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Abstract

DNA methylation is an important mechanism for the dynamic regulation of gene expression and silencing of transposons during
plant developmental processes. Here, we analyzed genome-wide methylation patterns in sugarcane (Saccharum officinarum)
leaves, roots, rinds, and piths at single-base resolution. DNA methylation patterns were similar among the different sugarcane
tissues, whereas DNA methylation levels differed. We also found that DNA methylation in different genic regions or sequence
contexts plays different roles in gene expression. Differences in methylation among tissues resulted in many differentially
methylated regions (DMRs) between tissues, particularly CHH DMRs. Genes overlapping with DMRs tended to be differentially
expressed (DEGs) between tissues, and these DMR-associated DEGs were enriched in biological pathways related to tissue
function, such as photosynthesis, sucrose synthesis, stress response, transport, and metabolism. Moreover, we observed many
DNA methylation valleys (DMVs), which always overlapped with transcription factors (TFs) and sucrose-related genes, such as
WRKY, bZIP, WOX, SPS, and FBPase. Collectively, these findings provide significant insights into the complicated interplay

between DN A methylation and gene expression and shed light on the epigenetic regulation of sucrose-related genes in sugarcane.

Introduction

DNA methylation is among the most common epigenetic modifications in eukaryotic genomes and is involved
in regulating gene transcription and transposon silencing (Law & Jacobsen, 2010; H. Zhang et al., 2018).
In animals, DNA methylation mainly occurs at CG sites, whereas in plants, it occurs at CG, CHG, and
CHH sites (H represents A, T, or C) (Law & Jacobsen, 2010). Information on DNA methylation in plants is
mainly derived from model plants, such as Arabidopsis thaliana and rice (Oryza sativa ). Methylation in three
different contexts is established and maintained by different pathways. CG methylation is mainly catalyzed
by methyltransferase 1 (MET1) (Kankel et al., 2003), while chromomethylase 3 (CMT3) is responsible for
maintaining CHG methylation. Recent studies have shown that CMT?2 is also involved in the maintenance
of CHG methylation (Lindroth et al., 2001; Stroud et al., 2014) and plays a major role in maintaining
asymmetric CHH methylation. CHH methylation maintained by CMT2 always occurs at long transposable
elements (TEs), which are often located in peri-centromeric regions (Gouil & Baulcombe, 2016; Stroud et al.,
2014; Zemach et al., 2013). In all three contexts, cytosines can be de novo methylated by the RNA-directed
DNA methylation (RADM) pathway, which also involves domains rearranged methyltransferase (DRM2) and
several other proteins (Cuerda-Gil & Slotkin, 2016; Kawashima & Berger, 2014; Law & Jacobsen, 2010).
DNA methylation is dynamically regulated by methylases and demethylases, and four DNA demethylases
have been identified in A. thaliana , including ROS1, DME, DML2, and DML3 (Choi et al., 2002; Gong et
al., 2002; Morales-Ruiz et al., 2006; Ortega-Galisteo et al., 2008).

Recently, extensive studies have shown that DNA methylation plays an important role in plant growth,
development, and stress response (Chang et al., 2020; H. Zhang et al., 2018). For example, deficient non-
CG methylation levels in Arabidopsis resulted in a twisted leaf shape, shorter stature, and partial sterility



phenotypic defects (Chan et al., 2006). In addition, 70% of drought-induced methylation changes in rice
were recovered after irrigation resumed (W. S. Wang et al., 2011). Salt stress inhibits DNA methylation
in the promoter region of OsMYB91 , promoting its expression and increasing salt tolerance in rice (Zhu et
al., 2015). Although extensive studies on plant DNA methylation have been reported, most have focused on
models or economically important crops, such as rice, soybean (Glycine maz ), sorghum (Sorghum bicolor
), cassava (Manihot esculenta ), and tomato (Solanum lycopersicum ), (X. Li et al., 2012; Q. X. Song et al.,
2013; Turco et al., 2017; H. Wang et al., 2015; L. Wang et al., 2018). These genomes are relatively small
and have low complexity, and very few DNA methylation studies have been conducted on species with large
genomes and high genome complexity, such as bread wheat ( Triticum aestivum ), Norway spruce (Picea abies
), and Chinese pine (Pinus tabuliformis ) (Ausin et al., 2016; Z. Li et al., 2019; Niu et al., 2022). Owing
to the complexity of the sugarcane (Saccharum officinarum ) genome (large genome size and polyploidy),
its reference genome has only recently been released, providing an unprecedented opportunity to investigate
the role of DNA methylation in sugarcane growth.

Here, we explored genome-wide DNA methylation profiles in four different sugarcane tissues using whole-
genome bisulfite sequencing (WGBS). Combined with transcriptome data, we investigated the association
between DNA methylation changes and expression divergence among four tissues (leaf, rind, pith, and root).
Moreover, comparative multi-omics analysis revealed the regulatory role of DNA methylation variation in
the different sugarcane tissues, especially in genes related to important agronomic traits. Thus, our study
provides a unique insight into the role of DNA methylation in sugarcane research.

Materials and Methods
Plant materials and tissue collection

Sugarcane cultivar Zhongzhe No. 1 was grown at the Fusui planting base of Guangxi University (22°17’N,
107deg31’E). We selected sugarcane at the mature stage for sampling, in which root, leaf blades (+1), rind
and pith of 10" stalk were collected.

Whole-genome bisulfite sequencing and analysis

The whole-genome bisulfite sequencing (WGBS) library was constructed as described by Wang (H. Wang et
al., 2015). WGBS libraries were sequenced on an Illumina NovaSeq 6000 system (Illumina, San Diego, CA,
USA) to obtain pair-end 150-bp reads.

