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ABSTRACT

The domains rearranged methyltransferases
(DRMs) play a critical role in the RNA-directed
DNA methylation (RdDM) pathway in plants.
However, the effects of inactivating the RdDM
pathway on gene expression, transposable ele-
ment (TE) activity, and phenotype in soybean re-
main unexplored. Here, we employed clustered
regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 gene
editing to generate a quintuple mutant line
in soybean (Gmdrm2a~'~2b~'"2¢~'~3a~-3b~'",
designated Gmdrm). Gmdrm exhibited severe
developmental abnormalities, including dwarfism
and delayed growth, albeit remaining viable
and fertile; however, the fully homozygous
mutant could be maintained for a limited number
of generations (TO-T3). Whole genome bisulfite
sequencing revealed a significant reduction in
DNA methylation across all cytosine sequence

contexts, with an average loss of 10%. The loss
of ™C was biased toward euchromatic regions,
which is in contrast to the chromomethylase
mutant. Transcriptome profiling identified 1,685
up-regulated genes, including photosynthesis-
related genes, accompanied with altered chlor-
oplast ultrastructure. Additionally, a cluster of
resistance (R) genes on chromosome 16 was
significantly up-regulated, coinciding with their
reduced non-CG methylation. We also observed
3,164 differentially expressed TEs (DETs), of
which, 2,655 were up-regulated and hypomethy-
lated along their entire length. A substantial re-
duction in the abundance of 24-nt small interfering
RNAs (siRNAs) in the Gmdrm mutant was
detected by small RNA sequencing. Of note, the
DRM-targeted TEs typically display higher levels
of 24-nt siRNA abundance, shorter lengths, and
are more AT-rich compared to chromomethylase-
targeted TEs, highlighting 24-nt siRNAs as key
determinants of DRM-dependent TE regulation.
Together, this study documents a critical role of
DRM-mediated DNA methylation in regulating
gene expression, TE silencing, and normal
development in soybean.
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The function of GmDRMSs in soybean

INTRODUCTION

D NA methylation at the fifth position of cytosine is a crucial
epigenetic modification in both animals and plants,
playing a vital role in regulating stress responses and devel-
opment. In plant genomes, this methylation occurs in three
distinct cytosine sequence contexts: CG, CHG, and CHH
(where H represents A, C, or T) (Henderson and Jacobsen,
2007; Stroud et al., 2014). Each context is established and
maintained by specific families of DNA methyltransferases
during DNA replication. Notably, DNA methyltransferase 1
(MET1) is responsible for maintaining methylation in the CG
context. It recognizes hemimethylated CG dinucleotides,
generated during DNA replication, and methylates the un-
modified cytosine on the newly synthesized daughter strand.
In contrast, CHG methylation is primarily maintained by the
plant-specific chromomethylase 3 (CMT3), with additional
contributions from CMT2. This process is facilitated by the
histone modification H3K9me2 (Henderson and Jacobsen,
2007; Stroud et al., 2014). Collectively, these DNA methyl-
transferases ensure the proper establishment and maintenance
of DNA methylation patterns across the plant genome, which
are essential for normal growth and development.

Asymmetric CHH methylation is established and maintained
by DOMAINS REARRANGED METHYLTRANSFERASE 2
(DRM2), a homolog of DNMTS3, primarily through RNA-directed
DNA methylation (RdDM) to regulate de novo cytosine methyl-
ation in all sequence contexts, with additional contributions
from CMT2 and the chromatin remodeling factor DECREASE IN
DNA METHYLATION 1 (DDM1). DRM2 preferentially localizes to
short, evolutionarily young transposable elements (TEs), as well
as other repetitive sequences within euchromatic chromosome
arms and at the edges of long TEs. In Arabidopsis thaliana,
three DRM genes—DRM1, DRM2, and DRM3—have been
identified. The drm1 drm2 double mutant exhibits reduced CHH
methylation and influences the silencing of specific genes and
TEs (Cao and Jacobsen, 2002a; Cao et al., 2003; Tran et al.,
2005; Stroud, et al., 2013). Interestingly, while neither the drm1
drm2 double mutant nor the cmt3 single mutant displays overt
morphological changes, the drm1 drm2 cmt3 triple mutant
shows pleiotropic developmental defects, such as dwarfism,
distorted leaves, reduced fertility, and misregulation of nu-
merous genes (Lindroth et al., 2001; Cao and Jacobsen,
20022, 2002b). DRMS3 is known to stimulate the catalytic ac-
tivities of DRM1 and DRM2 (Henderson et al., 2010; Costa-
Nunes et al., 2014; Zhong et al., 2015). In maize, DRM2 RNA
interference (RNAI) lines (dmt103) exhibit severe defects in seed
morphology during reproductive development but remain un-
affected morphologically during vegetative growth (Garcia-
Aguilar et al., 2010). Similarly, in Setaria viridis, the Drm1a
Drm1b double mutant plants exhibit delayed growth and flow-
ering, although they remain viable, with a genome-wide re-
duction in CG and CHG methylation by 2%-6% and CHH
methylation by ~33%, particularly in regions with high CHH
methylation in wild-type (WT) plants (Read et al., 2022). How-
ever, the loss of CHH methylation surrounding the transcription
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start site or in nearby promoter regions does not markedly alter
gene expression, suggesting a limited regulatory role on gene
expression by RdDM (Read et al., 2022). In rice, the majority of
CHH methylation is abolished in the Osdrm2 mutant (Moritoh
et al., 2012; Hu et al., 2021). However, while single mutants of
OsDRM71a, OsDRM1b, or OsDRM3 do not significantly affect
overall CHG or CHH methylation levels, OsDRM2, OsCMT2,
and OsCMT3a work together to regulate TE and gene tran-
scription (Hu et al., 2021). Notably, Oscmt3a has a more pro-
nounced effect on TE regulation than Osdrm2 or Oscmt2,
suggesting that CHG methylation plays a larger role in TE si-
lencing than CHH methylation in rice (Hu et al., 2021). Collec-
tively, these studies highlight the critical role of DRM2 in CHH
methylation and its functional redundancy with CMT3 in
maintaining non-CG methylation across Arabidopsis, rice, and
Setaria viridis.

