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ABSTRACT

Epigenetic modifications are highlighted for their
great importance in regulating plant development,
but their function associated with single-cell differ-
entiation remains undetermined. Here, we used the
cotton fibre, which is the epidermal hair on the cotton
ovule, as a model to investigate the regulatory role
of DNA methylation in cell differentiation. The level
of CHH (H = A, T, or C) DNA methylation level was
found to increase during fibre development, accom-
panied by a decrease in RNA-directed DNA methy-
lation (RdADM). Examination of nucleosome position-
ing revealed a gradual transition from euchromatin
to heterochromatin for chromatin dynamics in devel-
oping fibres, which could shape the DNA methylation
landscape. The observed increase in DNA methyla-
tion in fibres, compared with other ovule tissue, was
demonstrated to be mediated predominantly by an
active H3K9me2-dependent pathway rather than the
RdDM pathway, which was inactive. Furthermore, in-
tegrated multi-omics analyses revealed that dynamic
DNA methylation played a role in the regulation of
lipid biosynthesis and spatio-temporal modulation of
reactive oxygen species during fibre differentiation.
Our study illustrates two divergent pathways medi-
ating a continuous increase of DNA methylation and
also sheds further light on the epigenetic basis for
single-cell differentiation in plants. These data and
analyses are made available to the wider research
community through a comprehensive web portal.

INTRODUCTION

DNA methylation is the most extensively studied herita-
ble epigenetic modification in eukaryotes. In plants, DNA
methylation occurs in the symmetric CG and CHG (H = A,
T or C) contexts and also in the asymmetric CHH context
(1). Classically, DNA methylation is crucial for transpos-

able element (TE) silencing, genome imprinting and hetero-
sis (2-4). Recent studies have also demonstrated that DNA
methylation plays a vital role in plant development, includ-
ing gametogenesis (5), flower and seed development (6-7),
fruit ripening (8), and stress responses (9).

In Arabidopsis, genome-wide mapping and functional
studies have uncovered pathways mediating DNA methy-
lation (10). The de novo establishment of DNA methy-
lation in all sequence contexts is catalysed by the DO-
MAINS REARRANGED METHYLTRANSFERASE 2
(DRM2) protein and maintained by different pathways. CG
methylation is maintained by METHYLTRANSFERASE
1 (MET1) (1). Non-CG DNA methylation (CHG and
CHH) patterns are mediated by DRM2 through the RNA-
directed DNA methylation (RdDM) pathway (11) and
also by CHROMOMETHYLASE 2/3 (CMT2/3) proteins
through linker histone H1 and DECREASE-IN-DNA-
METHYLATION 1 (DDM1) activity in a self-reinforcing
loop (12). The main roles of CMT2 and CMT3 are to
methylate CHH and CHG sites respectively, but CMT?2
can also methylate CHG sites in association with CMT3
in a partially redundant manner (13). Both DRM2 and
CMT?2/3-mediated methylation patterns are cooperatively
regulated by dimethylated H3K9 (H3K9me2) (14). RA(DM
involves 24-nt small interfering RNAs (siRNAs) and prefer-
entially functions in gene-rich regions, short TEs and ends
of long TEs, while CMT2/3-mediated methylation predom-
inantly occurs in heterochromatic regions, especially in long
TEs (12).

Epidermal hairs, differentiated from epidermal cells, are
widely present in flowering plants. They are of great impor-
tance in plant adaptation, and aid in the resistance to insect
herbivory (represented by trichomes), the absorption of nu-
trients and water (represented by root hairs), and in seed
dispersal (such as for cotton fibres) (15). Cotton (Gossyp-
ium spp.) is cultivated in more than 80 countries for the uti-
lization of its single-cell fibres as the most important nat-
ural renewable sources for textiles. The most widely culti-
vated allotetraploid cotton species are Gossypium hirsutum
and Gossypium barbadense, among which G. hirsutum con-
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tributes to approximately 95% of world cotton production,
whereas G. barbadense is also exploited somewhere for its
superior length, strength, and fineness of fibres. Generally,
cotton fibre undergoes four overlapping stages of develop-
ment to form a mature lint fibre: initiation, elongation, sec-
ondary cell wall biosynthesis and maturation (16). A recent
study divided this developmental process into five stages by
introducing a transition stage between the rapid elongation
and secondary cell wall biosynthesis stages (17). Due to pro-
gressive features of its development, the cotton fibre is re-
garded as an excellent experimental system for studying cell
differentiation, including cell fate determination, polarized
cell elongation and cell wall synthesis in plants (17).

Many studies have achieved a theoretical understanding
of the molecular mechanisms controlling epidermal pat-
terning (18-20). In cotton, systematic functional studies
also have identified several important genes that contribute
to fibre initiation and elongation (21-24). However, limited
studies have focused on the epigenetic regulation of cotton
fibre development, or epidermal patterning in Arabidopsis
(25,26). Therefore, systematic maps of the epigenome are
necessary to explore the intriguing biological question of
how the architecture of the allotetraploid genome of cotton
is organized at each stage of fibre development.

Here, we present integrated maps of DNA methylation
and chromatin dynamics of developing cotton fibres. With
these dynamic maps, we analysed the regulatory roles of
asymmetric DNA methylation in contributing to homoe-
ologous gene expression bias, and also examined a possi-
ble role for dynamic DNA methylation in the spatiotempo-
ral modulation of reactive oxygen species during fibre de-
velopment. This study used Gossypium barbadense, given
its recently published genome and superior quality fibre
(27). Our study opens up the way for understanding the
role of DNA methylation during cotton fibre development
and provides novel insights into the epigenetic regulation of
single-cell differentiation in plants.

