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The soybean cyst nematode (SCN; Heterodera glycines) induces the formation of a multinucleated feeding site, or syncytium, whose
etiology includes massive gene expression changes. Nevertheless, the genetic networks underlying gene expression control in the
syncytium are poorly understood. DNA methylation is a critical epigenetic mark that plays a key role in regulating gene expression.
To determine the extent to which DNA methylation is altered in soybean (Glycine max) roots during the susceptible interaction with
SCN, we generated whole-genome cytosine methylation maps at single-nucleotide resolution. The methylome analysis revealed that
SCN induces hypomethylation to a much higher extent than hypermethylation. We identified 2,465 differentially hypermethylated
regions and 4,692 hypomethylated regions in the infected roots compared with the noninfected control. In addition, 703 and 1,346
unique genes were identified as overlapping with hyper- or hypomethylated regions, respectively. The differential methylation in
genes apparently occurs independently of gene size and GC content but exhibits strong preference for recently duplicated paralogs.
Furthermore, a set of 278 genes was identified as specifically syncytium differentially methylated genes. Of these, we found genes
associated with epigenetic regulation, phytohormone signaling, cell wall architecture, signal transduction, and ubiquitination. This
study provides, to our knowledge, new evidence that differential methylation is part of the regulatory mechanisms controlling gene
expression changes in the nematode-induced syncytium.

The soybean cyst nematode (SCN; Heterodera glycines)
is a sedentary parasite of soybean (Glycine max) roots
and is considered to be the most serious pathogen
problem in soybean production worldwide (Koenning
and Wrather, 2010). SCN undergoes a first molt inside
the egg to develop from a first-stage (J1) to a second-
stage juvenile (J2) before hatching. Hatched, preparasitic
J2s then penetrate into soybean roots by breaching epi-
dermal cell walls with their protrusible stylet, a hollow
oral spear, aided by cell wall-digesting enzymes and
other effector proteins (Hewezi and Baum, 2013). The
parasitic J2s migrate to the vicinity of the vascular tis-
sues, where the nematodes become sedentary and begin
feeding. To maintain the sedentary lifestyle, SCN in-
duces the formation of a multinucleated feeding site in

roots, the syncytium, whose etiology includes consid-
erable cell-to-cell fusion, in addition to dramatic cyto-
plasmic and nuclear modifications (Williamson and
Hussey, 1996). Molecular and genetic studies in the last
few years have provided new insights into the molecu-
lar mechanisms associated with SCN parasitism. Global
gene expression profiling using microarrays has been
extensively studied during plant-nematode interactions.
Initially, these studies used the whole soybean root
system to quantify transcriptional changes associated
with the compatible interaction (Khan et al., 2004;
Alkharouf et al., 2006). More comprehensive gene ex-
pression studies were conducted on syncytial cells using
laser capture microdissection (LCM) coupled with
microarray analysis (Ithal et al., 2007; Klink et al., 2007,
2009, 2010; Kandoth et al., 2011). These cell-specific gene
expression analyses yielded lists of thousands of syn-
cytial differentially expressed genes and provided new
information about the underlying molecular events oc-
curring during syncytium formation and function.
However, the genetic networks underlying gene ex-
pression regulation in nematode-infected roots and
particularly in the nematode-induced feeding sites are
poorly understood. Because epigenetic modifications
function in concert with genetic mechanisms to regulate
gene expression in normal cells and are often dysregu-
lated in infected cells, these modifications may contrib-
ute significantly to the regulation of the transcriptional
activity of syncytial cells.
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Epigenetics include biochemical modifications of DNA
and associated proteins that regulate gene expression and
chromosome structure and function, without changing
DNA nucleotide sequences. DNA methylation, the most
common epigenetic modification, is the addition or re-
moval of a methyl group (CH3), mostly where cytosine
bases occur repeatedly. In plants, DNA methylation oc-
curs in symmetric (CpG and CHG) and asymmetric
(CHH) contexts, where H refers to any nucleotide but
G. The CpG and CHG patterns are symmetric across the
two DNA strands, which are believed to be important for
the maintenance of methylation at these sites following
DNA replication. DNA cytosine methylation controls
gene expression networks and hence plays essential roles
in different aspects of plant growth, development, and
response to biotic stress (Alvarez et al., 2010; Zhang et al.,
2010; He et al., 2011; Dowen et al., 2012). In plants,
de novo DNA methylation in all sequence contexts is
mainly mediated through the activity of DOMAINS
REARRANGED METHYLTRANSFERASEs (DRMs), ho-
mologs of the mammalian DNA methyltransferase3 en-
zymes (Cao and Jacobsen, 2002; Cao et al., 2003). The
DRMs are guided to specific DNA sequences through the
RNA-directed DNAmethylation pathway, which involves
the generation of approximately 23- to 24-nucleotide
small interfering RNAs (siRNAs) by RNA-dependent
RNA polymerase2 (RDR2) and DICER-Like3 (DCL3;
Henderson and Jacobsen, 2007). These siRNAs are loaded
into a complex containing the argonaute (AGO) proteins
AGO4 and AGO6 to guide DRMs to target loci by a
currently unknown mechanism (Matzke et al., 2009).
While DNA methylation has been initially reported to