As a leading oilseed crop worldwide, soybean (Glycine
max L. Merr.) has a complex genomic structure in which
approximately 75% of its genes occur in multiple copies, and
around 59% of the genome consists of TEs (Schmutz et al.,
2010; Liu et al., 2020). The RdADM pathway plays a critical
role in regulating both gene expression and TE silencing
(Erdmann and Picard, 2020). However, until now, no studies
have explored the effects of RADM pathway inactivation on
gene expression, TE activity, or phenotypic changes in
soybean. In this study, we successfully generated a
quintuple mutant line targeting five putative functional DRM
orthologs in soybean. We employed whole genome bisulfite
sequencing (WGBS), transcriptome analyses and small RNA
(sRNA) sequencing to investigate the role of DRM-mediated
DNA methylation in regulating gene expression and TE
silencing. Our findings provide new insights into the complex
interplay between DNA methylation and transcriptional
regulation, offering valuable knowledge about the epigenetic
mechanisms that control plant growth, development, and
safeguard genome stability.

RESULTS

Developmental abnormalities in Gmdrm quintuple

mutant affect both vegetative and reproductive stages
Soybean, an ancient polyploid species, contains five
copies of DRM genes in its genome, as revealed through
sequence analysis and phylogenetic studies. These five DRM
genes, designated as GmDRMZ2a (Glyma.05G005600),
GmDRM2b (Glyma.19G006100), GmDRM2c (Glyma.02G03
5700), GmDRM3a (Glyma.07G233200), and GmDRM3b
(Glyma.17G038300) (Figure 1A), contrast with Arabidopsis,
which possesses only three DRM genes. To determine their
possible tissue-specific functions, we performed quantitative
reverse transcription polymerase chain reaction (QRT-PCR) to
examine the expression levels of these GmDRM genes
across various soybean tissues, including roots, leaves,
flowers, seeds, and pods. Our analysis revealed that
GmDRM2a and GmDRM2b are predominantly expressed
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Figure 1. Generation and phenotypic characterization of the Gmdrm quintuple mutant in soybean

(A) A neighbor-joining tree was constructed to illustrate the evolutionary relationships among GmDRM family members. Branch support values are
indicated above the branches, and the scale bar represents branch length, providing a measure of evolutionary distance. (B) Expression levels of GmDRMs
were quantified in various tissues, including leaves (collected from 28-d-old plants), flowers (collected at the R2 stage), pods (collected at the R5 stage), and
seeds (collected at the R8 stage), roots (collected from 28-d-old plants). The expression of GmActin11 was used as an internal control to normalize the
data. (C) The successful generation of the Gmdrm quintuple mutant was confirmed through polymerase chain reaction (PCR) amplification, followed by
Sanger sequencing, verifying the editing status of all five DRM genes. (D) Comparison of the phenotypes of the Gmdrm quintuple mutant and wild-type
(WT) plants grown under greenhouse conditions. Photographs were taken of 65-d-old plants. Scale bar=12 cm.

in flowers and pods, while GmDRM2c, GmDRM?3a, and
GmDRM3b exhibit higher expression in seeds (Figure 1B),
suggesting their differential roles in tissue-specific development.

To investigate the functional importance of these genes in
plant development, we used the clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) system to generate a quintuple
Gmdrm mutant. We successfully identified a homozygous
knockout line with targeted mutations in all five DRM genes:
GmDRM2a harbored a 1bp insertion in the sixth exon,
GmDRMZ2b had a 1 bp deletion in the sixth exon, GmDRM2c
carried a 16bp deletion and one single nucleotide
polymorphism in the fifth exon, GmDRM3a exhibited a 1 bp
insertion in the sixth exon, and GmDRM3b contained a 1 bp
insertion in the seventh exon (Figures 1C, S1). Under green-
house conditions, the Gmdrm mutant of T2 generation
exhibited a range of developmental abnormalities during the
vegetative stage, including growth retardation, dwarfism,
and leaf shrinkage. Additionally, at the reproductive stage, it
showed delayed heading and defects in seed development.
Although the mutant remained fertile, it could only be
propagated as a homozygous mutant for three generations
due to poor seed quality (Figures 1D, S2). These observations
highlight the significant phenotypic alterations associated
with the Gmdrm mutant, underscoring its essential role in
soybean growth and development.

To investigate functional redundancies between DRM2
and DRM3 genes, we screened additional mutant lines,
including several newly generated partial mutants:

www.jipb.net

Gmdrm2c™~3a~~3b™'~, Gmdrm2a='~2b™'~2c'~3a~=3b*',
and Gmdrm2b~"2c~"3a7"3b~"2a™~  (Figure  S3).
Methylome analysis of these mutants revealed that the
Gmdrm2¢™~3a~~3b~/~ mutant showed no reduction in
DNA methylation compared to the WT. In contrast, the
Gmdrm2a~'~2b™"2c"3a~"3b"~ and Gmdrm2b~"2c™~3a
~=3b~"2a*’~ mutants exhibited reductions of 3.6% in mCG,
5.7% in mCHG, and 16% in mCHH methylation. Notably, these
hypomethylation levels were substantially lower than the 7.2%
and 8.6% reductions observed for mCG and mCHG methyl-
ation, respectively, in the Gmdrm quintuple mutant (Figure S3).
These findings suggest that DRM2 and DRM3 exhibit functional
redundancy in soybean, as null mutations in either gene result in
only limited changes in DNA methylation. Our results indicate
that the simultaneous inactivation of both DRM2 and DRM3
genes is necessary to induce significant methylation changes,
underscoring their overlapping roles in maintaining DNA meth-
ylation in the soybean genome.

