5; N, normal temperature; Zeb, Zebularine)
624 and HO5+HT+Zeb (HHZ; H, HOS5; H, high temperature; Zeb, Zebularine) were
625  stained for ROS and starch detection. Flowers on the day of blooming were carefully
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harvested, the petals were quickly removed, and the samples were immediately
immersed in PBS (Phosphate Buffer Solution, pH=7, prepared in 15 mL tubes and
previously stored at room temperature) to avoid generating a ROS burst during the
release of pollen grains. HT treatment was performed in an incubator for 2 hours.
Flowers under NT conditions were used as a negative control. After treatment, the
pollen was incubated for 30 min in the dark in 10 puM
2’,7’-dichlorodihydrofluorescein diacetate (2°,7°-DCFDA) dissolved in PBS for ROS
staining. Samples were washed twice in PBS before imaging at excitation wavelength
488 nm and emission wavelength 522 nm (Tang et al., 2014).

I,-KI solution was used for starch staining in pollen. Samples were washed in PBS
after staining in I,-KI solution for 3 minutes, and images were taken under bright
field.

ROS Quantification

Anthers were collected in 2 mL tubes, ground and extracted using 80% acetone for
approximately 30 minutes in the dark at 4°C. ROS quantification was performed using
a HyO, Quantitative Assay Kit (Sangon Biotech # C500069-0250), with at least 5
biological replicates (samples from different experiments) and 2 technological
replicates (samples from the experiment) for each sample. Concentrations were
calculated as umol/g fresh weight (FW).

Plant Hormone Measurements

Approximately 50 mg anther tissue was sampled and stored in 2 mL tubes, ground
using iron balls, and extracted using 80% methanol by shaking at 4°C overnight.
Plant hormone measurements were performed on an Agilent 4000Q-TRAR
HPLC-MS system, with 3-IAA (Sigma # 87-51-4) used as the internal standard.
Soluble Sugar and Starch Measurements

Soluble sugar was extracted using 80% acetone as described for ROS quantification,
and the sediment was collected to measure starch content. Total soluble sugar was
determined following the anthrone-sulfuric acid method (Min et al., 2014). Starch
measurements were performed via perchloric acid hydrolysis of starch-anthrone
sulfuric acid (Min et al., 2014). Both soluble sugar and starch contents were
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calculated as mg/g fresh weight (FW).

Immunohistochemical Assay of IAA

An immunohistochemical assay of IAA was performed as described previously (Hou
and Huang, 2005). TAA in anthers was fixed with carbodiimide hydrochloride (EDAC,
Sangon # C600433) under a vacuum for 1 h, followed by 50% FAA. Before
immunochemistry, anthers were incubated in blocking solution (10 mM Phosphate
Buffer Solution, PBS, pH=7.2; 0.1% Tween-20; 1.5% Glycine and 5% Bovine Serum
Albumin, BSA, Biosharp # BS043E) for 45 minutes, and IAA antibody (Sigma #
A0855-200UL) diluted in PBS/BSA (10 mM PBS; 0.8% BSA) as the primary
antibody was incubated with the tissue sections. Tissue sections were incubated with
an alkaline phosphatase secondary antibody, covered with Parafilm and incubated
with Western Blue® Stabilized Substrate for Alkaline Phosphatase (Promega #
S3841). Incubation was stopped by washing in water or PBS, and the sections were
mounted on a cover glass before imagining. Sections incubated with anti-mouse IgG
diluted (Promega # S3721) in PBS/BSA acted as a negative control.

qRT-PCR

For qRT-PCR, 3 pg RNA was reverse-transcribed using M-MLV (Promega)
following the manufacturer’s protocol. qRT-PCR was performed using an ABI 7500
RealTime PCR system. Relative gene expression levels were calculated using the 24!

method as previously described (Min et al., 2014). Expression levels were normalized

to GhUBIQUITIN7 as an internal control to standardize RNA content.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL libraries under
the following accession numbers:

GhUBIQUITIN7 (DQ116441); GhRDR2 (Gh_A12G2496); GhRDR2 (Gh_A13G0247)
GhDCL3 (Gh_DI13G2027); GhRHENI (Gh_A06G1061); GhAGO4 (Gh_D07G1699);
GhAGO4 (Gh_A07G1540); GhAGO4 (Gh_A08G1752); GRDRM?2 (Gh_A09G0264).
The whole genome bisulfite sequencing reads, small RNA sequencing reads, and
RNA-sequencing reads have been deposited with the National Center for
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Biotechnology Information under Sequence Read Archive (SRA) accession number
PRINA393079.