control various developmental processes in plants
(He et al., 2011), recent studies revealed that this silencing
pathway plays a key role in modulating plant defense
responses during biotrophic interactions. Compelling
evidence of dynamic changes in DNA methylation in
response to infection by the bacterial pathogen Pseudo-
monas syringae pv tomato DC3000 (Pst) has been recently
reported (Dowen et al., 2012). Using deep sequencing of
bisulfite-treated DNA, Dowen et al. (2012) found that
differentially methylated regions were preferentially as-
sociated with genes involved in defense response and
that hypomethylation in differentially methylated re-
gions was frequently accompanied by activation of the
proximal genes, specifically those with defense response
function. Similarly, another recent study indicated that
DNA demethylation restricted the multiplication and
vascular propagation of the Pst and, consequently, some
immune response genes were repressed by DNA meth-
ylation (Yu et al., 2013).
The role of DNA methylation in regulating the plant

immune system was further supported by the finding
that mutant lines entirely defective in maintenance of
CpG methylation or non-CpG methylation were re-
sistance to Pst infection (Dowen et al., 2012). Likewise,
mutants partially impaired in CpG methylation (de-
crease in DNA methylation1) or non-CpG methylation
(RNA-dependent RNA polymerase mutants rdr1, rdr2,
and rdr6 and DICER-like triple mutant dcl2/dcl3/dcl4)

showed modest increases in Pst resistance (Dowen et al.,
2012). These data are consistent with our previously
published results in which we found that several Arabi-
dopsis (Arabidopsis thaliana) dcl and rdr mutants were
more resistant to the beet cyst nematode (Heterodera
schachtii) compared with the wild type (Hewezi et al.,
2008). Chemical demethylation of the silenced resistance
Xa21-like gene, Xa21G, in rice (Oryza sativa) reestablished
its resistance function against Xanthomonas oryzae
(Akimoto et al., 2007). Similarly, induced DNA hypo-
methylation at the Nucleotide-Binding Site-Leucine-Rich
Repeat gene clusters by the Tobacco mosaic virus was
associated with increased genomic rearrangements at
these genomic loci (Boyko et al., 2007). The expression
difference between the resistant alleles of the Medicago
truncatula REP1 (for Resistance to Erysiphe pisi race1)
gene, which confers resistance against the powdery mil-
dew disease caused by the biotrophic fungus Erysiphe pisi,
was found to be correlated with the methylation status of
the promoter regions (Yang et al., 2013). In soybean,
differential hypermethylation patterns at the genomic
regions that contain multiple copies of the SCN resistance
gene Resistance to Heterodera glycines1 have been recently
identified (Cook et al., 2014). Collectively, these results
indicate that DNA methylation plays a crucial role in
regulating the immune system in response to infection
by plant pathogens, including cyst nematodes.

In this study, we used the Methyl-Seq method to
generate high-coverage genomewide DNA methylation
maps encompassing the methylation status of single
cytosine bases throughout the genome of soybean roots
during the susceptible interactions with SCN. A high
number of differentially methylated regions and over-
lapping protein-coding genes were identified. In addi-
tion, we found a significant portion of the differentially
methylated genes was among genes reported to change
expression in the soybean syncytium, pointing to a
unique role of SCN-induced DNA methylation in reg-
ulating gene expression changes during parasitism.