Raw 150-bp paired-end reads were subjected to quality control filters using FASTQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed using Trimmomatic v0.39
(Bolger et al., 2014). The clean reads were aligned to the sugarcane reference genome (J. Zhang et al.,
2018) using BSMAP (Xi & Li, 2009), and up to 10 base mismatches were allowed. Only uniquely mapped
reads were used to estimate the methylation ratios. The methylation ratio was calculated from the number
of sequenced cytosines divided by the total read depth [mC/(mC + non-mC)], and visual analysis was
conducted using ViewBS v0.1.9 (Huang et al., 2018).

Reproducibility between replicates of BS-seq was calculated as methylation levels in 500-kb regions in both
replicates, and Pearson correlation coefficients between replicates were calculated.

The differentially methylated regions (DMRs) between different tissues were calculated using the methylKit
R package (Akalin et al., 2012). The methylation differences between all sequence contexts were as follows:
CG difference was greater than 0.4, CHG difference was greater than 0.2, and CHH difference was greater
than 0.1.

Transcriptome sequencing and analysis

Total RNA was isolated from the same tissues used in the WGBS library using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. The RNA-seq library was constructed
following the Illumina kit’s recommendation and sequenced using Illumina NovaSeq 6000 (Illumina) with
paired-end reads of 150 bp.



FASTQC was used for initial read quality control. Clean reads were mapped to the sugarcane reference
genome (J. Zhang et al., 2018) using hisat2 V2.1.0 with default settings (Kim et al., 2015). We used
Stringtie to calculate the gene expression levels (Pertea et al., 2015). Differentially expressed genes (DEGs)
were identified using DESeq2 (Sahraeian et al., 2017) with a 4-fold change and FDR < 0.05.

Gene ontology enrichment analysis

Gene functions were annotated using eggNOG-mapper (Huerta-Cepas et al., 2019), and Gene Ontology
(GO) enrichment analysis was performed using GOATOOLS with false-discovery rate correction (<0.05)
(Klopfenstein et al., 2018).

Identification and characterization of sugarcane DMVs

The DNA methylation valleys (DMVs) in sugarcane were identified as previously described (Chen et al., 2018;
Y. Li et al., 2018; Lin et al., 2017). Briefly, the genome was first divided into 5-kb bins (with 1-kb steps),
and we calculated the DNA methylation levels in each bin. The DMV is the bin where the methylation levels
of all sequence contexts are less than 5% in all tissues. Next, all overlapping DMVs were merged (Figure
6B). Finally, genes (gene body and flanking 1 kb) located in the DMVs were defined as DMV genes

Results
Characterization of DNA methylation patterns among different sugarcane tissues

To investigate the DNA methylation patterns in sugarcane, we used WGBS to examine cytosine methylation
in four sugarcane tissues: leaf, root, rind, and pith. Each sample was sequenced in two biological replicates,
and approximately 70% of the reads were aligned to the reference genome, except for one biological replicate
of the roots (Table S1). Pearson’s correlation coefficients between different biological replicates were greater
than 0.95, except in the roots, indicating the high reproducibility and accuracy of our sequencing data
(Figure S1). Next, we merged the two replicates because their data were highly correlated. There were 1,137
million cytosines that could be methylated in sugarcane, accounting for 39.2% of the sugarcane genome;
approximately 87% of the total cytosines were covered by at least one read (Figure S2).

From the distribution of global DNA methylation, we found that gene-enriched regions showed low CG
and CHG methylation levels, while transposable element (TE)-enriched regions had high methylation levels
(Figure 1A). This result is consistent with previous studies on other plants (Q. Song et al., 2015; Q. X. Song
et al., 2013; H. Wang et al., 2015). In addition, we found that CHH methylation was slightly enriched in
the gene-enriched regions compared with that in regions with dense CG and CHG methylation (Figure 1A).
The distribution of CHH methylation in sugarcane is consistent with that in maize (Zea mays ) (Gent et
al., 2013). We also found a negative correlation between gene and TE densities (R =-0.68, p < 2.2¢-16)
(Figures 1A and S3). To better understand the relationship between DNA methylation levels and gene and
TE densities, we calculated their correlation coefficients. We found that both mCG and mCHG methylation
negatively correlated with gene density, indicating that these two DNA methylation contexts were mostly
located in gene-poor heterochromatic regions. However, leaf tissue showed no correlation, and the other
three tissues showed positive correlations between gene density and mCHH levels (Figure S4). This result
was consistent with findings in rice, sorghum (Sorghum bicolor ), and maize (Gent et al., 2013; Niederhuth
et al., 2016). As expected, TE density positively correlated with CG and CHG methylation levels (R > 0.7)
but showed a weak correlation with CHH methylation (|R|<0.3) (Figure S5).

To investigate the relationship between TE methylation and the distance between TEs and adjacent genes,
we calculated the methylation levels of TEs. We found that higher TE CHH methylation levels in all tissues
positively correlated with the closer distances of TEs to the gene, but this phenomenon was not observed in
CG and CHG methylation (Figure S6). Altogether, these results suggest that gene and transposon densities
and methylation levels correlate, and the distribution of genes and transposons in the genome jointly shapes
the landscape of DNA methylation in different regions of the genome.

Genome-wide distribution and global DNA methylation levels showed obvious DNA methylation changes



among the four tissues (Figure 1A and 1B). Pith tissue showed the highest DNA methylation levels, followed
by the rind, root, and leaf. In contrast to methylation levels, we found no significant differences in the
proportion of methylcytosines among the four tissues, with CHH methylcytosine being the most abundant
(>67%), followed by CG and CHG methylcytosines (Figure 1C). This finding is consistent with other plant
studies (H. Wang et al., 2015; Xu et al., 2018).