The profiles of DNA methylation and gene expression levels of 84021 and HO5 under
NT and HT are presented in the website:

http://cgrd.hzau.edu.cn/cgi-bin/gb2/gbrowse/CottonReSequencing2016/

Supplemental Data

Supplemental Figure 1. Correlation analysis of the replicates of each sample using
methylKit software.

Supplemental Figure 2. Number of methylated cytosines (mCs) identified by
BS-seq.

Supplemental Figure 3. Methylation levels of methylated cytosines (mCs) identified
by binomial tests.

Supplemental Figure 4. Fraction of mCs to total cytosines genome wide .
Supplemental Figure 5. Circos plots showing the distribution of methylated
cytosines (mCs) in the CG, CHG and CHH contexts and 24nt siRNAs on all 26
chromosomes.

Supplemental Figure 6. Circos plots showing the distribution of CG and CHG
DMRs under high temperature (HT) conditions in 84021 (HT-tolerant) and HOS5
(HT-sensitive) at the tetrad stage (TS), tapetum degradation stage (TDS) and anther
dehiscence stage (ADS).

Supplemental Figure 7. Correlation matrix between CHH methylation level, number
of 24 nt siRNAs, number of genes and number of TEs in 1 M regions.

Supplemental Figure 8. Expression levels of several RADM pathway genes in 84021
(HT-tolerant) and HO5 (HT-sensitive) at the tetrad stage (TS), tapetum degradation
stage (TDS) and anther dehiscence stage (ADS).

Supplemental Figure 9. CG and CHG methylation levels in gene regions including
promoters (-2kb), gene bodies and downstream regions (+2kb) in 84021 (HT-tolerant)
and HOS5 (HT-sensitive).

Supplemental Figure 10. Statistics of differentially methylated regions (DMRs)
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Figure 1. Male fertility phenotypes and DNA methylation patterns during anther development under high temperature (HT) stress.
(A) At the anther dehiscence stage (ADS), both 84021 and HO5 released pollen grains normally under normal temperature (NT).
Under high temperature (HT), 84021 dehisced normally while HO5 showed indehiscence. Bar=5 mm.

(B) 2,3,5-Triphenylterzolium (TTC) staining of pollen in 84021 and HO5 under NT and HT. Both 84021 and HO5 produced normal
pollen (red arrows) under NT. Under HT, 84021 produced normal pollen, while HO5 produced sterile pollen (blue arrows). Bar=50 um.
(C) Distribution of CG, CHG and CHH methylation sites on chromosome AO1 in 84021 under NT (blue lines), HO5 under NT (green
lines), 84021 under HT (red lines) and HO5 under HT (purple lines) at the tetrad stage. CG and CHG methylation sites were enriched
in heterochromatic regions, while CHH methylation sites were relatively enriched in euchromatic regions. Significant changes in CHH
methylation occurred, while CG and CHG remained stable under HT on a chromosome-wide scale. The approximate centromere
regions are indicated by a gray rectangle. The Y-axis shows the relative methylation levels calculated as the number of mCs / number
of total Cs (%) in each 1 Mb genomic region.

(D) Distribution of short (<0.5kb, blue columns), medium (0.5—4kb, green columns) and long (>4kb, red columns) TEs on each
chromosome. The X-axis shows the Gossypium hirsutum chromosome numbers, and the Y-axis shows the number of each type of
TE in every 1 Mb region of each chromosome. Short TEs occupy a large proportion of total TEs. Long TEs are relatively rare and are
spread uniformly on each chromosome.

(E) CHH methylation levels in 84021 under NT (blue lines), HO5 under NT (green lines), 84021 under HT (red lines) and HO5 under
HT (purple lines) on short, medium and long TEs at the tetrad stage. Short and long TEs showed hyper-CHH methylation in TE
bodies compared to upstream (-2kb) and downstream (+2kb) regions, while medium TEs showed only slight changes in CHH
methylation.