RESULTS

Genomewide DNA Methylation Profiling of Soybean
Roots during the Susceptible Interaction with SCN

To profile the DNA methylation patterns at single-
nucleotide resolution during the susceptible interaction
with SCN, we construction six whole-genome bisulfite-
treated DNA libraries. In these experiments, we inocu-
lated soybean ‘Williams 82’ with SCN (H. glycines-type
0 or race 3) and root tissues were collected at 5 d post
inoculation from both infected and noninfected soybean
roots from three independent experiments. Two libraries
(infected and control) from each experiment for a total of
six libraries were generated and sequenced using the
Illumina HiSeq platform. The sequencing data were
grouped into six different files, and a total number of
175 million 100-bp reads for SCN-infected samples and
182 million reads for noninfected control were obtained.
Because of the paleopolyploid nature of the soybean
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genome, a significant portion of these reads were map-
ped to more than one genomic location, and thus, these
reads were discarded. After quality filtering, a total of
about 60 million reads for each of the SCN-infected and
noninfected samples were of high quality and uniquely
mapped to the soybean genome (Wm82.a2.v1; Table I;
Schmutz et al., 2010). These high-quality sequence reads
represented about 103 genome coverage, a depth greater
than previously reported in Arabidopsis and soybean
(Dowen et al., 2012; Schmitz et al., 2013). Bisulfite con-
version efficiency was higher than 99%, as determined
using the nonmethylated l phage genome. The percent-
age of methylated cytosines in CpG, CHG, and CHH
contexts was very similar across the three biological
replicates for the SCN infected and the noninfected con-
trol (Supplemental Table S1). The SCN-infected samples
had an average of 78.6%, 56.4%, and 5.0% methylation in
overall cytosines occurring in CpG, CHG, or CHH con-
texts, respectively (Table I). Similarly, the control samples
had an average of 81%, 59.3%, and 5.5% methylation in
overall cytosines occurring in CpG, CHG, or CHH con-
texts, respectively (Table I). These data indicated that
overall average methylation levels were very similar be-
tween the SCN-infected and control samples.

Identification of Differentially Methylated Regions and
Associated Genes

Because DNA methylation tends to cluster in specific
regions of the genome (Zhang et al., 2006; Vaughn et al.,
2007; Becker et al., 2011) and differences in single cyto-
sines may not be of functional importance, a 200-bp
nonoverlapping sliding window approach was used
across the soybean genome to identify differentially
methylated regions and overlapping genes. Differentially
hyper- and hypomethylated regions between the SCN
infected and the control in CpG, CHG, and CHH contexts
were identified using P value , 0.01 and a percentage
methylation difference larger than 25%. Interestingly, in
CpG context, 718 hypermethylated regions and 1,408
hypomethylated regions were identified in the infected
roots compared with the noninfected control (Fig. 1A).
Similarly, in CHG context, 1,142 hypermethylated regions
and 2,074 hypomethylated regions were identified (Fig.
1A), whereas, in CHH context, 605 hypermethylated re-
gions and 1,210 hypomethylated regions were identified
(Fig. 1A). These results indicate that SCN induces

hypomethylation to much higher extent than hyper-
methylation.

We assigned each differentially methylated region to
proximal protein-coding genes based on the genomic
coordinates. We found 60% (428 genes), 16% (180 genes),
and 20% (120 genes) of the hypermethylated regions in
CpG, CHG, and CHH contexts, respectively, overlapped
with protein-coding genes (Fig. 1B; Supplemental Tables
S2–S4). Similarly, 58% (817 genes), 17% (350 genes), and
23% (282 genes) of the hypomethylated regions in CpG,
CHG, and CHH contexts, respectively, overlapped with
protein-coding genes (Fig. 1C; Supplemental Tables S5–
S7). As a result, a total number of 703 and 1,346 unique
genes were identified as hyper- and hypomethylated,
respectively (Supplemental Tables S8 and S9). We next
examined whether various methylation contexts occur in
individual genes. Interestingly, we identified 25 genes
that were hypermethylated in more than one context. Six
of these genes were found to be hypermethylated in both
CHH and CHG contexts (x2 = 34.862 and P = 1.30E-07),
six genes in CHH and CpG (x2 = 9.275 and P = 0.026),
and 13 genes in CpG and CHG contexts (x2 = 37.786 and
P = 3.138E-08; Fig. 2B; Supplemental Table S8). Also, we
identified 12 genes that were hypomethylated in both
CHH and CHG contexts (x2 = 20.059 and P = 0.00017),
15 genes in CHH and CpG (x2 = 5.392 and P = 0.145),
and 78 genes in CpG and CHG contexts (x2 = 457.025
and P = 9.797E-99; Fig. 2C; Supplemental Table S9).