MATERIALS AND METHODS
Plant material

Cotton (Gossypium barbadense L. cv 3-79) plants were cul-
tivated in a field in Wuhan, China, under normal farm-
ing conditions. To collect cotton fibre samples, flowers were
tagged on the day of blooming (0 day post anthesis (DPA)).
Ovules (0 DPA) and fibres (10 DPA, 20 DPA and 30 DPA)
were carefully excised from developing cotton bolls. Sam-
ples from different plants were pooled and immediately
stored at —70°C until further use.

In vitro ovule culture and treatment

Cotton bolls at 2 DPA were harvested from the field, disin-
fected with 0.1% (w/v) HgCl, for 15 min and washed three
times in sterilized distilled water. Ovules were carefully ex-
cised from the bolls under sterile condition and immediately
floated in liquid BT medium (50 ml) with optimized phyto-
hormone concentrations (0.5 pM GAj3, 5 uM TAA) (28).
Zebularine (Selleck, S7113), a DNA methylation inhibitor,
was added to the liquid BT medium for treatment (29). The
ovules were cultured at 30°C in the dark without agitation

(28). The cultured ovules (5 DPA) and fibres (10 DPA and
20 DPA) were sampled for RNA sequencing.

Bisulfite-treated DNA library construction and sequencing

Genomic DNA was extracted from cotton ovules and fibres
using the CTAB method (30). For each sample, a total of
2 ng DNA was fragmented to 200-500 bp by sonication.
DNA libraries were constructed using the Illumina TruSeq
DNA Sample Prep Kit following the manufacturer’s in-
structions with minor modifications necessary for the bisul-
fite treatment. Briefly, the fragmented DNA was processed
by repairing ends, adenylating 3’ ends and ligating adapters.
Adapter-ligated DNA fragments were then treated with
bisulfite, followed by 10 cycles of PCR amplification. Fi-
nally, the bisulfite-treated PCR products were purified using
AMPure XP Beads. Bisulfite conversion of DNA samples
was conducted using the EZ DNA Methylation-Gold™
Kit (Catalog No. D5005). The unmethylated lambda DNA
(Promega) was converted simultaneously as a control. The
paired-end sequencing of bisulfite-treated DNA libraries
was performed using the Illumina HiSeq 2000 system
(paired-end 100-bp reads).

Bisulfite-treated DNA sequencing data analysis

The raw bisulfite-treated DNA sequencing data were fil-
tered by clipping adapters and low-quality reads were
trimmed using Trimmomatic (version 0.32) (31). The clean
reads were aligned to the G. barbadense genome using Bis-
mark (version 0.13.0) software under the following param-
eters (-N 1, -L 30) (32). The uniquely mapped reads were
retained to extract potentially methylated cytosines using
the Bismark methylation extractor under standard param-
eters. The bisulfite non-conversion rate (0.004) was calcu-
lated by sequencing the bisulfite-converted lambda DNA
(Promega). Methylated cytosines covered by at least three
reads were identified using binomial distribution (P-value
cutoff le—5). The weighted methylation levels in CG, CHG
and CHH contexts per gene were calculated by program-
ming customized Perl scripts. Differentially methylated re-
gions (DMRs) were identified using Fisher’s exact test (false
discovery rate (FDR) < 0.01) in 200 bp windows of the
G. barbadense genome. Windows containing less than 10
methylated cytosines were removed.

Stranded RNA-Seq and data analysis

Total RNA was isolated from ovule and fibre samples as
previously described (33). RNA-Seq libraries were con-
structed using the [llumina TruSeq Stranded RNA Kit (I1-
lumina, San Diego, CA, USA) following the manufacturer’s
recommendations and were sequenced with the Illumina
HiSeq 2000 system (paired-end 100-bp reads) with two bi-
ological replicates. The clean RNA-Seq reads were mapped
to the G. barbadense genome using Tophat (with -G param-
eter) (34). The uniquely mapped reads were extracted for es-
timating the expression levels of protein-coding genes and
long non-coding RNAs using Cufflinks (35). The Cuftdiff
procedure was followed to identify differentially expressed
genes (FDR < 0.01) (35).



Small RNA-Seq and data analysis

The small RNA-Seq libraries were constructed using the
Illumina TruSeq Small RNA Library Preparation Kit (Il-
lumina, San Diego, CA, USA) and were sequenced with
two biological replicates. After adapter clipping, the cleaned
reads (18-26 bp) were filtered for tRNA, rRNA, snRNA,
snoRNA and putative miRNAs. The remaining 24-nt
siRNA reads were mapped to the G barbadense genome
using Bowtie (version 1.1.1) allowing for no mismatches
with a maximum of mapping 200 times (36). The uniquely
mapped reads were retained for further analysis. A 24-nt
siRNA cluster was defined as a region containing at least
ten distinct sSiRNA reads, and each was separated from the
nearest neighbor by a maximum of 200 nucleotides (37).

MNase digestion of chromatin

The ovule and fibre samples were ground into powder with
liquid nitrogen. A total of 1 g ovule at 0 DPA and 50, 100
and 150 g fibres at 10 DPA, 20 DPA and 30 DPA, respec-
tively, were used for chromatin extraction. The MNase di-
gestion of chromatin was conducted according to Gent et al.
(2014) with minor modifications (38). Briefly, samples were
resuspended in nucleus isolation buffer (containing 0.4%
triton X-100 instead of 0.5% Tween 40) and gently shaken
for 20 min. Then, samples were filtered twice with two layers
of Miracloth (Calbiochem, 475855-1R) and centrifuged at
1500 x g for 6 min at 4°C. The pelleted nuclei were washed
with isolation buffer without triton X-100. The collected
nuclei were resuspended with 600 wl 1x MNase buffer be-
fore MNase (NEB; M2047S) digestion. All the steps above
were conducted on ice or at 4°C. Half of the nuclei of each
sample were used as a control. The remaining half nuclei
were added to MNase at a final concentration of ~4 gel
units/wl. Both the control and MNase-treated nuclei were
incubated at 37°C for 5 min. Histone removal and DNA
purification were performed immediately on the incubated
samples. Finally, the precipitated DNA was dissolved in 30
L TE buffer. All purified DNA samples were treated with
40 wg/ml RNase A. A portion of each sample was kept for
gel electrophoresis (2% agarose). The digested samples were
then purified with AMPure XP Beads (Beckman Coulter;
A63881), and 100-200 bp fragments were isolated with a
Pippin HT (Sage Science, Beverly, MA, USA).