(F) CG and CHG showed little change on a genome-wide scale under HT, while CHH changed significantly under HT. 84021 showed
hyper-CHH methylation at the tetrad stage (TS), tapetum degradation stage (TDS) and anther dehiscence stage (ADS) under HT.
HO5 showed hypo-CHH methylation at the tetrad stage (TS) and tapetum degradation stage (TDS) while displaying hyper-CHH
methylation at the anther dehiscence stage (ADS) under HT. The comparison was performed by comparing the methylation levels of
each 1Mb genomic region between NT and HT (1947 comparison pairs). *Significant difference from NT; statistical significances
were determined by paired two-tailed Student’s t tests, p<0.05; **p<0.01.
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Figure 2. RdDM is involved in regulating CHH methylation under HT.

(A) Identification of CHH methylation in regions containing 24 nt siRNA (siRNA+) and regions lacking 24 nt siRNA (siRNA-) in 1M
genomic regions. Hyper-CHH methylation was identified in siRNA+ regions in 84021 and HO5 under both NT and HT. Y-axis represents
CHH methylation levels. **Significant difference between siRNA+ and siRNA-regions, Student’s t-test, p<0.01.

(B) Circos plot showing the changes in CHH methylation and 24 nt siRNAs under HT in 84021 and HO5 at the tetrad stage (TS),
tapetum degradation stage (TDS) and anther dehiscence stage (ADS). The outermost track represents the 26 chromosomes (A01-A13
for the At subgenome and D01-D13 for the Dt subgenome) of the Gossypium hirsutum genome. The other tracks represent the
following: 1, TE density; 2, number of protein-coding genes (PC genes); 3, CHH differentially methylated regions (DMRs) between
84021/NT/TS (84021 under NT at the tetrad stages) and 84021/HT/TS (84021 under HT at the tetrad stages); 4, CHH DMRs between
HOS5/NT/TS (HO5 under NT at the tetrad stage) and HO5/HT/TS (HO5 under HT at the tetrad stage); 5, CHH DMRs between 84021/NT/
TDS (84021 under NT at the tapetum degradation stage) and 84021/HT/TDS (84021 under HT at the tapetum degradation stage); 6,
CHH DMRs between HOS5/NT/TDS (HO5 under NT at the tapetum degradation stage) and HO5/HT/TDS (HO5 under HT at the tapetum
degradation stage); 7, CHH DMRs between 84021/NT/ADS (84021 under NT at the anther dehiscence stage) and 84021/HT/ADS
(84021 under HT at the anther dehiscence stage); 8, CHH DMRs between HO5/NT/ADS (HO5 under NT at the anther dehiscence
stage) and HO5/HT/ADS (HO5 under HT at the anther dehiscence stage); 9, differentially siRNA-mapped regions (DSRs) between
84021/NT/TS and 84021/HT/TS; 10, DSRs between HO5/NT/TS and HO5/HT/TS; 11, DSRs between 84021/NT/TDS and 84021/HT/
TDS; 12, DSRs between HO5/NT/TDS and HO5/HT/TDS; 13, DSRs between 84021/NT/ADS and 84021/HT/ADS; 14, DSRs between
HO5/NT/ADS and HO5/HT/ADS. Data analysis for each chromosome was performed using 1 Mb sections. The approximate centromere
regions are indicated by gray boxes. For tracks 3-8, each column represents the ratio between hyper-methylated DMRs and hypo-
methylated DMRs, while for tracks 9-14, each column represents the ratio between hyper-DSRs and hypo-DSRs. The ratio between
hyper-methylated DMRs and hypo-methylated DMRs is displayed as red columns vs. green columns, and the ratio between hyper-
DSRs and hypo-DSRs is presented as purple columns vs. yellow columns.