DNA methylation patterns of gene and TE regions

Genome-wide DNA methylation analysis revealed substantial differences in methylation levels among the
four sugarcane tissues. Next, we analyzed DNA methylation levels in the gene and transposon regions of
the four tissues. The results of the meta-analysis of gene and TE regions were consistent with those of the
genome-wide methylation analysis, i.e., leaf and pith tissues showed the lowest and highest methylation levels,
respectively (Figure 2A-B). This trend was also consistent between the gene body and TE regions (Figure
2). Strikingly, gene body regions showed relatively high CHG and CHH methylation levels, in addition to
dense CG methylation (Figure 2A), differing from many other plant species, such as Arabidopsis and rice
(Cokus et al., 2008; X. Li et al., 2012). In the sugarcane genome, more than 58.7% of the sequences consisted
of repetitive elements (J. Zhang et al., 2018), such as TEs, and 42.3% of protein-coding genes contained TE
sequences in the gene body regions, particularly in intron regions (Figure STA). After excluding genes with
intronic TE insertions, we found that the methylation levels of gene body regions were notably reduced in all
three sequence contexts, especially non-CG methylation levels. However, methylation levels of the flanking
regions were slightly reduced (Figure S7TB-C). This result suggested that most of the non-CG methylation of
gene body regions was determined by intronic TE insertions, which have been reported in maize and other
plant genomes with abundant TEs (Niu et al., 2022; H. Wang et al., 2015; Q. Wang et al., 2021).

Next, we compared DNA methylation between different types of transposons, including Class I and II
transposons. Class I transposons showed higher levels of CG and CHG methylation than Class IT transposons,
both in the transposon body and flanking regions. However, CHH methylation was higher in Class II
transposons than that in Class I transposons (Figure 2C). Long terminal repeat (LTR)-type transposons
mainly include Gypsy and Copia LTRs, whereas DNA transposons contain several types of transposons
(Figure S8A). The Gypsy and Copia LTRs showed very similar DNA methylation patterns (Figure S§B—
E). However, different types of DNA transposons exhibit substantially different methylation patterns. For
example, the CHH methylation level of the PIF-Harbinger transposon was significantly higher than that of
the other types of transposons (Figure S9).

Active demethylase is associated with reduced DNA methylation among different tissues

DNA methylation levels are dynamically regulated by DNA methylases and demethylases. The decrease in
DNA methylation levels can be attributed to the low expression of DNA methylase or high demethylase
expression. To investigate the changes in DNA methylation levels among the four tissues, we searched for
and annotated the DNA methylase and demethylase genes in the sugarcane genome (Table S3). As the
sugarcane genome was assembled and annotated into four sets of homologous chromosomes, we identified
more homologous genes in the sugarcane genome than in Arabidopsis and other plants. We first examined
the expression levels of DNA methylase across the four tissues, and we did not observe a gradual increase in
expression levels of these genes from the leaves to the roots and stem (rinds and piths). In addition, we found
that only a few genes were differentially expressed in the RADM pathway (Figure 3B). These results suggest
that increased DNA methylation levels from the leaves to the piths were not attributed to the increased
expression of DNA methylases and genes involved in the RADM pathway.

We also examined the expression of putative DNA demethylase genes. Consistent with the changes in DNA
methylation levels across the four tissues, we found that several demethylated genes, such as ROSand DMFE
, were expressed at lower levels in pith tissue than in other tissues (Figure 3C). This result suggests that the
DNA demethylation pathway plays a critical role in methylation level changes across the four tissues.

The association between DNA methylation and gene activity



Cumulative evidence has shown that methylation of the gene body and flanking regions is involved in
regulating gene expression (Cai et al., 2021; H. Wang et al., 2015; L. Wang et al., 2019; Xu et al., 2018;
H. Zhang et al., 2018). CG methylation of gene body regions is always positively correlated with gene
expression, whereas non-CG methylation of gene body regions negatively correlates with gene expression
(Cai et al., 2021; H. Wang et al., 2015; L. Wang et al., 2019; Xu et al., 2018). In addition, recent studies
have shown that CHH methylation of promoter regions could promote adjacent gene expression (Cai et al.,
2021; Gent et al., 2013; Xu et al., 2018). To explore the relationship between DNA methylation and gene
expression in sugarcane, we first performed RNA-seq of the same tissues for DNA methylation analysis.
We found that approximately 75% of clean reads were aligned to the sugarcane genome, and the Pearson
correlation coefficients between different biological replicates of RNA-seq were between 0.88 to 0.96 (Table
S2), indicating the high reproducibility of our RNA-seq data. All genes were divided into expressed (FPKM
[7] 1, 38,750 genes) and unexpressed (FPKM < 1, 45,976 genes) groups and their methylation levels were
calculated separately (Figure 4A). Compared with unexpressed genes, CG gene body methylation levels
of expressed genes were higher than those of unexpressed genes, whereas non-CG methylation was lower
in expressed gene body regions than that in unexpressed genes. Consistent with previous studies (Cai et
al., 2021; L. Wang et al., 2019; Xu et al., 2018), DNA methylation levels at the transcription start site
(TSS) and transcription end site (TES) were significantly reduced in expressed genes compared with those
in unexpressed genes. Additionally, a significant increase in CHH promoter methylation was observed in the
expressed genes. A similar phenomenon was observed in the other three tissues (Figure S10).