Chromatin immunoprecipitation (ChIP)

Chromatin was extracted as described (39), with the same
amount of sample for each as in the MNase digestion ex-
periment. To obtain 200-500 bp fragments, the extracted
chromatin was sonicated for a total time of 35 min with a
30 s on and 30 s off cycle on ice, except for the 0 DPA ovule
sample, which had a total of 5 min of sonication. ChIP was
performed using the antibody H3K9me?2 (Abcam; ab1220).
The antibody was cross-linked with Dynabeads® protein
A (Life Technologies; Lot#165116310) and was added into
the sonicated samples for immunoprecipitation. For each
sample, 20 wl supernatant was kept as an input control. The
input and immunoprecipitated DNA were then de-cross-
linked with sodium chloride at 65°C overnight and were
further treated with protease K and RNase A. Finally, the
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DNA was precipitated with absolute ethanol, sodium ac-
etate and glycogen. For each sample, two biological repli-
cates were prepared.

MNase-Seq, ChIP-Seq and data analysis

The isolated fragments in M Nase digestion and precipitated
DNA in ChIP were used for library construction using the
IMlumina TruSeq Sample Prep Kit following the manufac-
turer’s recommendations. For each sample, a total of 3 ng
DNA and Input control DNA were used for library con-
struction. MNase-Seq and ChIP-Seq were performed with
the Illumina HiSeq 3000 system (paired-end 150-bp reads).
After clipping adapters and trimming low-quality reads, the
clean sequencing reads were mapped to the G. barbadense
genome using Bowtie2 (version 2.2.4) (40). After potential
PCR duplicates were removed, MACS software (version
2.1.0) was used to call histone modification peaks with the
default parameters (FDR < 0.05) (41). The genes (includ-
ing upstream 2 kb and gene body regions) overlapping with
identified peaks were considered to have epigenetic modifi-
cations.

Quantitative RT-PCR

Quantitative RT-PCR was performed as previously de-
scribed (42). The expression levels were normalized to
Ubiquitin 7. Three biological replicates were performed for
each gene.

Data deposition

The raw bisulfite-treated DNA sequencing data, stranded
mRNA-Seq data, small RNA-Seq data, MNase-Seq data
and ChIP-Seq data have been submitted to the NCBI
Sequence Read Archive under the Bioproject ID PR-
JNA266265.

RESULTS

Global disruption of DNA methylation depresses cotton fibre
development

The relationship between DNA methylation status and cot-
ton fibre development has not been well studied. To in-
vestigate this phenomenon, we treated ovule cultures with
zebularine, a long half-life inhibitor of DNA (cytosine-5)
methyltransferases. We observed an increasingly inhibitory
effect on fibre development with increasing concentration of
zebularine (Figure 1A), which supports the hypothesis that
DNA methylation contributes to the regulation of cotton
fibre development (25,26).

To further explore the effect of zebularine treatment on
cotton fibre development, we sequenced the small RNAs
and transcriptomes of cultured ovules at 5 days post an-
thesis (DPA) and fibres at 10 and 20 DPA (Supplementary
Tables S1 and S2). An overall decrease in the levels of 24-
nt siRNAs was observed in each treated sample (Supple-
mentary Figure S1A), and we identified 24-nt siRNA clus-
ters that were less abundant than those in controls (Sup-
plementary Figure S1B). The expression patterns and levels
of genes and transposable elements (TEs) that overlapped
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Figure 1. Identification of methylated cytosines and DNA methylation dynamics during cotton fibre development. (A) Zebularine treatment suppresses
fibre development in vitro. This figure shows that 0 day post anthesis (DPA) ovules cultured for 10 days exhibit different fibre lengths. Different concen-
trations of zebularine (20, 40 and 80 M) were applied. (B) Samples used for genome-wide methylation profiling. The samples collected from field include
ovules at 0 DPA and fibres at 10 DPA, 20 DPA and 30 DPA. (C) Identification of methylated cytosines in each of the four samples. (D) Comparisons of
methylation levels and 24-nt siRNAs between At (shown in red boxplots) and Dt (shown in green boxplots) subgenomes. For the calculation of methyla-
tion and siRNA levels, chromosomes from the At and Dt subgenomes were divided into 1 Mb windows that slide 200 kb. (E) Comparison of differentially
methylated cytosines in CG, CHG and CHH contexts during fibre development. Methylated cytosines that are detected in all the four stages are termed
constitutive methylcytosines. Methylated cytosines detected in two or three stages are termed varied cytosines. Methylated cytosines detected in only one
stage are termed as unique cytosines. (F) A circos plot shows the methylation dynamics between two consecutive stages. The outer track represents the
26 chromosomes in the G. barbadense genome (A01-A13 of At subgenome and D01-D13 of Dt subgenome). The other histogram tracks represent the
TE content (a); the number of protein-coding genes (b); the number of lincRNAs (c); differentially methylated regions (DMRs) between fibres at 10 DPA
and ovules at 0 DPA in CG (d), CHG (e) and CHH (f) contexts; DMRs between fibres at 20 DPA and fibres at 10 DPA in CG (g), CHG (h) and CHH
(1) contexts; and DMRs between fibres at 30 DPA and fibres at 20 DPA in CG (j), CHG (k) and CHH (1) contexts. The data for each chromosome were
analysed in 1 Mb windows sliding 200 kb. For tracks d-1, DMR in each windows was determined as either hypermethylated DMR or hypomethylated
DMR in consecutive developmental stages. The ratio of hypermethylated DMRs against hypomethylated DMRs is indicated by the ratio of red against
green.