Widespread DNA hypomethylation in Gmdrm mutant,
particularly in euchromatic regions

To explore the role of GmDRMs in soybean genome
methylation, we performed WGBS on leaf tissues from
both the Gmdrm mutant and WT plants. When dividing the
genome into euchromatin and heterochromatin regions, we
observed higher methylation levels in heterochromatin than in
euchromatin regions for both the WT and mutants in all three
sequence contexts (Table S1), as expected. The loss-of-
function of all five DRM genes resulted in significant
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reductions in DNA methylation: 9.6% in CG, 12.1% in CHG,
and 10.5% in CHH contexts compared to the WT (Figure 2A, B).
Further analyses identified a greater number of hypomethylated
differentially methylated regions (DMRs) than hypermethylated
ones in the Gmdrm mutant compared to the WT (Figure 2C).
When comparing these DMRs to those in the Gmemt mutant
that we characterized recently (Xun et al., 2024), we found that
the hypo-DMRs in Gmcmt were predominantly enriched in
heterochromatin, while in Gmdrm, hypomethylation was mainly
concentrated in euchromatin (Figure 2D) (Xun et al., 2024).

Journal of Integrative Plant Biology

Specifically, methylation in the Gmdrm mutant was reduced by
13%, 19%, and 20% in CG, CHG, and CHH contexts, re-
spectively, in euchromatin, and only by 4%, 3%, and 2% in
heterochromatin for the same contexts (Figure 2A; Table S2).
Notably, 57.2% of hypomethylated DMRs in the CHH
context were shared between Gmcmt and Gmdrm, while
only 31.7% in CHG and 7.6% in CG were common between
the two mutants (Figure 2C; Tables S3, S4). This suggests
that the genomic regions regulated by DRM- and CMT-
dependent methylation are highly disparate. These findings
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Figure 2. The effects on CG, CHG, and CHH DNA methylation in the Gmdrm and Gmcmt mutants

(A) Comparative analysis of mCG, mCHG, and mCHH methylation patterns between Gmdrm, Gmcmt, and wild-type (WT) plants across the whole genome
(upper panel) and specifically within euchromatic and heterochromatic regions (lower panel). (B) Heatmap comparison of mCG, mCHG, and mCHH
methylation patterns between Gmdrm, Gmemt, and WT. Columns represent the different genotypes, while rows display methylation levels at cytosine sites,
categorized by their mC context. (C) Number of differentially methylated regions (DMRs) detected in Gmdrm across the three cytosine contexts (CG, CHG,
CHH). The green box represents DMRs unique to Gmdrm, while the red box indicates DMRs shared between Gmdrm and Gmcmt. (D) Genome-wide
distribution of hypo-DMRs in Gmdrm and Gmcmt. Green shading represents the distribution of hypo-DMRs in Gmdrm, while red shading represents those
in Gmemt. Brown and blue lines indicate gene and transposable element (TE) densities, respectively, across the 20 soybean chromosomes. The pink and
blue lines on the chromosomes represent the arm region and peri-centromere region, respectively.
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indicate that the RdDM pathway predominantly regulates
euchromatin DNA methylation in soybean, while non-CG
methylation in heterochromatin is more controlled by CMT.

Transposable element activation correlates with
hypomethylation in Gmdrm mutant

To investigate genome-wide patterns of DNA methylation
changes in genes and TEs in the Gmdrm mutant, we profiled
the methylation landscape surrounding genes and TEs. We
observed a slight reduction in non-CG methylation across
genic regions, including gene bodies, promoters, and termi-
nators. Interestingly, CG methylation (mCG) levels decreased
in promoters and terminators but remained unchanged in
gene bodies in the Gmdrm mutant (Figure 3A). In contrast,
the Gmemt mutant showed a significant reduction in non-CG
methylation across and around genes and TEs (Figure 3A). A
more detailed analysis of the methylation landscape in TEs
revealed greater non-CG hypomethylation surrounding TEs in
the Gmemt mutant compared to the Gmdrm mutant, which
aligns with the genome-wide methylation changes observed
in both mutants relative to the WT. Additionally, methylation
levels in the body of TEs were higher than in gene bodies in
the Gmdrm mutant (Figure 3A). These findings suggest
functional differences between CMT- and DRM-regulated
methylation of genes and TEs in soybean.

To further assess the impact of DRM in the RdDM
pathway on gene expression and TE activation, we per-
formed transcriptomic analysis on the second trifoliate leaves
of 21-d-old Gmdrm mutant and WT plants. This comparison
revealed a comprehensive landscape of transcriptional
changes: 1,685 differentially expressed genes (DEGs) were
up-regulated, 1,405 DEGs were down-regulated, 2,655 dif-
ferentially expressed TEs (DETs) were up-regulated, and 509
DETs were down-regulated in the Gmdrm mutant relative to
the WT (Figure 3B, C; Tables S5, S6). We further analyzed the
relationship between these DEGs and DETs with methylation
alterations by classifying them into methylation-dependent
(MD) and non-methylation-dependent (NMD) groups
(Figure 3B, C). Although there was no significant difference in
gene expression between the MD and NMD categories
(Fisher's exact test, P-value=0.5), TE up-regulation was
significantly enriched in the MD group (Fisher's exact test,
P-value < 0.001) (Table S7). Notably, Copia elements were
the most differentially regulated TEs in the Gmdrm mutant
(Fisher's exact test, P-value < 0.001) (Figure 2D), whereas in
our previous analysis of the Gmecmt mutant, Gypsy elements
were more differentially regulated than Copia (Xun et al.,
2024). This highlights the distinct types of TEs being regu-
lated by the RdDM pathway and CMT in soybean. Addition-
ally, we conducted a methylation analysis on the DETs within
and surrounding TEs. We found that the observed differences
in methylation distribution patterns at the boundaries of TEs
between the WT and Gmdrm mutants are primarily driven by
the loss of CHH methylation, which is a hallmark feature
of DRM-mediated DNA methylation. (Figures 3E, S4). It
indicates that TEs regulated by GmDRM-dependent CHH
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Figure 3. The effects on gene and transposable element (TE)
expression in the Gmdrm and Gmcemt mutants

(A) Methylation landscapes within genes and TEs in Gmdrm and Gmcmt
mutants compared to wild type (WT). This panel illustrates the distribution
of mCG, mCHG, and mCHH methylation levels within and surrounding
genes and TEs. (B) Correlation analysis between methylation status (mC)
and differentially expressed genes (DEGs) in the Gmdrm mutant. uDEG
and dDEG represent up-regulated and down-regulated genes, re-
spectively. Filled circles indicate genes with hypomethylation, while open
circles represent genes with no change in methylation status. (C) Corre-
lation analysis between mC and differentially expressed TEs (DETs) in the
Gmdrm mutant. uDET and dDET represent up-regulated and down-
regulated TEs, respectively. Filled circles represent TEs with hypo-
methylation, while open circles represent no change in methylation status.
(D) The number of TEs in each TE family that are up-regulated or down-
regulated in the Gmdrm mutant. (E) Methylation landscapes of mCHH
within up-regulated TEs in the Gmdrm mutant compared to WT.

methylation are more likely to become transcriptionally
activated in the Gmdrm mutant, reflecting a loss of silencing
at these regions. This finding reinforces that CHH methylation
is a key determinant for GmDRM-mediated TE suppression,
especially in euchromatic regions where RdDM activity is
predominant.