To determine if certain genic regions are associated
with a specific methylation context, we examined the
distribution of differentially hyper- and hypomethylated
genes in various annotated features of genic regions,
including promoter regions, 1,000 bp upstream of the
transcription start site, exons, and 59 and 39 untranslated
regions. The hyper- and hypomethylation in CpG and
CHG contexts occur predominantly in the gene body
and to much less extent in the flanking regions, whereas
CHH hypermethylation was mainly located in the pro-
moter regions (Fig. 1, D and E; Supplemental Tables S8
and S9). A set of 45 genes showed both hyper- and
hypomethylation in various genic regions (Supplemental
Tables S8 and S9).

To examine whether specific genomic regions are
preferentially targeted for differential methylation dur-
ing SCN infection, we mapped the differentially meth-
ylated regions to the 20 soybean chromosomes. The
genomic distribution of the differentially methylated
regions revealed that CpG and CHH regions were most

Table I. Summary of cytosine methylation in control and SCN-infected samples

Context Control SCN Infected

Total no. of high-quality reads analyzed 91,560,375 87,972,505
No. of reads with unique hits 59,900,029 59,875,941
Mapping efficiency percentage 65.40 68.06
Bisulfite conversion efficiency percentage 99.6 99.6
Total no. of C’s analyzed 1,874,012,046 1,792,959,026
Percentage of C’s in CpG context that are methylated 81.00 78.60
Percentage of C’s in CHG context that are methylated 59.30 56.40
Percentage of C’s in CHH context that are methylated 5.50 5
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enriched near the ends of the chromosomes (subtelomeric
regions) and to a lesser extent in nontelomeric and cen-
tromeric regions (Fig. 2A). By contrast, CHG regions were
mainly localized in nontelomeric regions (Fig. 2A), con-
sistent with the preference of CHG methylation of target-
ing transposon-rich regions (Lister et al., 2008), which are
located in the chromosome centers (Schmutz et al., 2010).
The numbers of differentially hyper- and hypomethylated
regions in CpG, CHG, and CHH were found to be sig-
nificantly correlated with the chromosome size (P , 0.05).
Thus, the differentially methylated regions seem to be
equally distributed across the 20 chromosomes, taking into
consideration chromosome size (Fig. 2, B and C).
It has been suggested that DNA methylation, partic-

ularly gene body methylation, exhibits a bias toward
long genes versus short genes (Takuno and Gaut, 2013).
Thus, we tested whether a correlation between DNA
methylation/demethylation and gene size occurs. The
methylation levels were plotted against the size of dif-
ferentially hyper- and hypomethylated genes. No bias
toward long genes was observed in any sequence con-
text (Supplemental Fig. S1, A–C), suggesting that
methylation/demethylation occurs independently of
gene size. Similarly, we asked whether GC content in
the differentially methylated regions (200 bp) correlates

with the methylation levels. The differential methylation
levels in various sequence contexts were plotted against
the GC content of the differentially hyper- and hypo-
methylated regions. A constant profile of methylation
levels versus various levels of GC content was observed
(Supplemental Fig. S1, D and E), indicating that differ-
ential methylation occurs independent of GC content.