with the differentially enriched siRNA clusters were anal- were selected (Figure 1B), representing cotton fibre initia-
ysed to inverstigate their possible direct regulation by the tion (ovule at 0 DPA), rapid elongation (fibre at 10 DPA),
RdDM pathway. The results showed that the overlapping transition to secondary cell wall (SCW) synthesis (fibre at
protein-coding genes were generally expressed at higher lev- 20 DPA) and SCW synthesis (fibre at 30 DPA), respectively.
els at 5 DPA, while the expression of long intergenic non- We obtained a coverage of at least 20 x paired-end sequenc-
coding RNAs (lincRNAs) and TEs was dramatically in- ing reads for each sample and the clean data were uniquely
creased after zebularine treatment in all the three stages aligned to the Gossypium barbadense genome to identify
(Supplementary Figure S1C). In addition, the numbers of methylcytosines (mCs; Supplementary Table S3).

up- and down-regulated protein-coding genes were compa- We identified ~79-117 million mCs from the four sam-
rable in the three developmental stages but the numbers of ples (Figure 1C). Among these mCs, 28-31 million mCs
up-regulated lincRNAs and TEs were relatively high (Sup- were in a CG context, 26-30 million were in a CHG context

plementary Figure S1D), consistent with our previous study and 23-56 million were in a CHH context. We observed that
(43). These findings showed that global disruption of DNA mCs in the CG and CHG contexts remained approximately
methylation re-activated a large number of genomic loci constitutive, while the number of mCs in the CHH context
and suppressed cotton fibre development, suggesting a close increased from the cotton fibre initiation stage to the SCW
relationship between DNA methylation and fibre develop- synthesis stage. A chromosome-scale view of methylation
ment. This prompted us to analyse DNA methylation sys- levels in all three contexts showed that mCs were enriched
tematically. predominantly in pericentromeric regions (Supplementary
Figure S2) (44).
Single-base resolution maps of DNA methylation We then compared overall methylation levels between

the At and Dt subgenomes. The CG and CHG methyla-
tion levels of the At subgenome were remarkably higher
than in the Dt subgenome, whereas the opposite situation

To investigate the role of DNA methylation, we carried
out whole-genome bisulfite sequencing to construct single-
base resolution maps. Samples at four developmental stages



was observed for CHH methylation (Figure 1D). Consis-
tent with CHH DNA methylation, the enrichment of 24-
nt siRNAs in the At subgenome was also lower than in
the Dt subgenome at all four developmental stages. Typi-
cally, the CHH methylation level increased during fibre de-
velopment, but the enrichment of 24-nt siRNAs decreased
(Figure 1D and Supplementary Figure S3). A similar de-
creasing pattern of 24-nt siRNAs was observed in ovule
cultures described here (Supplementary Figure SIA) and
in previous studies (45,46). A comprehensive publicly avail-
able web portal has been produced for data interrogation
(http://cotton.cropdb.org/cgi-bin/gb2/gbrowse/Gbmethy/).

DNA methylation dynamics during cotton fibre development

Based on the DNA methylation maps, our data provide in-
sights into the regulatory roles in consecutive developmen-
tal stages in the cotton fibre. We first investigated the differ-
ential methylation of cytosines (DMCs) at different stages.
The results showed that more than 95% of cytosines in the
CG context of all four stages were constitutively methylated,
while 89% to 93% of the cytosines were methylated in the
CHG context (Figure 1E). The number of mCs in the CHH
context varied, with only 15% (30 DPA) to 33% (0 DPA)
constitutive mCs at all stages and 6% (0 DPA) to 32% (30
DPA) stage-specific methylated CHH sites (Figure 1E).

We next identified differentially methylated regions
(DMRs) between two consecutive developmental stages.
Consistent with the DMC results, the numbers of the CHH
DMRs (95 528-254 129) of the three comparisons were
much larger than those of the CG DMRs (1480-1734) and
CHG DMRs (2641-3451) (Supplementary Figure S4). An
analysis of hypo- and hyper-DMRs showed that the major-
ity of DMRs in CG and CHG methylation contexts were
hypo-methylated in 10 DPA fibres when compared with 0
DPA ovules (Figure 1 F and Supplementary Figure S4). The
numbers of hypo- and hyper-DMRs in the CG and CHG
contexts in 20 DPA and 10 DPA fibres were comparable,
and hyper-DMRs represented the largest group when 30
DPA fibres were compared with 20 DPA fibres. However,
the majority of DMRs in the CHH context across the three
comparisons were hyper-methylated (Figure 1F and Sup-
plementary Figure S4). Hyper-DMRs in the CHH context
were preferentially distributed in TE-rich regions, peaking
in pericentromeric heterochromatic regions in 10 DPA fi-
bres and 0 DPA ovules (Supplementary Figure S5), sug-
gesting the distinct methylation patterns between fibres and
ovules at the chromosomal level (Figure 1F).

DMR overlapping genes may regulate differential gene
expression during developmental stage transition in an epi-
genetic manner. In this study, only 163-182 and 208-226
protein-coding genes were obtained from CG and CHG
context-specific DMRs, respectively (Supplementary Fig-
ure S6). Much larger numbers of genes (4144-6792) in CHH
context-specific DMRs were identified, consistent with the
remarkable methylation differences in the CHH context
across consecutive developmental stages. Considering the
pattern of increasing CHH DNA methylation levels and dif-
ferences between euchromatic and heterochromatic regions,
we next investigated whether DNA methylation increase re-
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lated to chromatin dynamics and in turn to cotton fibre de-
velopment.