To explore the activation of TEs and their potential impact
on adjacent gene expression, we screened the DEGs sur-
rounding TEs and found that 119 down-regulated TEs
(dDTEs) were associated with down-regulated genes (dDEGs)
(32.16% of total up-regulated DEGs (UDEGs)), and 255
up-regulated DTEs (uDTEs) were associated with uDEGs
(15.5% of total uDEGs) (Table S8). We observed that TE ac-
tivation was significantly associated with the up-regulation of
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adjacent genes (Fisher's exact test P-value<0.001),
which supports the hypothesis that TE activation can lead
to aberrant expression of adjacent genes.

Twenty-four nucleotide siRNAs are key determinants
of DRM-dependent TE regulation

To understand the distinct features of DRM- and
CMT-dependent TEs, we classified TEs into three categories:
those regulated by GmDRMs, comprising 17,896 TEs (8.4%),
GmCMTs, comprising 184,675 TEs (86.3%), and by both
GmCMT and GmDRM (Both-TE), comprising 11,540 TEs
(5.4%), based on their methylation states in the two mutants
(Table S9). For each TE, we extracted sequence features,
including AT/GC content, the three cytosine contexts, DNA
methylation levels, and sRNA abundance in WT plants to
evaluate which factors are key to distinguishing DRM-TE
from CMT-TE. Using a random forest classification task, we
calculated the Gini and accuracy decrease parameters to
rank the relative importance of each feature (Figure 4A, B).
Our analysis showed that when using all features together,
the classification accuracy for distinguishing DRM-TEs from
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Figure 4. Key features distinguishing chromomethylase (CMT)-
and domains rearranged methyltransferase (DRM)-dependent
transposable elements (TEs)

(A) The importance of sequence features, DNA methylation, and small
RNA (sRNA) abundance in predicting CMT-TE or DRM-TE classes using
random forest classification. (B) Feature importance analysis for each
factor. The x-axis represents the normalized importance, based on Gini
and accuracy decrease. The values are the average of the normalized Gini
and accuracy decrease scores, with higher values indicating greater im-
portance of a given feature. (C) Prediction of CMT-TE or DRM-TE classes
using random forest classification with either all variables or only 24-nt
small interfering RNAs (siRNAs). (D) Comparison of 24-nt siRNA abun-
dance, sequence length, and AT content between CMT-TE and DRM-TE
classes. KS test was performed to assess statistical significance
(**P-value < 0.01).
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CMT-TEs reached 0.92 (Figure 4C). The most important
features were the abundance of 24-nt small interfering RNAs
(siRNAs), AT content, and TE length. When using only 24-nt
siRNA as the distinguishing feature, the classification accu-
racy remained high at 0.74, particularly for DRM-TEs, where
accuracy reached 0.74. This highlights that 24-nt siRNA is a
primary and direct factor for distinguishing DRM-TEs, con-
sistent with a central role it plays in the RADM pathway.

To further confirm the distinctions between CMT-TEs and
DRM-TEs, we analyzed the distribution of 24-nt siRNAs, TE
length, and AT content. We found that DRM-TEs typically
exhibit higher 24-nt siRNA abundance, shorter lengths, and
are more AT-rich compared to CMT-TEs (Figure 4D). Addi-
tionally, we investigated these features in Copia and Gypsy
TEs. Most Copia elements followed the DRM-TEs pattern,
while Gypsy elements resembled CMT-TEs (Figure S5). The
differential activation of Copia and Gypsy elements in the
Gmdrm and Gmcmt mutants is likely influenced by both
chromatin context and TE sequence features, particularly the
GC versus AT content of these elements (Figure S5). This
pattern is consistent with findings in Arabidopsis, where
GC-rich TEs exhibit high levels of H3K9me2 and other
heterochromatic marks, while AT-rich TEs are more euchro-
matic with lower repressive histone modifications (Zemach
et al., 2013; Sequeira-Mendes et al., 2014). CMT3 mediates
non-CG methylation of GC-rich heterochromatic TEs,
whereas euchromatic TEs are regulated by the RdDM
pathway, with DRM2 controlling CHH methylation. Addition-
ally, Histone H1 restricts the binding of Pol IV to GC-rich TEs
but allows it to bind to AT-rich DRM-TEs, leading to the
generation of 24-nt siRNAs (Du et al., 2012; Stroud et al.,
2014; Choi et al., 2021).This finding may explain why Copia
elements tend to be activated in the Gmdrm mutant, whereas
Gypsy elements are more commonly activated in the Gmemt
mutant (Figure 3D).

Disruption of GmDRMs affects 24-nt siRNA
biosynthesis and demethylation pathways
As 24-nt siRNAs are crucial components of the RdDM
pathway, we sought to investigate whether their biosynthesis
is impacted by the loss of the RADM pathway in the Gmemt
mutant. It is well established that blocking 24-nt siRNA
biosynthesis leads to a reduction in DNA methylation, par-
ticularly non-CG methylation (Stroud et al., 2014). To address
this question, we performed sRNA sequencing in WT,
Gmemt, and Gmdrm mutants. Across all samples, 21-nt
and 24-nt sRNAs were the most abundant sRNA species
(Figure 5A; Table S10). Interestingly, 24-nt siRNA levels were
dramatically reduced in the Gmdrm mutant compared to WT,
whereas Gmcmt showed no significant change in overall
sRNA abundance (Figure 5A). This suggests that sRNA
production is not affected by GmCMTs but is strongly
dependent on the RADM pathway of GmDRMs.