Next, all expressed genes were divided into four groups according to their expression levels from low to high
[FPKM = 0 (Clusterl), 0 < FPKM [?] 2 (Cluster 2), 2 < FPKM [?] 10 (Cluster 3), and FPKM > 10
(Cluster 4)], and the methylation level of each group of genes was calculated (Figures 4B and S11). For
all three methylation contexts, the methylation levels near TSS and TES sites decreased as the expression
level increased, and the methylation level was lowest when the expression was highest. In the gene body
regions, CG methylation was positively correlated with gene expression, and the genes with the medium
high expression showed the highest CG methylation. This is consistent with the phenomenon observed
in studies on many other plants (H. Wang et al., 2015; L. Wang et al., 2019; Xu et al., 2018). Non-CG
methylation levels were significantly negatively correlated with gene expression, except for CHH methylation
in the promoter regions (Figure 4B).

To further examine the relationship between gene expression and DNA methylation in different contexts (CG,
CHG, and CHH) and genic regions (i.e., upstream, gene body, and downstream regions), we sorted all genes
according to their methylation levels from low to high and divided them into four equal groups (Clusters 1
to 4). Consistent with the above analysis, CG methylation of gene body regions promoted gene expression,
but CG methylation at either the upstream or downstream regions always inhibited gene expression. CHG
and CHH methylation mostly repressed gene expression, except for upstream CHH methylation (Figures
4C and S12). Collectively, this relationship between DNA methylation and gene expression is conserved in
most of the studied plant species. Our findings indicate that DNA methylation is involved in gene expression
regulation and DNA methylation of different genic regions and sequence contexts plays different roles in gene
expression.

Extensive changes in gene expressionamong different tissues in sugarcane

From the above analysis, we found that DNA methylation levels are associated with gene expression in sugar-
cane. For example, DNA methylation at different genic regions or sequence contexts affects gene expression
differently (Figure 4). To further explore gene expression changes across different sugarcane tissues, we exam-
ined the expression dynamics across different tissues (leaf, root, rind, and pith) and identified 21,460 DEGs
between different tissues (Figure S13). To search for functional signatures of different tissues, we performed
GO enrichment analysis to characterize DEGs from the comparisons between different tissues. We found
that upregulated genes in leaves were enriched in photosynthesis and monosaccharide catabolic processes.
However, upregulated genes in roots were enriched in response to abiotic and biotic stimuli; upregulated
genes in the rind were enriched in pathways related to transport, such as intercellular and carbohydrate



transport. Compared with leaves and roots, upregulated genes in the pith were involved in carbohydrate
transport and organic substance metabolic and biosynthetic processes. Additionally, upregulated genes in
the pith relative to those in the rind were enriched in terms associated with fructose export from the vacuole
to the cytoplasm, regulation of the syringal lignin biosynthetic process, plant-type cell wall organization
or biogenesis. These results confirm that DEGs from different tissues are involved in biological pathways
related to tissue-specific physiological functions.

Identification ofdifferentially methylated regions among different tissues

To characterize methylation changes among different tissues in sugarcane, we defined DMRs in each sequence
context according to the method of Akalin (Akalin et al., 2012). A total of 113,536 CG-DMRs, 396,224
CHG-DMRs, and 1,146,516 CHH-DMRs were identified. Compared with CG and CHG DMRs, CHH DMRs
were the most abundant across different comparisons among the four tissues. Meanwhile, compared with
hypo-DMRs (lower DNA methylation in the right comparison), hyper-DMRs (higher methylation in the left
comparison) were dominant (Figure 5A), consistent with the increased DNA methylation levels from leaf
to root and then to rind and pith in the above analysis. Next, we examined the distribution of DMRs
in different genomic features such as TE, intergenic, upstream, downstream, intron, and exon regions. As
shown in Figure 5B, most DMRs are located in TE regions, followed by intergenic and other genic regions
(promoters, exons, introns, and downstream regions), particularly in CHH DMRs. This may indicate that
CHH methylation changes mainly occur in the TE and intergenic regions (Figure 5B). Moreover, we found
that many DMRs (720%) were located in genic regions, including upstream, exon, intron, and downstream
regions. Therefore, we hypothesized that DMRs adjacent to the gene regions might affect gene expression.

Differential expression genes are associated with differentially methylated regions

We found substantial differences in gene expression and DNA methylation levels across different sugarcane
tissues. In particular, many DMRs occur in the gene body and/or proximal regions, and these DMRs might
contribute to changes in the expression of adjacent genes. From the above analysis, we found a large number
of DMRs, including hyper- and hypo-methylated DMRs, in the gene body and flanking regions. Except for
CG-DMRs, both CHG and CHH DMRs showed distinct distributions of hyper- and hypo-DMRs across the
gene regions (Figures 5C and S14). Strikingly, we observed that DMR-overlapped genes were more likely to
be differentially expressed than DMR-non-overlapping genes, which was consistent across the comparisons
between tissues (Table S4). These results indicate that changes in DNA methylation are associated with
DEGs.

More than 40% of the DEGs contained DMRs across all six comparisons of the four tissues (Figure 5D).
To understand how DMR-associated genes were associated with tissue divergence, we performed GO en-
richment analysis of DMR-associated up- and down-regulated DEGs. Compared with the other three
tissues, DMR-associated highly expressed genes in the roots were mainly involved in response to stress
and root morphogenesis (Figure S15). For example, DMR-associated genes encoding phosphoinositide-
specific phospholipase C (PI-PLC,Sspon.05G0021570-2P ), class III peroxidase (PRX, Sspon.01G0012950-
1A), and MYB (Sspon.01G0019490-1A ) were highly expressed in roots, and their homologous genes in
Arabidopsis were involved in growth, response to stresses, and lignin synthesis (Chezem et al., 2017; Mei-
jer & Munnik, 2003; Shigeto & Tsutsumi, 2016). We also found that highly expressed DMR-associated
DEGs in the leaves were significantly enriched in photosynthesis and sucrose-related pathways (Figure S16),
such as photosynthesis, pigment metabolic process, and sucrose biosynthetic process. Furthermore, many
biological processes related to sugar biosynthesis and metabolism were enriched in the DMR-associated
DEGs (Figure S16). For example,Sspon.02G0012860-2B (Figure S16), which encodes NAD oxidoreduc-
tase, was upregulated in leaves. A recent study showed that NAD oxidoreductase was functional down-
stream of the photosynthetic electron transport chain and participated in the Calvin cycle, pigment syn-
thesis (Pierella Karlusich & Carrillo, 2017), and is a key enzyme linking the light reaction of photosyn-
thesis to carbon metabolism. Gene encoding inorganic pyrophosphatase (PPi,Sspon.04G0005360-3D ) was
highly expressed in leaves and its homologous genes in Arabidopsis are key enzymes in sucrose synthe-
sis (Farre et al., 2000). Unlike leaves and roots, upregulated DMR-associated genes in the stem (rind