DNA hypermethylation relates to a gradual transition from
euchromatin to heterochromatin

We were interested in determining whether DNA methy-
lation related to chromatin dynamics. To explore the re-
lationship between DNA methylation and heterochroma-
tinization, we measured chromatin accessibility with micro-
coccal nuclease (MNase), which possesses the ability to di-
gest linker DNA that is not bound to nucleosomes. Theo-
retically, euchromatic nucleosomes are rapidly released and
heterochromatic nucleosomes generally show strong resis-
tance to MNase digestion, indicative of a condensed chro-
matin state (47). We digested chromatin at the four devel-
opmental stages and isolated bound DNA fragments from
single nucleosomes for MNase-Seq (Figure 2A).

Investigation of nucleosome positioning provided evi-
dence for chromatin dynamics in fibre development. Clean
MNase-Seq reads were compared with the genome coverage
of each control sample to obtain high-confidence, accessible
nucleosome maps (Supplementary Table S4). Comparisons
of pericentromeric chromatin accessibility between con-
secutive developmental stages showed a remarkable drop-
down pattern, suggesting that heterochromatin increased
during cotton fibre development (Figure 2B). Then, we
compared the relative chromatin accessibility of TE regions
among developmental stages, which was normalized us-
ing the chromatin accessibility of pericentromeric regions
in each developmental stage. Consistent with the observa-
tion in pericentromeric regions, the chromatin of ovules at
0 DPA exhibited the highest accessibility and fibres at 30
DPA exhibited the lowest accessibility (Figure 2C).

The relationship between DNA methylation and chro-
matin accessibility was explored. As expected, chromatin
accessibility was broadly negatively correlated with DNA
methylation at the whole genome level (Figure 3A). We
analysed the chromatin accessibility of CHH hyper-DMRs,
which showed the vast majority of DNA methylation dy-
namics. The result showed that hypermethylated regions
in consecutive developmental stages corresponded to lower
chromatin accessibility (Wilcoxon rank sum test, P-value
< 2.2e—16; Figure 2D). These observations suggest that a
genome-wide increase of DNA methylation might be re-
lated to a gradual transition from euchromatin to hete-
rochromatin during cotton fibre development.

H3K9me2-dependent pathway predominantly mediates hete-
rochromatic DNA hypermethylation

To understand how DNA methylation increases, we ex-
plored the activity of pathways mediating DNA methy-
lation, including RADM and H3K9me2-dependent path-
ways. We first analysed the relationship between the RADM
pathway and DNA methylation dynamics. An analysis of
the enrichment of 24-nt siRNAs in hyper-DMRs showed
that the majority of DMRs were not correlated with the dy-
namics of 24-nt siRNAs (Supplementary Figure S7), which
might relate to the negative correlation between genome-
wide enrichment of 24-nt RNAs and levels of DNA methy-
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Figure 2. Chromatin accessibility revealed by MNase-Seq. (A) MNase digestion of chromatin and single nucleosome-bound DNA fragments (~150 bp)
were excised for sequencing. (B) The relative chromatin accessibility in pericentromeric regions of chromosomes. Each pericentromeric region was divided
into 100 kb windows. The number of MNase-Seq reads for each window was compared with genome coverage of the control sample. (C) Relative chromatin
accessibility of long TEs (>4 kb). (D) Relative chromatin accessibility of hypermethylated regions in CHH context between fibres at 10 DPA and ovules at
0 DPA, between fibres at 20 DPA and fibres at 10 DPA, and between fibres at 30 DPA and fibres at 20 DPA (** P-value < 0.001).

lation (Figure 3A). The overall content of 24-nt siRNAs de-
creased but the level of DNA methylation increased dur-
ing cotton fibre development. These results imply that the
RdDM pathway might perform a limited role in DNA hy-
permethylation in fibres, as observed by down-regulated ex-
pression of genes in this pathway (Supplementary Figure
S8).

To investigate whether the H3K9me2-dependent path-
way mediates DNA methylation independent of the RADM
pathway, we performed chromatin immunoprecipitation
followed by massively parallel sequencing (ChIP-Seq) of
H3K9me2 across the four developmental stages (Sup-
plementary Table S5). Genome-wide correlation analysis
showed that the enrichment of H3K9me2 modification
marks was negatively correlated with gene density and 24-
nt siRNAs, but was positively correlated with TE den-
sityy, DNA methylation and inaccessibility of chromatin

(Figure 3A). The chromosome-scale view of these ge-
nomic features showed a clear increase in the enrichment
of H3K9me?2 modification marks consistent with patterns
of DNA methylation (Figure 3B), especially in pericen-
tromeric heterochromatin regions as described in previ-
ous studies (8,12,13). Considering the genome-wide pref-
erence of H3K9me2 modification and the observed chro-
matin dynamics, we next examined the putative role of the
H3K9me2-dependent pathway in mediating DNA methyla-
tion increase in heterochromatic regions.

Heterochromatic regions have a high abundance of TEs,
and exploring DNA methylation and chromatin dynamics
in these TE regions could reveal new information on ge-
nomic architecture. Our study first showed that long TEs
(>4 kb) were predominantly enriched in pericentromeric re-
gions, whereas short TEs (<0.5 kb) were preferentially en-
riched in chromosomal arms (Supplementary Figure S9).