Recently Duplicated Soybean Genes Exhibit Strong
Preference for Differential Methylation in Response to
SCN Infection

It has been suggested that the soybean genome expe-
rienced two whole genomewide duplication (WGD)
events approximately 59 and 13 million years ago (Myr;
Schmutz et al., 2010). We examined if differential meth-
ylation targets specifically genes contributed by a specific
WGD event. We scanned the soybean genome for du-
plicate blocks that contain the differentially hyper- and
hypomethylated genes and identified 673 collinearity
events among the 703 hypermethylated genes and 1,163
events among the 1,346 hypomethylated genes. When
we calculated the synonymous distance (Ks) values of
these events, we found that recently duplicated genes

Figure 1. Characterization of differentially methylated regions in soybean roots in response to SCN infection. A, Number of
differentially hyper- and hypomethylated regions between SCN-infected and noninfected roots in CpG, CHG, and CHH
contexts. B and C, Number of protein-coding genes overlapping with differentially hypermethylated regions (B) or with
hypomethylated regions (C) in CpG, CHG, and CHH contexts. The total number of differentially methylated regions in each
context is shown in parentheses. D and E, Distribution of differentially hypermethylated regions (D) and hypomethylated re-
gions (E) to various annotated features of protein-coding genes. UTR, Untranslated region.
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contributed by the 13-Myr WGD (Ks = 0.06–0.39) are
preferentially targeted for differential methylation com-
pared with those genes contributed by the 59-Myr WGD
(Ks = 0.40–0.80). Specifically, 2.71% (453 genes) of the
paralogs contributed by the 13-Myr WGD were hyper-
methylated (x2 = 18.228 and P = 3.946E-04) versus 2.2%
(194 genes) of the paralogs contributed by the 59-Myr

WGD (x2 = 1.831 and P = 0.608; Fig. 3A). Likewise, 4.68%
(783 genes) of the paralogs contributed by the 13-Myr
WGDwere hypomethylated (x2 = 32.194 and P = 4.763E-
07) versus 3.87% (341 genes) of the paralogs contributed
by the 59-Myr WGD (x2 = 2.025 and P = 0.567; Fig. 3B).
We further asked whether homologous genes are
targeted similarly for differential methylation. Careful

Figure 2. Genomewide mapping of differentially methylated regions and associated genes. A, A circle diagram showing
chromosomal locations of the differentially hyper- and hypomethylated regions in CpG, CHG, and CHH contexts and over-
lapping genes into the 20 soybean chromosomes (Chr 1–Chr 20). B and C, Distribution of the differentially hypermethylated
regions (B) and hypomethylated regions (C) in the 20 soybean chromosomes.
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examination of the collinear genomic regions among the
differentially hyper- and hypomethylated genes resulted
in the identification of 69 duplicated regions. These 69
duplicated regions contained 133 differentially methyl-
ated genes (Fig. 3C). Homologs among these 133 genes
are connected by red lines in Figure 3C.

Differential Methylation Impacts Gene Expression Levels
in SCN-Infected Roots

Recent studies have indicated that the effects of DNA
methylation on gene expression levels differ depending
on the genic regions and methylation context (Gent
et al., 2013; Schmitz et al., 2013; Yang et al., 2015). Thus,
we assayed the impact of DNA methylation in gene
body and promoter regions on gene expression levels.
RNA was isolated from the same SCN-infected and
control samples and used in quantitative PCR (qPCR)
assays. A set of 24 genes (eight for each sequence con-
text) was randomly selected to represent hyper- and
hypomethylation in gene body and promoter regions.
Twenty-one of these 24 genes showed significant
changes in mRNA expression levels in response to SCN

infection relative to noninfected control (Fig. 4, A–D).
qPCR analysis also revealed an association between
gene body hypermethylation and both increased and
decreased gene expression levels (Fig. 4A). By contrast,
hypomethylation in gene body showed a general trend
of increased gene expression levels (Fig. 4C). Also, in-
creased CpG, CHG, and CHH methylation in the pro-
moter regions showed positive or negative impacts on
expression levels (Fig. 4B), whereas demethylation
showed a trend of increased gene expression levels (Fig.
4D). These data suggest that differential methylation
associated with SCN infection may have heterogeneous
effects on gene expression levels.