and pith) were enriched in transport-related pathways such as sucrose and intracellular transport, cellular
metabolic process, and hydrocarbon metabolic process. For example,Sspon.04G0012730-4D(Sugars Will
Eventually be Exported Transporters; SWEET), Sspon.01G005290-1A(polyol/monosaccharide transporter
5), andSspon.01G0026170-1A(Mfs transporter) encoding sugar transporters (Figures S15 and S16) were up-
regulated DMR-associated genes in the rinds. Sugar transporters function in sugar transport, distribution,
and utilization in the phloem, as well as maintaining the balance between source and sink (Julius et al.,
2017).Sspon.02G0017170-1Aand Sspon.02G0017170-3D (Figure S15) were highly expressed DMR-associated
genes in the piths encoding ADP-glucose pyrophosphorylase (AGPase); their homologous genes in Arabidop-
sis catalyze ADP glucose synthesis and release pyrophosphate, and are the key enzymes determining starch
synthesis (Tetlow et al., 2004).Sspon.02G0019390-3C (Figure S15), encoding phosphoglucomutase, was up-
regulated in the DMR-associated genes in piths. In Arabidopsis, its homologous gene catalyzes the mutual
conversion of glucose-1-phosphate and glucose-6-phosphate, key steps in sucrose metabolism and synthesis
(Streb et al., 2009). We found that genes with many DMRs were highly expressed in the stem. In conclusion,
DMR-associated DEGs in different sugarcane tissues are involved in essential biological pathways and have
tissue-specific physiological functions that are closely related to photosynthesis, sugar metabolism, growth,
and sugarcane development.

High sucrose accumulation is a characteristic feature of sugarcane. We found that DMR-associated DEGs
were enriched in essential biological pathways (Figures S15-S16), such as sucrose synthesis, carbohydrate
metabolism, and stress response. To investigate how DMR-associated genes contribute to the regulation
of sucrose accumulation, we focused on the sucrose synthesis and hydrolysis pathways (Figure 5E). We
observed that genes involved in the sucrose synthesis pathway, includingFBPase , PGI , SPS , and SPP ,
were highly expressed in the leaves. However, in contrast to the other three tissues, genes encoding sucrose
synthase (SUS) showed lower expression in leaves. These results suggest that sucrose synthesis in leaves
mainly depends on the SPS-mediated pathway, consistent with previous studies (Buczynski et al., 1993;
Verma et al., 2011). Moreover,SWEETsinvolved in sucrose transport were highly expressed in the leaves
and stems, suggesting that the remaining sucrose was transported into sink tissues for consumption and
storage, except for consumption in the leaves. Interestingly, we found that allinvertases(INVs) involved in
sucrose hydrolysis (Figure 5E) had a lower expression in stem tissue (rind and pith) than that in leaf and root
tissue, indicating that sucrose transported to the stem was mainly used for storage, confirming our suspicion.
Taken together, efficient sucrose synthesis in leaves, intense sucrose transport from leaves to stem, and low
INV activity in the stem might be responsible for the high sucrose accumulation in sugarcane, indicating
that DNA methylation-regulated genes function in high sucrose accumulation in sugarcane.

Transcription factor genes are enriched in sugarcane DNA methylation valleys

Recent studies have shown that there are always lowly methylated or unmethylated regions in the genome,
also known as DNA methylation valleys (DMVs) (Chen et al., 2018; Crisp et al., 2020; Y. Li et al., 2018;
Lin et al., 2017; Stadler et al., 2011). During soybean seed development, genes contained in DMVs tend to
be enriched in tissue-specific biological pathways such as protein storage and fatty acid metabolism (Chen
et al., 2018; Lin et al., 2017). Next, we scanned DNA methylome data from the four tissues for regions
with <5% bulk methylation in all three cytosine sequence contexts as described in (Chen et al., 2018) and
identified 28,531, 26,445, 25,311, and 24,666 DMVs in leaves, roots, rinds, and piths, respectively. Among
these DMVs, 17,208 (2.9%), which were hypomethylated, were common to all four tissues and did not
change significantly across different tissues. There were 8,704 non-redundant DMVs, accounting for 1.8%
(51.7 Mb) of the genome length, which was significantly lower than the DMV ratio in other plants, implying
species-specific DMV distribution (Figure 6A). For example, a 6.3-kb DMV exhibited low levels of all DNA
methylation contexts across the four tissues and contained two protein-coding genes (Figure 6B).