TE =-0.904 r=-0.551 r=-0.811

PCgenes r=0.554 r=0.860

IncRNAs  r=0.592

r=0.811
r=-0.748
r=-0.271

24-nt siRNAs r =-0.586

DNA methy

=-0.742

r=0.721

r=0.411

r=0.626

=-0.621

_ Chromatin
* accessibility

+ H3K9me2

E_Q 0.08 -
s
< 0.06
k]
kS
> 0.04
S
£
£ 0021
I
© 0.00
F 2.0
(2]
uGypsy At ®Gypsy Dt %
u Copia_At = Copia_Dt z 1.5 -
Others %
= 1.01
[
> = 0.5- . <0. bt
D 100% 4 kb mm0.5-4 kb 0.5 kb z
12}
< S 054
Z 80%
K2 0.0
S 0% G @ 20,
it 8
= N ]
5 40% E 15
(]
& 20% %S 107
:
o
5 0% 8 0
= <<, SR v <<, v v oF oF T
& SPRANR AP AR AR
20 Qo S0 0,000 E o
z

Nucleic Acids Research, 2016, Vol. 44, No. 9 4073

B Chr: D05
TE e e
r=0617 PCgenem-.—._.___,__..
IinCRNALMLA_‘_M
0DPA | . et
r=-04%5 T opPal FENRPSE S S N,
aooral o et

= 029 30DPAL s ncmantbd i

0

r=-0.429

r=0.508 0

MNase-seq 24-nt siRNAs

r=-0.303
0

H3K9me2

long Copia

10 DPA
20 DPA
30 DPA

DPA

ML__.A
] PP S o

20 DPA | . .
30 DPA| . o

DPA L&-—‘hw

10 DPA |l s, o ot &t

20 DPA
30 DPA

DPA | o

.*

long Gyps
—0DPA o 008 g Gypsy .
— 10 DPA
— 20 DPA
— 30 DPA

0 DPA
- 10 DPA
— 20 DPA
~—— 30 DPA
T
——

CHH methylation ratio
g

24-nt siRNA tags

0.51

0-

-2k

TSS TS 2k

Normalized H3K9me2 tags
>

2k TSS TTS 2k

Figure 3. H3K9me2-dependent pathway contributes to CHH hypermethylation in long TEs. (A) Correlation matrix between H3K9me2 modification pat-
terns with TE content, number of protein-coding genes (PCgenes), number of lincRNAs, number of 24-nt siRNAs, DNA methylation level and chromatin
accessibility. Each type of data was measured in 1 Mb windows sliding 200 kb. x and y axes of scatter plots under the diagonal represent the normalized
data (logy) in each window. The corresponding pearson correlation for each comparison is indicated above the diagonal. (B) Chromosome landscape
(D05) showing several genomic features and H3K9me2 modification patterns. Each type of data was normalized to the same level for comparison between
consecutive stages. The pericentromeric region is shown with a gold background. (C) Proportions of Copia and Gypsy long terminal repeat (LTR) retro-
transposons occupying long TEs (>4 kb) in the At and Dt subgenomes. (D) Distribution of uniquely mapped 24-nt siRNAs in long TEs (>4 kb, red color),
middle-sized TEs (0.5-4 kb, green color) and short TEs (<0.5 kb, blue color). (E) Patterns of CHH methylation level in long Copia and long Gypsy TEs
from upstream 2 kb to downstream 2 kb. (F) Patterns of 24-nt siRNA enrichment in long Copia and long Gypsy TEs from upstream 2 kb to downstream
2 kb. (G) Patterns of H3K9me2 ChIP-Seq modification marks in long Copia and long Gypsy TEs from upstream 2 kb to downstream 2 kb.



4074 Nucleic Acids Research, 2016, Vol. 44, No. 9

Therefore, we focused on long TEs which might reflect
DNA methylation dynamics in heterochromatic regions. A
detailed categorization of long TEs showed that the pro-
portion of Gypsy long terminal repeat (LTR) retrotrans-
posons in the At subgenome was three times that in the Dt
subgenome, whereas the content of Copia LTR retrotrans-
posons was similar in the At and Dt subgenomes (Figure
30).

Before starting to analyse H3K9me2 modification marks
in long TEs, we observed a significantly low proportion
of 24-nt siRNAs in long TEs when comparing their ge-
nomic ratio with short TEs (Figure 3D). This observa-
tion primarily suggests that DNA hypermethylation in long
TEs is not predominantly mediated by the RADM path-
way. Then, CHH DNA methylation levels, 24-nt siRNA en-
richment and H3K9me2 modifications in long Copia and
Gypsy TEs were explored. The CHH methylation levels
in long TE regions were higher than in TE-flanking re-
gions for both Copia and Gypsy (Figure 3E). Typically,
H3K9me?2 modification marks were highly enriched in long
TEs, different from the distribution of 24-nt siRNAs (Fig-
ure 3F and G), which was consistent with previous stud-
ies in Arabidopsis (12,13). Comparisons of these features
in consecutive stages showed a consistently increasingly
common relationship between CHH DNA methylation and
the enrichment of H3K9me2 modification marks, but a re-
verse pattern between CHH DNA methylation and 24-nt
siRNA levels. Collectively, these findings suggest a promi-
nent role for the H3K9me2-dependent pathway in mediat-
ing DNA hypermethylation in long TEs, as observed by up-
regulated expression of CMT2 gene in this pathway (Sup-
plementary Figure S8). This could explain the commonly
observed down-regulated expression of long TEs (Supple-
mentary Figure S10).

Contribution of RADM may somehow decrease in euchro-
matic regions

We next explored the contribution of the RADM pathway
to dynamic DNA methylation in euchromatic regions. Av-
erage CHH methylation levels around siRNA mapping re-
gions were determined and compared in consecutive devel-
opmental stages. Typically, CHH methylation levels peaked
at siRNA loci and decreased at flanking regions for both
overlapping and stage-specific siRNAs, suggesting a true
RdADM effect (Figure 4A). For the three comparisons,
we observed that CHH methylation levels in overlapping
siRNA regions were higher than in stage-specific mapping
regions. However, the stage-specific siRNAs in two consec-
utive developmental stages failed to correlate with higher
methylation levels in the corresponding stages (Figure 4A).
These observations imply that the 24-nt siRNA mapping
regions might establish additional CHH methylation, inde-
pendent of RADM, in developing fibres.