(C) Identification of CHH methylation levels of differentially siRNA-mapped regions (DSRs) in 84021 and HO5 at the tetrad stage (TS),
tapetum degradation stage (TDS) and anther dehiscence stage (ADS). Hyper-CHH methylation was identified in the hyper-DSRs,
while hypo-CHH methylation was detected in the hypo-DSRs. The Y-axes in the upper panel show siRNA density normalized to
10*TPM, and the Y-axes in the lower panel show CHH methylation levels. The 10*TPM and CHH methylation levels under NT are
indicated by blue boxes, and those under HT are indicated by red boxes. **Significant difference, Student’s t-test, p<0.01.
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Figure 3. RdADM helps alter CHH methylation in the promoter and downstream regions of protein-coding genes (PC genes).

(A) Analysis of CHH methylation levels in gene regions including promoters (-2kb), gene bodies and downstream regions (+2kb) at the
tetrad stage (TS), tapetum degradation stage (TDS) and anther dehiscence stage (ADS) in 84021 under NT (blue lines), HO5 under
NT (green lines), 84021 under HT (red lines) and HO5 under HT (purple lines). Significant differences were detected in the promoter
and downstream regions. TSS, Transcription Start Site; TTS, Transcription Termination Site.

(B) Analysis of the density of 24 nt siRNAs in gene regions including promoters, gene bodies and downstream regions in 84021 under
NT (blue lines), HO5 under NT (green lines), 84021 under HT (red lines) and HO5 under HT (purple lines). The density of 24 nt siRNAs
also differed in the promoters and downstream regions, as did CHH methylation pattern. TSS, Transcription Start Site; TTS,
Transcription Termination Site.
(C) Analysis of CHH methylation of promoters containing 24 nt siRNA sites (P_siRNA+, red boxes) and lacking 24 nt siRNA sites
(P_siRNA-, shown in green boxes) in 84021 and HO5 at the tetrad stage (TS), tapetum degradation stage (TDS) and anther
dehiscence stage (ADS) under NT and HT. The promoters of P_siRNA+ genes showed hyper-CHH methylation compared with those
of P_siRNA- genes. There was slight difference in CHH methylation levels among the promoters of P_siRNA- genes.

(D) Number of genes containing 24 nt siRNAs mapped in promoters in anthers at the tetrad stage (TS), tapetum degradation stage
(TDS) and anther dehiscence stage (ADS). In anthers at the same developmental stage, genes commonly detected in 84021 under
NT, HO5 under NT, 84021 under HT and HO5 under HT were defined as common genes (yellow columns), and the remaining genes
were defined as 84021-specific genes (green columns) and HO5-specific genes (blue columns). Enriched Gene Ontology (GO) terms
are shown on the right, with cutoff at p-value<0.05.
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Figure 4. The suppression of DNA methylation induces microspore sterility but does not affect anther dehiscence.

Toluidine Blue staining of anther sections of HNW (HO5+NT+Water), HHW (HO5+HT+Water), HNZ (HO5+NT+Zebularine) and HHZ
(HO5+HT+Zebularine) at the tetrad stage (TS), tapetum degradation stage (TDS) and anther dehiscence stage (ADS). No obvious
changes in tetrads or tapetum were detected under the four treatments at TS (A), (B), (a) and (b). At TDS, HT induced abnormal
microspore formation in HO5 following water treatment (D). HO5 showed shrunken microspores following Zebularine treatment under
both NT (¢) and HT (d). At ADS, HO5 produced normal pollen only under NT with water treatment (E). Dehiscent anther walls and
sterile pollen were detected in HNZ (e). Bar=50 um.

Aniline blue staining of secondary wall thickening was performed under HNW, HHW, HNZ, HHZ treatments at TS, TDS and ADS. No
obvious secondary wall thickening was identified at TS and TDS. At ADS, HT induced considerable secondary wall thickening in the
endothecium (F’) and (f’), while Zebularine treatment had little effect on secondary wall thickening in HO5 under NT (E’- e’) and HT
(F’ - ). Bar=50 um.

Tds, tetrads; T, tapetum; MSP, microspore; PG, pollen grain; En, endothecium
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Figure 5. HT-induced DNA methylation is associated with altered sugar metabolism.

(A) Measurement of total soluble sugar contents in HNW (HO5+NT+Water), HHW (HO5+HT+Water), HNZ (HO5+NT+Zebularine) and
HHZ (HO5+HT+Zebularine) at the tetrad stage (TS), tapetum degradation stage (TDS) and anther dehiscence stage (ADS). Both HT
and Zebularine treatment induced sugar accumulation in H0S. Values not sharing a common letter are considered significantly different
(shortest significant range; p<0.05). The values are means * standard deviation (n > 5). FW, fresh weight.