We further examined the DMV regions and identified DMV genes if the gene body or flanking 1-kb regions
overlapped with the DMV. We identified 1,734 genes located in DMVs, and transcription factors (TFSs)
(13.1%) were significantly enriched in these DMV genes (p < 2.2e-16, chi-squared test) (Figure 6C). GO en-
richment analysis showed that these DMV genes were involved in regulating gene expression, developmental,



stimulus-related, and saccharide-related processes (Figure 6D). In addition, we found that many TFs played
important roles in these processes. For example, 488 DMV genes were associated with sucrose metabolism, of
which 136 (28%) were TF encoding genes. Notably, many of these DMV TF genes were significantly differen-
tially expressed in the four tissues (Figure S17). For example, thebZIP TF gene,Sspon.04G0028570-1P , was
highly expressed in root tissue relative to the other tissues, and its homologous genes play an important role in
biotic and abiotic stress in Arabidopsis (Droge-Laser et al., 2018) (Figure 6E). Moreover, Sspon.06G0007540-
2C (Figure S17) encoding bZIP2 was higher in the piths than in the other three tissues, and the co-expression
of its homologous genes AtbZIP2 and KINI10 in Arabidopsis activates DIN6-LUC to inhibit respiration
(Baena-Gonzalez et al., 2007), suggesting thatSspon.06G0007540-2Cmight inhibit cellular respiration in the
piths, reducing the consumption of sugar and facilitating sugar accumulation in the piths. In addition,
some genes (non-TFs) located in the DMV regions were involved in the saccharide pathway. For exam-
ple, Sspon.03G0028140-3D (Figure 6F) encoding SPS, a key gene regulating the conversion of photosyn-
thetic products into sucrose and starch, was highly expressed in leaves (Verma et al., 2011). Furthermore,
Sspon.01G0051520-1C (Figure 6G), which encodes FBPase involved in sucrose synthesis, was highly ex-
pressed in leaves—decreased FBPase expression inhibits sucrose synthesis (Lee et al., 2008; Strand et al.,
2000). Therefore,Sspon.03G0028140-3D (Figure 6F) and Sspon.01G0051520-1C (Figure 6G) were highly ex-
pressed in leaves, suggesting that they played a role in transforming photosynthetic products and sucrose
synthesis. Taken together, these data show that TFs and genes located in DMVs play essential roles in
sugarcane development, stress response, and sucrose synthesis.

Discussion

Publication of the sugarcane genome provided us with an unprecedented opportunity to investigate the role
of DNA methylation in sugarcane. In the present study, we analyzed the dynamics of DNA methylation
among tissues in sugarcane and the relationship between DNA methylation and gene expression, which will
enhance knowledge in sugarcane epigenetics. DNA methylation levels are dynamically regulated by DNA
methylases and demethylases (Law & Jacobsen, 2010; H. Zhang et al., 2018). We observed that DNA
methylation levels differed among the tissues (Figure 1). Furthermore, as shown in Figure 3, the expression
patterns of DME and ROS in tissues are consistent with those of MET1b and CMTS8 , and the expression
pattern of Sspon.04G0012050-1A (ROS ) is consistent with those of CMT2 and DRM2(Sspon.01G0000660-
1A ). Based on the fact that DNA demethylases can eliminate the mC of all sequence contexts (Choi et al.,
2002; Gong et al., 2002; Morales-Ruiz et al., 2006; Ortega-Galisteo et al., 2008), we suggested that the DNA
demethylation pathway plays a critical role in changes in methylation levels across the four tissues.

Cumulative evidence has shown that methylation of the gene body and flanking regions is involved in
regulating gene expression (Cai et al., 2021; H. Wang et al., 2015; L. Wang et al., 2019; Xu et al., 2018; H.
Zhang et al., 2018). CG methylation of gene body regions is always positively correlated with gene expression
(Cai et al., 2021; H. Wang et al., 2015; L. Wang et al., 2019; Xu et al., 2018), but we observed that the
highest-expressed genes did not have the highest CG methylation levels in the gene body (Figures 4 and S11).
Methylation of the gene body can quantitatively impede transcript elongation in Arabidopsis (Zilberman
et al., 2007). This may lead to the highest expression of genes without the highest CG methylation levels
in the gene body. CG, CHG, and CHH methylation levels near the TSS were negatively correlated with
gene expression (Figures 4B and S11), similar to results for rice, soybean, apple (Malus ), tea (Camellia
sinensis ), wild barley (Hordeum wvulgare ), Arabidopsis, and human (Cai et al., 2021; Laurent et al.,
2010; X. Li et al., 2012; Q. X. Song et al., 2013; L. Wang et al., 2019; Xu et al., 2018; Zilberman et al.,
2007), demonstrating that methylation near the TSS is a common mechanism to suppress gene expression
in eukaryotes. Additionally, highly expressed genes were correlated with higher CHH methylation levels in
the promoter region (200-2,000 bp) close to the TSS (Figures 4B and S11); a similar observation was made
in soybean, maize, apple, and wild barley (Cai et al., 2021; Gent et al., 2013; Q. X. Song et al., 2013; Xu et
al., 2018). Taken together, the relationship between DNA methylation and gene expression is conserved in
most of the studied plant species.

Genes regulated by DNA methylation are involved in several important biological pathways (Cheng et al.,



2018; H. Wang et al., 2015; L. Wang et al., 2019; L. Wang et al., 2018; Xu et al., 2018). For example,
highly expressed genes affected by DNA methylation in cassava are involved in carbohydrate metabolism,
including hexose and glucose metabolism (H. Wang et al., 2015). Furthermore, upregulated genes regulated
by DNA methylation during strawberry (Fragaria x ananassa ) ripening are involved in fruit ripening-
related processes, such as cytokinin and abscisic acid biosynthesis (Cheng et al., 2018). We found that
DMR-DEGs in sugarcane were significantly enriched in biological pathways of tissue-specific physiological
functions. For example, DMR-associated DEGs with higher expression in roots were significantly enriched in
stress response and root morphogenesis (Figures S15-S16). Genes upregulated in leaves regulated by DNA
methylation were involved in photosynthesis, hydrocarbon biosynthesis, and metabolic processes (Figure
S16). DMR-associated DEGs that were highly expressed in the stem (rind and pith) were significantly
enriched in transport-related pathways and metabolism-related processes, such as sucrose transport and
hydrocarbon metabolic process (Figures S15-S16). In conclusion, DMR-associated DEGs between different
tissues are involved in the biological pathways of tissue-specific physiological functions, which are essential
for plant growth and development.