We focused on genes in which DNA methylation could be
mediated by the RADM pathway. We defined an RADM-
marked gene with at least one siRNA product in the up-
stream 2 kb regions. A total of 33 036 genes were detected
in all four developmental stages (30 467 in ovule and a to-
tal of 30 997 in the three fibre stages; Figure 4B). A de-
tailed comparison showed that ~45.3% (~82.0% related to

fibre at 30 DPA) of these genes could be detected with 24-nt
siRNA production in all four stages. Interestingly, fibres at
the three stages only showed ~7.8% unique gene loci related
to ovules. Indeed, these 24-nt siRNA marked genes showed
higher methylation levels than the unmarked genes at each
development stage (Figure 4C). However, no direct correla-
tion was observed between the enrichment of stage-specific
24-nt siRNAs and gene methylation levels in consecutive
stages. These results implied that RADM was conserved for
the vast majority of marked genes in ovules and fibres, but
its contribution was largely limited in the differentiation of
fibre cells from ovules.

To further dissect the effect of RADM, we measured 24-
nt siRNA enrichment in genic regions. We noticed a strong
trend for siRNA enrichment in gene flanking regions near
transcription start sites (TSS) and transcription termination
sites (TTS) (Figure 4D). This trend could indicate a possi-
ble methylation island mediated by RdDM, so regulating
gene transcription. However, a direct examination of CHH
methylation did not reveal a pattern matching the enrich-
ment of siRNAs except for ovule at 0 DPA (Figure 4E).
The opposite patterns observed in 24-nt siRNAs and CHH
methylation in fibres were compared with the patterns of
chromatin accessibility and H3K9me2 modification marks.
Strikingly, chromatin accessibility in gene flanking regions
decreased in fibres but slightly increased in ovules (Figure
4F). However, a reverse trend was observed in the enrich-
ment of H3K9me2 modification marks in gene flanking re-
gions, which could be responsible for DNA hypermethyla-
tion (Figure 4G).

These findings imply that the observed pattern of CHH
methylation in euchromatic regions was consistent with
classical RADM in cotton ovules. The ovule-bearing fibres
established additional CHH methylation that might be me-
diated largely by the H3K9me2-dependent pathway, inde-
pendent of RADM.

Asymmetric DNA methylation contributes to homoeologous
gene expression bias

Allopolyploid formation appears to be accompanied by
widespread non-additive gene expression in allopolyploid
plants (48,49). The dynamic DNA methylation maps of al-
lopolyploid cotton fibres provide a new avenue to exam-
ine the potential relationship between them. Correlation of
gene expression with the methylation levels of promoter re-
gions showed that highly methylated genes tended to be ex-
pressed at lower levels in all four developmental stages (Sup-
plementary Figure S11). Therefore, we analysed homoeol-
ogous gene pairs in the At and Dt subgenomes to detect its
effects on fibre development.

Using a combined approach of genome synteny and re-
ciprocal best hits, we identified 16 077 homoeologous gene
pairs, of which 12 304 were expressed in at least one develop-
mental stage (FPKM > 0.5). A k-means clustering analysis
showed that 4254 (34.6%) gene pairs in four clusters (I to I'V)
were expressed biased to the At-subgenome; 5017 (40.8%)
gene pairs in five clusters (V to IX) were expressed biased to
the Dt subgenome; and gene pairs in the other three clus-
ters (X to XII) exhibited similar expression levels in both
the At and Dt subgenomes (Figure 5). Gene Ontology (GO)
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analysis showed that genes in each cluster were enriched in
specific biological pathways except for clusters XI and XII
(false discovery rate (FDR) < 0.01); for instance, genes in
cluster IIT were involved in the oxidation-reduction process
and genes in cluster VII were involved in the lipid metabolic
process.

The methylation levels of promoter regions for each gene
pair were analysed. Strikingly, we observed generally higher
methylation levels in the Dt subgenome in At-biased expres-
sion clusters and the converse in the At subgenome in Dt-
biased expression clusters except for cluster IX (Wilcoxon
rank sum test, P-value < 0.001; Figure 5). The overall
methylation levels in the At and Dt subgenomes exhibited
no significant differences for the other three clusters (X to
XII). These findings imply that DNA methylation could
lead to the asymmetric contribution of subgenomes to al-
lotetraploid cotton fibre development.

Dynamic DNA methylation contributes to staged cotton fibre
development

Each developmental stage of developing fibre has differ-
ent biological features (50). Previous studies indicated that
the lipid metabolic pathway, especially for very-long-chain
fatty acids, plays a vital role in fibre elongation (Figure 6A
and Supplementary Figure S12) (16,51). Flavonoids, which
might be acting as antioxidants, function primarily in the
elongation stage (Supplementary Figure S13) (42). A recent
metabolomics analysis demonstrated that the ascorbate-
glutathione cycle might be a major contributor to enzymatic
reactive oxygen species (ROS) scavenging due to the obser-
vation of high concentrations of main metabolites in the
SCW stage (coupled with prolonged fibre elongation) (52).
Deep mining of the metabolomics data also revealed that
representative lipids and flavonoids reached concentration
peaks at the rapid elongation stage (represented by 10 and
15 DPA) and gradually decreased at the transition to the
SCW stage (Figure 6B). Here, we explored the putative reg-
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ulatory role of DNA methylation in staged fibre develop-
ment by focusing on these pathways.