(B ) Measurement of starch contents in HNW, HHW, HNZ, HHZ at TS, TDS and ADS. Starch hydrolysis was induced by HT or
Zebularine, and increased starch hydrolysis was detected following combined HT and Zebularine treatment. Values not sharing a
common letter are considered significantly different (shortest significant range; p<0.05). The values are means + standard deviation (n >
5). FW, fresh weight.

(C) The left panel (heatmap) shows the expression levels and DNA methylation levels in the promoters of amylase genes. The right
panel (genome browser snapshot) shows DNA methylation levels (orange boxes) in different promoters and different expression levels
(green boxes) of an amylase gene at TDS under NT and HT.

(D) 1,-KI staining of starch in pollen of HNW, HHW, HNZ and HHZ. HO5 shows considerable starch hydrolysis under HT combined with
Zebularine. Bar=50 pym.
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Figure 6. Suppression of DNA methylation induces excessive ROS generation in anthers.

(A) Measurement of H,O, contents in HNW (HO5+NT+Water), HHW (H05+HT+Water), HNZ (HO5+NT+Zebularine), and HHZ (HO5+HT
+Zebularine) at the tetrad stage (TS), tapetum degradation stage (TDS) and anther dehiscence stage (ADS). HT or Zebularine induced
the generation of H,O,, while the combination of HT and Zebularine induced greater accumulation of H,O,. Values not sharing a
common letter are considered significantly different (shortest significant range; p<0.05). The values are means * standard deviation (n
> 5).FW, fresh weight.

(B) The left panel (heatmap) shows the expression levels and DNA methylation levels in the promoters of respiratory burst oxidase
homolog (RBOH) genes. The right panel (genome browser snapshot) shows DNA methylation levels in different promoters (orange
boxes) and different expression levels (green boxes) of a RBOH gene at TDS in HO5 under NT and HT.

(C) 2", 7-dichlorodihydrofluorescein diacetate (2’,7-DCFDA) staining of ROS in pollen of HNW, HHW, HNZ, HHZ. HT combined with
Zebularine treatment induced increased levels of H,O, accumulation in pollen. Bar=50 um.
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Figure 7. Indehiscence of the endothecium, which is regulated by auxin biosynthesis and signaling pathways, is slightly influenced by
HT-disrupted DNA methylation.

(A) A heatmap of the expression levels of auxin biosynthesis and signaling genes at the anther dehiscence stage (ADS) in HNW
(HO5+NT+Water), HHW (HO5+HT+Water), HNZ (HO5+NT+Zebularine) and HHZ (HO5+HT+Zebularine). Several auxin biosynthesis and
signaling genes are up-regulated in HHW, but not induced significantly in HNZ or HHZ. AAO1, ALDEHYDE OXIDASE1; NIT4,
NITRILASE4; ARF, AUXIN RESPONSE FACTOR. The genes with the same name (e.g. AAO1 ) represent different copies in the
tetraploid cotton genome.

(B) Auxin concentration at ADS in HNW (HO5+NT+Water), HHW (HO5+HT+Water), HNZ (HO5+NT+Zebularine) and HHZ (HO5+HT
+Zebularine). HT induced significant accumulation of auxin in HO5, but the auxin content was not affected by Zeb treatment under
either NT or HT. Values not sharing a common letter are considered significantly different. The values are means * standard deviation
(n > 5). (Student’s t-test, p<0.05).

(C) Immunohistochemical assay of auxin in the endothecium in HNW, HHW, HNZ and HHZ. (a) to (d) show the results of the negative
control in HNW (a), HHW (b), HNZ (c) and HHZ (d) respectively. (a’) and (¢’) show auxin accumulation in HNW (a) and HNZ (c). (b’)
and (d’) show that HT induces auxin accumulation in the endothecium under HT in response to treatment with water (b’) and
Zebularine (d’). Zebularine treatment alters the auxin content only slightly in the endothecium under both NT (a’ and ¢’) and HT (b’ and
d’). Bar=50 pm.
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