We observed that DMR-associated DEGs were enriched in important biological pathways (Figures S15-S16),
such as sucrose synthesis, carbohydrate metabolism, and stress response. The high sucrose accumulation in
sugarcane has attracted our attention to sucrose synthesis and hydrolysis pathways. As shown in Figure 5E,
sucrose in leaves is mainly derived from the SPS-mediated sucrose synthesis pathway, and genes involved in
sucrose transport are more highly expressed in stems than in leaves and roots. Moreover, INV involved in
sucrose hydrolysis showed lower expression in the stem. Sugarcane has a universal source-sink system; except
for consumption during leaf growth, the sucrose synthesized in leaves is exported to sink tissues and used for
consumption and storage (Buczynski et al., 1993; Julius et al., 2017; Verma et al., 2011). Previous studies
have indicated that SPS activity is a biochemical marker of high sucrose content in sugarcane (Verma et al.,
2011). Collectively, we suggest that efficient sucrose synthesis in the leaves, intense sucrose transport to the
stem, and low INV activity in the stem may be responsible for the high sucrose accumulation in sugarcane,
indicating that DNA methylation plays an important role in sucrose accumulation in sugarcane.

Recent studies have shown that lowly methylated and unmethylated regions contain functional regulatory
elements (Chen et al., 2018; Crisp et al., 2020; Y. Li et al., 2018; Lin et al., 2017; Stadler et al., 2011). For
instance, genes located in the DMVs of human embryonic stem cells or vertebrates, such as Fozal , Wntl |
GATA, and SOX2 (Y. Li et al., 2018; Stadler et al., 2011; Xie et al., 2013), are involved in development and
TF activity. DMVs during seed formation are enriched in TFs and development-related genes such as WOX
, PLETHORA ,PIN1, and YUCCA4 (Chen et al., 2018; Lin et al., 2017). We also found many DMVs in
sugarcane, which always overlapped with TFs, development, and sucrose-related genes such as WRKY |, bZIP
,WOX , SPS, and FBPase (Figures 6D-6G and S17), which function in sugarcane growth, morphogenesis,
stress response, and carbohydrate metabolism, indicating that DMVs are common and essential for growth
and development. Furthermore, approximately 40% of the genes (670 genes) located in the DMVs were
differentially expressed between at least two tissues. Recent studies have shown that genes located in DMVs
are enriched in H3K27me3 and H3K4me3 (Chen et al., 2018; Xie et al., 2013). Therefore, we hypothesized
that DEGs located in sugarcane DMVs might be regulated by histone modification and TF regulation.
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Figure legends

FIGURE 1 Genome-wide DNA methylation profile of different tissues in sugarcane. (A) Circle plot of
gene and TE densities and methylation level of CG, CHG, and CHH across 32 homologous chromosomes
in sugarcane. DNA methylation level is represented in a heatmap; blue and red indicate low and high
methylation levels, respectively. Gene and TE density are represented in a histogram. Average DNA
methylation level and gene/TE density are calculated using a 500-kb window. The gray circle indicates
chromosomes. From the outer circle to the inner circle: a, gene density; b, TE density (TE density is the
ratio of TE length to window length); ¢, CG methylation; d, CHG methylation; e, CHH methylation. For
the DNA methylation circle, the order from outer to inner is Leaf, Root, Rind, and Pith. (B) Global average
DNA methylation levels of CG, CHG, and CHH across different tissues in sugarcane. (C) Relative proportion
of methyl-cytosines in the three sequence contexts across different tissues.

FIGURE 2 DNA methylation patterns in gene/TE and flanking regions. (A) The metaplot of the gene body
and flanking region. (B) The metaplot of TE and the flanking region. (C) The metaplot of the Class II TE
and Class I TE. CG (left), CHG (middle), CHH (right).

FIGURE 3 DNA methylated and demethylated genes are active in sugarcane tissues. (A) Heatmap showing
the expression patterns of methylation-related genes among tissues. (B) Schematic diagram of the canonical
RdDM pathway (left). Heatmap showing the expression patterns of canonical RADM pathway genes among
tissues. (C) Heatmap showing the expression patterns of demethylated genes.

FIGURE 4 Association of methylation and gene expression. (A) Methylation level changes between the
expressed and non-expressed genes in CG, CHG, and CHH sequence contexts. Methylation differences
between expressed and unexpressed genes were tested using the Wilcoxon rank-sum test. ***p -value <
0.001. (B) Correlations between methylation levels (CG, CHG, and CHH) and gene expression across gene
body and flanking regions. Methylation level of each gene group [Clusterl (FPKM = 0), Cluster2 (0 < FPKM
[7] 2), Cluster3 (2 < FPKM [?] 10), Cluster4 (FPKM [?] 10)] were calculated. CG (left), CHG (middle), and
CHH (right). (C) Expression levels of methylated genes in the gene body and flanking regions. Genes were
divided into four quartiles based on methylation levels, from the first quartile (the lowliest methylated 25%
of genes) to the fourth quartile (the most highly methylated 25% of genes). Expression differences between
different clusters were tested using the Wilcoxon rank-sum test. The colors of the asterisk (*) represent the
comparison between different clusters, and the size of the asterisk (*) indicates the criterion of significance.
A, B, and C are data in leaf tissue.