To further explore the impact of DNA methylation on gene
expression, we compared the expression levels of genes in-
volved in the RADM pathway in WT and the two mutants
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Figure 5. The effects on the expression of RNA-directed DNA methylation (RdDM)-related and DNA demethylation genes in Gmcmt and

Gmdrm mutants compared to wild type (WT)

(A) Small RNA (sRNA) abundance and distribution of sRNAs of different lengths (18-27 nt) in WT, Gmcmt, and Gmdrm mutants. (B) Relative expression
levels of genes involved in the RADM pathway in WT, Gmdrm, and Gmcmt mutants. Heatmap colors are scaled for each row, with red gene names
indicating significantly altered expression between WT and Gmdrm mutants. (C) Correlation analysis of the expression levels of five GmDRM genes and the
three GmROST1 genes using 164 public transcriptome data sets. The colors represent the correlation coefficient (r), and the circle size reflects the P-value
(cor.test); larger circles indicate more significant correlations. The significant correlations are marked with r value on the circles. Each dot represents the
expression level of the corresponding gene in one RNA sequencing sample. (D) Methylation levels and relative expression of GmROS7c in WT and Gmdrm
mutants. The region in the red box represents the methylation monitoring sequence (MEMS) motif of ROST.

(Figure 5B). We found that GmNRPB1a/b and GmDCL1a
were down-regulated in both mutants, but this did not affect
24-nt siRNA levels in the Gmcmt background (Figure 5B).
This indicates that GmNRPB1a/b and GmDCL1 do not
have a significant role in 24-nt siRNA biosynthesis in these
mutants (Figure 5B). However, GmRDR2a was specifically
down-regulated in the Gmdrm mutant, which may explain the
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substantial reduction in 24-nt siRNA levels in this mutant
(Figure 5B). Additionally, we observed that all three copies of
GmROS1 were down-regulated in the Gmdrm mutant. By
analyzing public RNA-seq datasets (Table S11), GmROS1
genes are indeed co-expressed with some of the GmDRM
genes, particularly GmDRM2a and GmDRM2b (Figure 5C).
This suggests that GmDRMs influence demethylation
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regulated by GmROS1s. For example, we identified changes
in CG and CHH methylation in the methylation monitoring
sequence (MEMS) motif upstream of GmROS7c, which led to
the down-regulation of GmROS17c, blocking demethylation
(Figure 5D). Collectively, the loss of GmDRMSs reduces DNA
methylation, which in turn reduces GmROS7-mediated
demethylation, indicating an antagonistic feedback loop
between methylation and demethylation pathways.

Although 21-nt sRNAs showed no significant overall
changes in the mutants, we did observe differential abun-
dances of several micro RNAs (miRNAs) between the Gmdrm
mutant and WT (Figure S6). For example, gma-miR1510b-3p
and gma-miR171 were down-regulated in the mutant, while
TE-related miRNAs such as miR408, miR4996, and miR5770
were up-regulated (Figure S6). This suggests that miRNAs
are directly or indirectly affected by the RADM pathway.

Up-regulation of photosynthesis and R genes in
Gmdrm mutant lines

To investigate the biological processes affected in the
Gmdrm mutant, we conducted a Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis
focusing on DEGs. This analysis revealed significant enrich-
ment in pathways related to carbon fixation, hormone signal
transduction, photosynthesis, and the photosynthetic an-
tenna protein pathway (Figure 6A, B; Table S5). Previous
studies suggest that optimizing chloroplast ultrastructure and
enhancing photosynthesis rates, potentially driven by non-
CG hypomethylation, can improve soybean yield, as seen in
the Gmemt mutant (Xun et al., 2024). Similarly, we observed
significant up-regulation of expression for three GLK tran-
scription factors (GmGLK4, GmGLK10, and GmGLK®66) in the
Gmdrm mutant (Figure S7). To explore potential ultra-
structural changes in the Gmdrm mutant, we utilized scan-
ning electron microscopy (SEM) for surface examination and
transmission electron microscopy (TEM) for deeper analysis
of cell structures. The Gmdrm mutant exhibited reduced cell
size and increased wax accumulation on leaves (Student's
t-test, P-value <0.001) (Figures 6C, S8). Furthermore, we
observed a significant increase in both the number and size
of starch granules, as well as a greater number of granal
thylakoid layers, compared to WT (Student's t-test,
P-value < 0.001) (Figures 6D, S8). However, due to the
smaller, shrunken leaves of the dwarf plants, direct meas-
urements of starch accumulation and photosynthesis rates
were not feasible in this study. To further understand
hormonal changes in the Gmdrm mutant, we conducted a
non-targeted metabolome analysis to assess the relative
abundance of various phytohormones (Table S12). We found
that several hormones, including abscisic acid (ABA), cyto-
kinins (CK), and auxin, were altered between Gmdrm and WT
(Table S11). The imbalance in phytohormone levels may
contribute to the dwarf phenotype observed in the Gmdrm
mutant (Figure 1D). Further, we performed Gene Ontology
(GO) enrichment analysis for the DEGs between the Gmdrm
mutant and WT. We found that the “response to auxin” term
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was significantly enriched among the up-regulated genes.
When integrating this with the DMR information, we identified
that 27 out of 57 up-regulated genes exhibited changes in at
least one context of DNA methylation, suggesting that
these genes might be directly or indirectly regulated by
DRM-dependent methylation (Tables S13, S14). For example,
Glyma.01G167000, encoding a member of the SAUR-like
auxin-responsive protein family, was regulated by hypo-
methylation across all three cytosine contexts (Table S14).
Together, these results suggest that DRM-mediated DNA
methylation influences phytohormone regulation and which in
turn modulates important agronomic traits in soybean.