We first confirmed that these biological processes were
significantly enriched in each developmental stage with a
comparative transcriptome analysis. GO enrichment anal-
ysis indicated that significantly enriched processes could
represent relative biological features for each develop-
mental stage (Supplementary Figure S14), consistent with
the abundance of metabolites (Figure 6B). Notably, the
oxidation-reduction process was enriched at 10 DPA and
30 DPA fibres. A detailed analysis of this process revealed
that the genes in flavonoid metabolic pathway were highly
expressed at 10 DPA and the genes in the ascorbate biosyn-
thesis pathway had higher expression levels at 20 or 30
DPA (Figure 6C; Supplementary Figure S15). We next ex-
plored DNA methylation levels of those key genes involved
in these pathways. Strikingly, genes associated with lipid
and flavonoid biosynthesis had low methylation levels at
10 DPA and high levels at other stages. For example, a hy-
pomethylated DMR was detected for 3-ketoacyl-CoA syn-
thase 6 (KCS6) at 10 DPA, when it exhibited a higher ex-
pression level than in other stages (Figure 6C). However, a

reverse pattern was observed for ascorbate biosynthesis re-
lated genes and cellulose synthases (CesAs), which exhibited
low methylation levels at 20 or 30 DPA. Therefore, our in-
tegrated analysis of multi-omics data including the DNA
methylome, transcriptome and metabolome indicate that
dynamic DNA methylation is associated with the regula-
tion of lipid biosynthesis and spatio-temporal modulation
of ROS levels during cotton fibre development.

DISCUSSION

Extensive gene functional studies have uncovered the mys-
teries of differentiation and development of epidermal hairs
in plants, but limited studies have focused on epigenetic reg-
ulatory mechanisms. Here, applying the single-celled cotton
fibre as a model, we carried out epigenetic mapping through
bisulfite-treated DNA sequencing, RNA-Seq, small RNA-
Seq, MNase-Seq and ChIP-Seq of developing fibres. Inte-
gration of these multi-omics data is able to reveal DNA
methylation and chromatin dynamics, and thus elucidates
their roles in fibre development.

Chromatin dynamics has been studied in female repro-
ductive tissues (53—54), but dissection of the relationship be-
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tween DNA methylation and chromatin dynamics remains
fragmentary in plant development as well as in single-cell
differentiation. In this study, we carried out an incomplete
MNase digestion of chromatin in developing fibres because
this approach can reveal the differentially condensed chro-
matin state in consecutive stages (38). The analysis of nu-
cleosome positioning revealed a gradual transition from eu-
chromatin to heterochromatin, which was coupled with an
continuing increase in the CHH methylation context. A pre-
vious study showed that nucleosome positioning could in-
fluence DNA methylation patterning (55), so we predict that
heterochromatinization is responsible for shaping the DNA
methylation landscape. Nucleosome formation usually in-
hibits the access of regulatory proteins to DNA sequences
(56), so the increase of heterochromatin is likely to have a
role in regulation of gene transcription during staged cotton
fibre differentiation.

In plants, CHH methylation can be mediated through
the RADM pathway and a CMT2-pathway dependent on
H3K9me2 (10). RADM often occurs in euchromatic re-
gions, whereas the H3K9me2-dependent pathway plays a
major role in heterochromatic regions (12). In this study, a
sharply decreased enrichment of 24-nt siRNAs contrasted
with an increasing frequency of CHH methylation. This re-
lationship was different from previous studies which com-
pared the levels of 24-nt siRNAs and DNA methylation
in mutant plants (12,13), suggesting that cotton fibre de-
velopment uses different mechanisms to regulate gene ex-
pression. We observed an up-regulated expression of CM T2
and increased deposition of H3K9me2 modification marks.
Genome-wide H3K9me?2 deposition was positively corre-
lated with TE density and DNA methylation level, but was
negatively correlated with 24-nt siRNAs. These relation-
ships were confirmed in heterochromatic long TEs and eu-
chromatic gene regions. The observed increase of H3K9me2
can be partially explained by the euchromatin to hete-
rochromatin transition, because heterochromatic regions
are preferentially deposited with repressive chromatin mod-
ification marks (57). Therefore, it may be the H3K9me2-
dependent pathway that plays a predominant role in me-
diating DNA hypermethylation during cotton fibre devel-
opment. The increase of DNA methylation could further
suppress the production of 24-nt siRNAs, acting as a feed-
back mechanism. This finding will enhance our understand-
ing the role of H3K9me2-dependent CMT2-pathway in me-
diating DNA methylation in plant development.

This study provided new information for the regulatory
role of dynamic DNA methylation in cotton fibre develop-
ment. Since DNA methylation exhibits a general negative
correlation with gene expression (Supplementary Figure
S11), it seems likely that the increase of CHH methylation
may be responsible for transcriptional silencing of some
fibre-related genes, in part supported by the decreased num-
ber of transcribed genes during fibre development (Sup-
plementary Figure S14). Previous studies show that the At
and Dt subgenomes might exhibit partially divergent con-
tributions to polyploid cotton fibre development (48). Here,
we found that asymmetric DNA methylation between two
subgenomes is associated with homoeologous gene expres-
sion bias in each developmental stage of fibre development,
suggesting that this partitioned expression could be regu-

lated in an epigenetic manner. In addition, we examined a
regulatory role for DNA methylation in the rapid elonga-
tion and transition to secondary cell wall synthesis stages.
Dynamic DNA methylation was associated with the modu-
lation of ROS levels at different developmental stages.

In summary, this study is the first to build dynamic DNA
methylation maps of a single plant cell type by integrating
multi-omics data. It is also the first to demonstrate that a
continuously increasing DNA methylation level is related
to a gradual transition from euchromatin to heterochro-
matin. We demonstrates that the increasing level of DNA
methylation is predominantly mediated by the H3K9me2-
dependent pathway rather than the RADM pathway. The
established maps and identified divergent patterns between
two pathways provide novel insights into the regulation of
cotton fibre development by epigenetic mechanisms. With
the rapid development of single-cell sequencing techniques,
these findings can be excellent references for exploring epi-
genetic regulation of other important biology processes at
the single-cell level, such as trichome differentiation, stom-
atal development or pollen development.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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