FIGURE 5 Differentially expressed genes are associated with differential methylation. (A) Barplot of hy-
per/hypo DMR. (B) The distribution of DMR in different regions of the genome. a, Rt vs. L; b, Rd vs. L;
¢, Pvs. L;d, Rd vs. Rt; e, Pvs. L; f, P vs. Rd; g, genome. (C) Distribution of DMR in the gene body and
flanking regions(Rt vs. L). (D) The proportion of DEG with DMR/without DMR. (E) Sucrose synthesis and
hydrolysis pathways and the expression pattern of DMR-DEGs related to sucrose synthesis and hydrolysis
pathways. FBPase, fructose-1,6-bisphosphatase; PFK, phosphofructokinase; PGI, phosphoglucose; PGM,
phosphoglucomutase; SPS, sucrose phosphate synthase; SPP, sucrose-6F-phosphate phosphohydrolase; SUS,
sucrose synthase; SWEET, sugars will eventually be exported transporters; INV, invertase; L, leaf; Rt, root;
Rd, rind; P, pith; DEG, differentially expressed gene; DMR, differentially methylated region.

FIGURE 6 Transcription factors are enriched in sugarcane DMVs. (A) Summary of sugarcane DMV charac-
teristics. (B) IGV of an 18-kb DMV located on chromosome 7D. Genes in blue color (Sspon.07G0003000-1P
and Sspon.07G0035420-1D encoding the pectin lyase-like superfamily are involved in carbohydrate metabolic
process) are located within this DMV, including 1 kb of 5" and 3’ flanking regions. (C) Proportion of TF in
genome and DMV regions. (D) Enriched GO terms with an FDR < 0.05. (E-G) Methylome and RNA-Seq
genome browser views of three genes between at least two tissues. Red, green, cyan, and purple bars indicate
leaf, root, rind, and pith, respectively. Gray collapsed bars indicate expression level. L, leaf; Rt, root; Rd,
rind; P, pith; DMV, DNA methylation valley; TF, transcription factor; IGV, integrative genomics viewer.
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FIGURE 1 Genome-wide DNA methylation profile of different tissues in sugarcane. (A) Circle plot of gene and
TE densities and methylation level of CG, CHG, and CHH across 32 homologous chromosomes in sugarcane.
DNA methylation level is represented in a heatmap; blue and red indicate low and high methylation levels, respec-
tively. Gene and TE density are represented in a histogram. Average DNA methylation level and gene/TE density
are calculated using a 500-kb window. The gray circle indicates chromosomes. From the outer circle to the inner
circle: a, gene density; b, TE density (TE density is the ratio of TE length to window length); ¢, CG methylation;
d, CHG methylation; e, CHH methylation. For the DNA methylation circle, the order from outer to inner is Leaf,
Root, Rind, and Pith. (B) Global average DNA methylation levels of CG, CHG, and CHH across different tissues
in sugarcane. (C) Relative proportion of methyl-cytosines in the three sequence contexts across different tissues.
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FIGURE 2 DNA methylation patterns in gene/TE and flanking regions. (A) The metaplot of the gene body and the
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FIGURE 3 DNA methylated and demethylated genes are active in sugarcane tissues. (A) Heatmap showing the
expression patterns of methylation-related genes among tissues. (B) Schematic diagram of the canonical RADM
pathway (left). Heatmap showing the expression patterns of canonical RdADM pathway genes among tissues. (C)
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FIGURE 4 Association of methylation and gene expression. (A) Methylation level changes between the expressed
and unexpressed genes in CG, CHG, and CHH sequence contexts. Methylation differences between expressed and
unexpressed genes were tested using the Wilcoxon rank-sum test. ***p-value < 0.001. (B) Correlations between
methylation levels (CG, CHG, and CHH) and gene expression across gene body and flanking regions. Methylation
level of each gene group [Cluster] (FPKM = 0), Cluster2 (0 < FPKM < 2), Cluster3 (2 < FPKM < 10), Cluster4
(FPKM > 10)] were calculated. CG (left), CHG (middle), and CHH (right). (C) Expression levels of methylated
genes in the gene body and flanking regions. Genes were divided into four quartiles based on methylation levels,
from the first quartile (the lowliest methylated 25% of genes) to the fourth quartile (the most highly methylated
25% of genes). Expression differences between different clusters were tested using the Wilcoxon rank-sum test.
The colors of the asterisk (*) represent the comparison between different clusters, and the size of the asterisk (*)
indicates the criterion of significance. A, B, and C are data in leaf tissue.
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expression pattern of DMR-DEGs related to sucrose synthesis and hydrolysis pathways. FBPase, fructose-1,6-bis-
phosphatase; PFK, phosphofructokinase; PGI, phosphoglucose; PGM, phosphoglucomutase; SPS, sucrose
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FIGURE 6 Transcription factors are enriched in sugarcane DMVs. (A) Summary of sugarcene DMV characteris-
tics. (B) IGV of an 18-kb DMV located on chromosome 7D. Genes in blue color (Sspon.07G0003000-1P and
Sspon.07G0035420-1D encoding the pectin lyase-like superfamily are involved in carbohydrate metabolic
process) are located within this DMV, including 1 kb of 5" and 3’ flanking regions. (C) Proportion of TF in genome
and DMV regions. (D) Enriched GO terms with an FDR < 0.05. (E-G) Methylome and RNA-Seq genome browser
views of three genes between at least two tissues. Red, green, cyan, and purple bars indicate leaf, root, rind, and
pith, respectively. Gray collapsed bars indicate expression level. L, leaf; Rt, root; Rd, rind; P, pith; DMV, DNA
methylation valley; TF, transcription factor; IGV, integrative genomics viewer.