In addition, plants have evolved the capability to perceive
pathogen effectors, either directly or indirectly, by utilizing
proteins that are encoded by resistance (R) genes (Deng
et al., 2017; Richard et al., 2018). our analysis revealed
significant enrichment of biological processes related to
plant-pathogen interactions. Specifically, we observed up-
regulation of an R gene cluster comprising 44 genes in the
Gmdrm mutant (Figure 6B). To explore this further, we
examined the methylation landscape surrounding these
R genes and found a significant reduction in non-CG meth-
ylation across all gene regions, including gene bodies, pro-
moters, and terminators. Importantly, CG methylation
(mCQG) levels within these regions remained relatively stable
(Figure S3). This suggests that the reduction in non-CG
methylation mediated by DRM may facilitate the up-
regulation of R gene clusters (Figure S3). To assess the po-
tential resistance to pathogens, we inoculated WT and
Gmdrm mutant plants (excluding the quintuple mutant that is
morphologically too malformed to enable reliable assaying)
with soybean mosaic virus (SMV). Our screening identified a
specific genotype, Gmdrm2c/3a/3b, which exhibited stronger
resistance to SMV compared to the WT under greenhouse
conditions (Figure S9), although further field evaluations are
needed. These results suggest that DRM-mediated non-CG
methylation may play a role in modulating soybean resistance
to biotic stress.

DISCUSSION

In this study, we investigated the role of GmDRMs in soybean
by generating a quintuple mutant using CRISPR/Cas9 tech-
nology. Our primary focus was to explore how RdDM influ-
ences DNA methylation, TE silencing, gene expression, and
overall plant development. WGBS revealed a global reduction
in DNA methylation levels in the Gmdrm mutant, affecting all
cytosine content, CG, CHG, and CHH. This reduction in
methylation was associated with widespread transcriptional
activation of TEs, particularly in euchromatic regions. The
observed reduction in 24-nt siRNAs in the Gmdrm mutant,
highlights the importance of DRMs in RADM-mediated siRNA
biogenesis. The correlation between reduced non-CG meth-
ylation and changes in gene expression was also evident,
with up-regulation of photosynthesis-related genes and an R
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Figure 6. Impacts on biological processes related to the photosynthetic system and resistance (R) genes in the Gmdrm mutant

(A) Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of up-regulated differentially expressed genes (UDEG) and down-regulated
differentially expressed genes (dDEG) in the Gmdrm mutant. (B) Relative expression levels of DEGs involved in photosynthesis, plant hormone signal
transduction, and R genes in the Gmdrm and Gmcmt mutants compared to wild type (WT). (C) Increased wax accumulation in the leaves of the Gmdrm
mutant. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images show the upper leaf surface at the V2 stage, sampled at
08:00 hours. (D) Altered chloroplast ultrastructure in the leaves of the Gmdrm mutant. SEM and TEM images display the chloroplast ultrastructure of leaves
at the V2 stage, sampled at 08:00 hours, highlighting granum thylakoids (GT), starch granules (SG), and stroma lamellae.

gene cluster. These findings underscore the pivotal role of
DRM-mediated DNA methylation in maintaining epigenetic
silencing of TEs and regulating key gene networks in
soybean.

The Gmdrm quintuple mutant displayed noticeable de-
velopmental abnormalities, including dwarfism, growth re-
tardation, and impaired reproductive capability in the T2
generation following self-crossing. Several factors may con-
tribute to the fertility issues observed in the mutant lines.
First, the loss of DRM-mediated methylation resulted in
widespread TE transcriptional activation, which could lead to
genome instability via ecotopic recombination, and cause
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aberrant expression of adjacent genes; both may lead to
developmental defects over successive generations. As ob-
served in Setaria viridis, where the drmia drm1b double
mutant could only sustain a homozygous state for a limited
number of generations (Read et al., 2022), genome instability
likely plays a role in the reduced fertility and gradual decline in
plant health seen in the Gmdrm mutants. Second, the reduction
in 24-nt siRNAs observed in the Gmdrm mutant could impede
the proper establishment of DNA methylation marks required
for reproductive development. In Arabidopsis, 24-nt siRNAs are
essential for transmitting DNA methylation patterns to progeny,
particularly in the regulation of TEs and gene imprinting during
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seed development (Long et al., 2021). Similarly, in rapeseed,
these siRNAs are transmitted from the maternal tissues to the
progeny, helping to establish DNA methylation and ensure
proper seed development (Grover et al., 2020). The disruption
of this process in the Gmdrm mutant could explain the sterility
observed after multiple rounds of self-fertilization. The absence
or reduction of these siRNAs in the Gmdrm mutant likely
compromises the reproductive cell's ability to maintain genome
integrity, contributing further to the fertility issues in the mutant.
We also found that the Gmcmt mutant did not affect the
abundance of 24-nt siRNAs. This result is consistent with
findings in rice in that the majority of 24-nt siRNAs are lost in the
Osdrm2 single mutant, but not in Oscmt2 or Oscmt3 single
mutant (Hu et al., 2021), suggesting that DRM-dependent DNA
methylation is necessary for the biogenesis of 24-nt siRNAs in
both soybean and rice. A third potential cause of the fertility
defects in the Gmdrm mutant is the disordered phytohormone
regulation. In the Gmdrm mutant, we found significant alter-
ations in the levels of key phytohormones, including gibberellin
(GA) which was elevated, while auxin and jasmonic acid levels
were significantly reduced. Gibberellins are known to promote
growth and flowering, but elevated GA levels can also lead to
abnormal development, particularly affecting reproductive tis-
sues (Jiang et al., 2022). The imbalance between GA and auxin,
which plays a key role in regulating meristem activity and floral
organ formation, could disrupt the normal development of
reproductive structures in the Gmdrm mutant.

Our findings have broadened our understanding of the roles
played by GmDRMs in DNA methylation, gene expression, and
plant development. The ability of GmDRM to regulate both
photosynthetic efficiency and disease resistance suggests
exciting opportunities for crop improvement through epigenetic
modifications. By leveraging the distinct epigenetic mecha-
nisms mediated by GmCMT and GmDRM, it may be possible to
develop soybean varieties that exhibit enhanced productivity
and resilience to environmental stressors. In Arabidopsis,
Epi-RILs (epigenetic recombinant inbred lines) exhibited a wide
range of phenotypic diversity, encompassing plant height,
biomass, fruit size, fruit number, flowering time, and response
to pathogen infection (Johannes et al., 2009; Reinders et al.,
2009; Furci et al.,, 2019). In soybean, when MSH71-RNAi was
crossed with WT plants, the F2 generation population exhibited
a rich phenotypic diversity, encompassing traits such as
pods per plant, seed number, 100-seed weight, flowering time
(Raju et al., 2018). Given the promising results from these
studies, future research in soybean should explore the potential
of creating Epi-RILs by combining favorable traits from Gmcmt,
Gmdrm, and WT plants.