Differentially Methylated Genes of SCN-Infected Roots
Are Associated with Various Molecular Functions

We classified the differentially methylated region-
associated genes into different groups by molecular
function using the Gene Ontology (GO) categorization
from the AgriGO database (Du et al., 2010) and con-
ducted an enrichment analysis using Fisher’s exact test
(P , 0.05). Molecular function groups corresponding to

Figure 3. Recently duplicated soybean genes are preferentially targeted for differential methylation in response to SCN in-
fection. A, Percentages of hypermethylated genes with various Ks values relative to the total number of paralogs that were contributed
by the 13-Myr WGD (red bars; Ks = 0.06–0.39) or by the 59-Myr WGD (blue bars; Ks = 0.40–0.80). B, Percentages of the hypo-
methylated genes with various Ks values relative to the total number of paralogs that were contributed by the 13- or 59-Myr WGD
events. The Ks values for all differentially methylated genes were calculated using MCScanX program. C, Homologous genes were
targeted correspondingly for differential methylation. Shown are 69 collinearity events (red lines) among 133 differentially methylated
genes. Gray lines represent whole-genome duplicated genes contributed by the 13- and 59-Myr WGD events. Chr, Chromosome.
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binding activity, transferase activity, catalytic activity, and
hydrolase activity are significantly enriched among the
differentially methylated genes (Supplemental Tables S10
and S11). While it seems likely that methylation and de-
methylation impact various molecular function categories
to a similar degree, we observed a significant difference in
a number of molecular function groups between the dif-
ferentially hyper- and hypomethylated genes, specifically
those associated with nucleic acid binding, RNA binding,
RNA polymerase activity, hydrolase activity, microtubule
and cytoskeletal protein binding, and kinase activity
(Supplemental Tables S10 and S11).

Identification of Syncytium Genes That Are under
Methylation Control

To identify syncytial genes that are under methylation
control, we compared the differentially hyper- and
hypomethylated genes identified by us with our refer-
ence list of genes that change the expression in the syn-
cytium induced by SCN (6,903 genes; Ithal et al., 2007;

Klink et al., 2009, 2010; Kandoth et al., 2011). We found
70, 16, and 13 genes of the differentially hypermethylated
genes in CpG, CHG, and CHH contexts, respectively,
that overlapped with syncytial differentially expressed
genes (Fig. 5A). Similarly, 123, 30, and 44 genes of the
differentially hypomethylated genes in CpG, CHG, and
CHH contexts, respectively, were found to be over-
lapped with syncytial differentially expressed genes (Fig.
5B). After eliminating duplicated genes that were dif-
ferentially methylated in more than one context, we
identified 93 of the differentially hypermethylated genes
(Supplemental Table S12) and 193 of the differentially
hypomethylated genes (Supplemental Table S13) as
overlapping with the 6,903 syncytium-regulated genes.
Eight genes showed both hyper-and hypomethylation in
different genic regions, resulting in 278 unique syncy-
tium differentially methylated genes. These 278 genes
were classified using GO terms into various molecular
function categories, including binding activity, catalytic
activity, transferase activity, kinase activity, and hydrolase
activity (Fig. 5C). These categories were distributed to a

Figure 4. qPCR quantification of the impact of DNA methylation in gene body and promoter regions on gene expression levels.
A and B, Hypermethylation in gene body (A) or promoter regions (B) in various sequence contexts showed heterogeneous
effects on gene expression levels. C and D, Hypomethylation in gene body (C) or promoter regions (D) in various sequence
contexts was mainly associated with increased gene expression levels. The relative fold-change values were calculated using
the 22DDCT method and represent changes of the expression levels in SCN-infected root tissues relative to noninfected controls.
Data are averages of three biologically independent experiments 6 SE. Mean values significantly different from 1.0 (no change)
are indicated by an asterisk as determined by Student’s t tests (P , 0.05). Soybean ubiquitin (Glyma.20G141600) was used as
an internal control to normalize gene expression levels.
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similar extent in hyper- and hypomethylated genes
overlapping with syncytium (Fig. 5D). Enrichment anal-
ysis revealed that genes involved in structural molecule
activity and cofactor binding were significantly enriched
among the 93 differentially hypermethylated genes. Genes
involved in sequence-specific DNA binding, hydrolase
activity, and peptidase activity were significantly enriched
among the 193 differentially hypomethylated genes.