In summary, our study highlights a central role of
DRM-mediated DNA methylation in maintaining chromatin
stability, regulating TE silencing, and controlling key gene
networks in soybean. The full disruption of DRM function
results in widespread changes in DNA methylation, leading to
transcriptional activation of TEs, altered gene expression,
and significant phenotypic abnormalities, including sterility
and growth retardation. The findings of this study
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demonstrate the complementary roles of DRM- and CMT-
mediated methylation in regulating euchromatic and hetero-
chromatic regions, respectively. The differential regulation of
TEs and genes by these two pathways provides new insights
into the complex interplay between DNA methylation, gene
expression, and chromatin stability in plants. Collectively,
these findings provide a foundation for further research into
the role of DNA methylation in plant development and stress
responses, with the ultimate goal of improving soybean
yield and resistance to environmental challenges through
epigenetic breeding strategies.

MATERIALS AND METHODS

Plant materials and growth conditions

Wild-type soybean of Wiliams 82 (Wms82) was used for
plant transformation and as a control for all experiments.
The Gmdrm quintuple mutants (Gmdrm2a™'~2b~'~2¢™~3a™"~
3b~7) and partial mutants (Gmdrm2c~~3a~"3b~'",
Gmdrm2a~'=2b™'~2c¢™'~3a~'3b*~, and Gmdrm2b~2c™'~
3a~~3b~'~2a*’~) were generated by CRISPR/Cas9 gene ed-
iting in the Wms82 background. Growth room conditions were
set at 25°C and a 16-h light/8-h dark light cycle.

Phylogenetic analysis

To conduct phylogenetic analysis, we obtained the full-length
amino acid sequences of all protein sequences from soy-
bean, Arabidopsis, rice, and Solanum lycopersicum from
Phytozome. The OrthoFinder program (v2.2.6) was employed
to categorize ortholog groups for each family. Specifically,
we focused on the DRM2, DRM3 gene families in Arabidopsis
and extracted the relevant gene tree from the generated
database. The gene tree was constructed using the “One
Click” mode on Phylogeny (www.phylogeny.fr).

Guide RNA design, vector construction, and gene
cloning

For guide RNA (gRNA) design, vector construction, and gene
cloning, the CRISPR-P tool (http://crispr.hzau.edu.cn/CRISPR2/),
selecting targets with high target scores, low off-target rates,
and appropriate positions, with U6 promoter and the enhanced
CaMV 35S promoter were employed to drive gRNA and Cas9
expression (Xun et al., 2024). Three gRNAs were selected
for vector construction: gRNA-1: targeting GmDRMZ2a and
GmDRM2b, sequence: CTGAGAATGATACCTTACGG. gRNA-
2: targeting GmDRM3a, sequence: CTGTCAAAGCCTCCT
CAAAAGGG. gRNA-3: targeting GmDRM3b and GmDRM2c,
sequence: TGAAGCATCAATTCCTGAGCTGG.

Soybean transformation, genotyping, and transgenic
plant screening

We used the Agrobacterium tumefaciens-mediated cotyle-
donary node transformation method and the GMO DETECT
kit (specific for bar/pat genes, Artron Laboratory Inc., Beijing)
to identify transgenic plants. PCR amplification of GmDRM
gene fragments was performed, followed by sequencing to
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assess the status of gene editing (Xun et al., 2024). A list of all
PCR primers used can be found in Table S15.

Measurement of plant hormones content

The inoculated leaflets of WT and the mutant plants were
collected. Three biological replicates were performed and the
averages of these three replicates of both Gmdrm and WT
were compared. Endogenous plant hormones were extracted
by using a reverse-phase column (C18; Kromasil). Then,
liquid chromatography - tandem mass spectrometry (LC-MS/
MS) was performed by coupling a Dionex Ultimate 3000
UPLC system (Thermo Fisher Scientific) to a TSQ Altis triple-
quadrupole mass spectrometer (Thermo Fisher Scientific,
TSQ Altis™, USA). Metabolite separation was performed on a
Waters Acquity HSS T3 column (100 mm x 2.1 mm, 1.8 um) at
a flow rate of 0.40 mL/min using a 10 min reversed-phase
gradient: starting from 2% of solvent B (solvent A: 0.04%
acetic acid in high-performance LC (HPLC) grade water;
solvent B: 0.04% acetic acid in HPLC grade acetonitrile) and
gradually changing to 98% B over 6 min, 98% of B for 2 min,
return to 2% B over 0.1 min, 2% of B for 1.9 min. The column
temperature was held at 40°C. The instrument was operated
in selected/multiple reaction monitoring (SRM/MRM) mode.
Phytohormones were detected by optimized MRM tran-
sitions.

Whole genome bisulfite sequencing and data
processing

Genomic DNA was extracted from second trifoliate leaves of
WT and Gmdrm mutant plants at 21 d old. Three biological
replicates were performed for Gmdrm and WT samples. And
the WGBS and data processing were conducted as previously
described (Xun et al., 2024). Briefly, for library preparation,
0.8 ug of genomic DNA was sonicated using a Covaris S220
system to generate fragments of approximately 500 bp. These
fragments were then bisulfite-converted using the EZ DNA
Methylation-Lightning Kit (ZYMO, Irvine, CA, USA). End-repair,
5' phosphorylation, and dA-tailing were performed in a single
reaction using Vazyme (Nanjing, China) dA-Tailing Enzyme Mix
(NR602-02-Al), followed by T-A ligation of methylated adapters
with the VAHTS Universal Adapter Ligation Module (N204-02;
Vazyme). Size selection of adaptor-ligated DNA fragments
(~410bp) was conducted using VAHTS DNA Clean Beads
(Vazyme). The constructed libraries were sequenced on the II-
lumina X Plus platform. Quality control and sequence cleaning
were performed using Trimmomatic to remove low-quality and
contaminated reads. Clean reads were aligned to the bisulfite-
converted reference genome (Gmax v4; Phytozome) using
Bismark (v0.20.0). DNA methylation patterns in CG, CHG, and
CHH contexts were analyzed and visualized using ViewBS and
deeptools. Differentially methylated regions (DMRs) were iden-
tified with CGmaptools, with the following cutoff criteria: an
adjusted P-value (g-value) <0.01 and a methylation level dif-
ference greater than 0.1. To classify TEs as DRM-TE, CMT-TE,
or Both-TE, we determined these categories computationally
based on methylation changes observed in the WT, Gmcmt,
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and Gmdrm mutants. Specifically, we first calculated the
number of methylated and unmethylated cytosines across
the three cytosine contexts (CG, CHG, and CHH) in each of the
mutants. We then applied Fisher's exact test and P-value ad-
justment (false discovery rate) method, selecting differential TEs
with a g-value less than 0.05 and a TE length greater than
200 bp. TEs showing hypomethylation only in the Gmcmt mu-
tant were classified as CMT-TEs. TEs showing hypomethylation
only in the Gmdrm mutant were classified as DRM-TEs. TEs
showing hypomethylation in both mutants were classified as
Both-TEs.

Transcriptome sequencing (RNA-seq) and small

RNA sequencing data processing

RNA was extracted from the second trifoliate leaves of WT and
Gmdrm mutant plants at 21 d old, with two biological replicates.
RNA sequencing was performed on the HiSeq. 2500 platform
(Mumina, San Diego, CA, USA). Sequence cleaning was per-
formed using Trimmomatic to remove sequencing adaptors and
low-quality reads. Clean data were aligned to the soybean ref-
erence genome (Gmax v4; Phytozome) using Hisat2 (v2.1.0)
with default settings. Alignment files (SAM) were processed
using SAMtools with a parameter (“-q 30”) to remove multi-
mapped reads, and converted to BAM format. Gene expression
levels were quantified using transcripts per million (TPM) values
via the EdgeR program. Differentially expressed genes were
identified using EdgeR, with g-value < 0.05 and fold change >2
as thresholds. Over-represented GO terms and KEGG path-
ways were identified using a custom Perl script based on
soybean annotations (Gmax v4), followed by a hypergeometric
test with the R package clusterProfiler.

For sRNA sequencing (sRNA-seq), libraries were con-
structed using the NEBNext Multiplex Small RNA Library
Prep Set (NEB) and sequenced on the lllumina HiSeq. 2500
platform to generate 50-bp single-end reads. Raw reads
were processed using the fastx-toolkit to remove low-quality
reads and adapter sequences. The processed reads were
aligned to the soybean and common bean reference ge-
nomes (v12.1; Phytozome) using ShortStack (v4.0.0).
Shortstack employs an advanced method called the local-
weighting method to handle multiple alignments of sRNAs
(Johnson et al., 2016). Small RNA abundance was normal-
ized to counts per million (cpm) based on mapping results
using in-house Perl scripts. While we acknowledge that
there appears to be slightly lower reproducibility among the
biological replicates in some cases, we also calculated the
reproducibility of length distribution, which yielded a high
correlation of ~0.99. Since our primary focus is on the dis-
tribution and abundance of 24-nt siRNAs, we believe that
the observed variation does not significantly impact the re-
liability of our conclusions.

Random forest classification and prediction

To assess the importance of each sequence feature and
epigenetic marker for classifying DRM- and CMT-regulated
TEs, we first calculated the average enrichment of sRNA
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expression and DNA methylation levels for each TE using custom
Perl scripts. We also included the density of various cytosine
sequence contexts and AT/GC contents. The significance of
each variable was evaluated using the “randomForest” and
“measure_importance” functions in the RandomForestExplainer
R package (Ishwaran et al., 2012). The importance matrices were
visualized using the “plot_multi_way_importance” function from
the same package. To evaluate the predictive power of each
variable, TEs were randomly divided into training and validation
sets. A random forest classifier was built using the training set,
with the specified variables and TE classification (DRM-TE or
CMT-TE). The trained model was then applied to the validation
set to predict TE categories. Accuracy was calculated by com-
paring the predicted classifications with the actual classifications.
We used the “randomForest” and “predict” functions from the
randomForest R package to perform this analysis. The Ran-
domForestClassifier was implemented using its default parame-
ters, with the exception of n_estimators =100. The complete list
of default parameters for the RandomForestClassifier is as
follows: n_estimators: 100, criterion: “gini,” min_samples_split: 2,
min_samples_leaf: 1, min_weight_fraction_leaf: 0.0.

Scanning electron microscopy and TEM

The morphology of WT and Gmdrm mutant leaves was
observed using field emission SEM (FE-SEM; SU8010;
Hitachi, Japan) and TEM (H-7650; Hitachi, Japan). The sub-
sequent operation procedures were conducted the same as
previously described (Xun et al., 2024).

Quantitative RT-PCR

Total RNA from Gmdrm mutant and WT plants was extracted
using EasyPure Plant RNA Kit (Transgen Biotech, Beijing,
China). Subsequently, complementary DNA (cDNA) was
synthesized using the ThermoScript RT-PCR System
(Invitrogen, Carlsbad, CA, USA), and both kits were operated
according to the manufacturer's instructions. Quantitative
RT-PCR was conducted the same as previously described
(Xun et al., 2024). A comprehensive list of gRT-PCR primers
used can be found in Table S15.

Soybean mosaic virus resistance assay

The Gmdrm mutant and Williams 82 were grown together in a
25°C greenhouse with a light period of 16 h and a dark period
of 8 h. Fourteen-d-old plants were used to examine virus re-
sistance and inoculated with a mixture of SMV SC1 and SMV
SC3 and 0.01 mol/L phosphate solution as a mock control
treatment. The phenotype was observed 21 d post-
inoculation. Newly emerged leaves were then collected for
RNA extraction, followed by gRT-PCR to detect the ex-
pression level of the CP gene in the leaves.

Data availability statement
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