DISCUSSION

We examined the impacts of SCN infection on the
genomewide DNA methylation patterns in soybean
roots and identified both differentially methylated

regions and the associated genes in CpG, CHH, and
CHG contexts. Our analysis provided several, to our
knowledge, new insights into DNA methylation
changes associated with SCN parasitism of soybean
roots. We found that SCN induces hypomethylation
to a much higher degree compared with hyper-
methylation in all sequence contexts. This may explain
the increased number of up-regulated SCN-responsive
genes relative to down-regulated genes reported in
various global gene expression studies (Ithal et al.,
2007; Klink et al., 2009; Kandoth et al., 2011). A high
proportion of demethylated cytosines has also been
reported to occur in response to bacterial infec-
tion (Dowen et al., 2012). When the differentially
methylated regions were assigned to overlapping

Figure 5. Identification of syncytium genes that are under methylation control. A and B, Venn diagrams showing overlap
between syncytium differentially expressed genes and those identified as hypermethylated genes (A) or hypomethylated genes
(B) in various sequence contexts. Ninety-three of the differentially hypermethylated genes and 193 of the differentially hypo-
methylated genes were identified as overlapping with the 6,903 syncytium differentially expressed genes. C, GO categorization
of the molecular function of 278 unique syncytium differentially methylated genes. Only categories represented by at least three
genes were included. D, Comparison of GO categorization of the molecular function between the 93 hypermethylated and the
193 hypomethylated genes overlapping with syncytium differentially expressed genes.
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protein-coding genes, we found that methylation/
demethylation occurs predominantly in the gene body
in CpG and CHG contexts (Fig. 1, E and D), similar to
the methylation patterns of Arabidopsis plants exposed
to various biotic stresses (Dowen et al., 2012). The en-
richment of non-CpG methylation in gene body is in
contrast to recent findings in which gene body methyl-
ation was limited to CpG context (Cokus et al., 2008;
Lister et al., 2008; Greaves et al., 2012; Takuno and Gaut,
2013). This controversy is presumably due to the fact
that these studies used unchallenged plants. Whether
differential gene body methylation in non-CpG contexts
is a specific signature of plant response to biotic stresses
needs to be investigated further.

It has been demonstrated that variable methylation
over the gene body is a general feature of plant and
animal genomes (Cokus et al., 2008; Lister et al., 2008;
Ball et al., 2009; Laurent et al., 2010). While the suite of
functions of this methylation is not fully understood, it
has been suggested that it might regulate alternative
splicing efficiency and prevent aberrant transcription of
long genes (Zilberman et al., 2007; Luco et al., 2010;
Maunakea et al., 2010; Regulski et al., 2013). Gene body
methylation/demethylation, specifically in CpG and
CHH contexts, does not seem to severely impact gene
expression in response to SCN infection. A moderate up-
and down-regulation of differentially methylated genes
was observed in our qPCR assays (Fig. 4, A and C),
suggesting that gene body methylation may fine-tune
the transcriptional activity of targeted genes (Zilberman
et al., 2007). The heterogeneous effect of body meth-
ylation on gene expression could be linked to the extent
of methylation in the target genes. Moderate methyla-
tion tends to enhance gene expression, whereas low or
high methylation tends to inhibit gene expression
(Wang et al., 2013). The impact of gene body methyla-
tion on gene expression may also depend on the genic
regions. Strong associations between DNA methylation
in the first exon and gene down-regulation have been
reported in plants and animals (Brenet et al., 2011; Yang
et al., 2015). First exon methylation was found to block
transcript initiation and cause proximal polymerase
pausing in human cells (Okitsu and Hsieh, 2007), and a
similar mode of function has been suggested to occur in
plants (Zilberman et al., 2007).

In addition to gene body methylation, we found the
promoters of 447 genes were differentially methylated
in CpG (153 genes), CHG (84 genes), and CHH (210
genes) contexts. Differential methylation, particularly
in the promoter regions, may impact the accessibility
of regulatory factors to their cis-elements, thereby reg-
ulating the transcriptional activity of SCN-responsive
genes. Although DNA methylation in the promoter
regions is often associated with decreased transcrip-
tional activity, we observed a positive association be-
tween DNA methylation in the promoter and the
expression levels of two genes in our qPCR analysis.
Hypermethylation in the promoter region of these two
genes may overlap with the binding sites of transcrip-
tional repressor factors, where inefficient binding

associated with increased DNA methylation may re-
sult in increased gene transcription. Similarly, CHH
methylation in the promoter regions was found to
positively impact gene expression in maize (Zea mays;
Gent et al., 2013).

Interestingly, a small portion of the differentially
methylated genes (126/2,049) were found to be methyl-
ated in more than one sequence context simultaneously.
This suggests that differential methylation in various
contexts mostly occurs independently of each other,
which is consistent with the fact that DNA methylation
in CpG, CHG, and CHH are mediated by three different
enzymes, including DNA METHYLTRANSFERASE1,
the plant-specific CHROMOMETHYLASE3, and DRMs,
respectively (Lindroth et al., 2001; Cao and Jacobsen,
2002; Kankel et al., 2003). Although the biological sig-
nificance of simultaneous methylation in various sequence
contexts remains an important question, a coordinated
function of these enzymes may occur and could involve
other epigenetic regulating factors and various forms of
RNA polymerase activity.

SCN dramatically alters the transcription machinery
of infected host cells (Klink et al., 2009, 2010; Kandoth
et al., 2011), a process that may generate aberrant tran-
scripts. These aberrant transcripts are processed by the
RNA-induced silencing complex into siRNAs, which
can induce DNA methylation through the RNA-
directed DNA methylation pathway (Chan et al.,
2005; Henderson and Jacobsen, 2007). The finding that
24-nucleotide small RNA reads are the most abundant
class among other small RNA populations in nematode-
infected root samples (Hewezi et al., 2008; Li et al., 2012)
supports this hypothesis. SCN infection seems to trigger
systemic hyper- and hypomethylation in root cells that
are not in direct contact with the nematodes. This is
consistent with our finding that several of the differen-
tially methylated genes, identified using the whole root
system, change the expression in response to SCN in-
fection, but only 4% (278/6,903) of these genes were
among the syncytium differentially expressed genes. The
mechanism through which SCN induces methylation
changes in a systemic manner is unknown, but this
process may involve active gene expression changes of
main epigenetic regulating genes and SCN-responsive
siRNAs. Several epigenetic regulating genes were iden-
tified as differentially expressed in the SCN syncytium
(Ithal et al., 2007; Klink et al., 2010; Kandoth et al., 2011).
In addition, SCN induces differential accumulation of
siRNAs (Li et al., 2012), and hence siRNA may function
in a non-cell-autonomous fashion similar to the mobile
epigenetically activated siRNAs in pollen (Slotkin et al.,
2009) to shape the epigenome of nonsyncytial cells.

One striking finding of our analysis is that differ-
ential methylation was significantly enriched in the
recently duplicated genes compared with early dupli-
cated genes. In agreement with this finding, it has been
recently reported that differential methylation in DNA
occurs in a recently duplicated region of the genome
(Schmitz et al., 2013; Keller and Yi, 2014). This pat-
tern of methylation differences may contribute to gene
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dosage rebalance, thereby providing cell-type-specific
regulation. Targeting recently duplicated genes for
differential methylation by SCN could be due to the
plausible association of the recently duplicated genes
with disease and stress responses over the ancient
copies, which are assumed to be involved in more basic
and less stress-related cellular processes (Kondrashov,
2012).
Our finding that only 4% of the syncytium differen-

tially expressed genes is differentially methylated sug-
gests that regulation of gene expression in syncytium is
heavily influenced by the well-known transcription
factor-based regulatory mechanisms. Remarkably, we
found several genes involved in DNA methylation and
epigenetic regulation among the syncytium differentially
methylated genes, including homologs of Arabidopsis
O-acetyltransferases, S-adenosyl-L-Met-dependent meth-
yltransferase protein, dicer-like4, DEFECTIVE IN
MERISTEM SILENCING2, Suppressor of variegation
3-9 homolog9, chromatin remodeling complex subunit
B, chromatin remodeling factor17, and a plant
homeodomain finger family protein. This indicates that
methylation changes in the syncytium are tightly controlled
and a feedback loop may exist between various epigenetic
components that regulates gene expression changes in the
syncytium. A feedback regulatory loop between various
epigenetic components has been recently suggested (Du
et al., 2012).
Differential methylation induced by SCN in the syn-

cytium seems to impact genes associated with various
molecular functions. Suppression of defense responses is
one of the main characteristics of the compatible inter-
action between SCN and soybean (Ithal et al., 2007;
Hosseini and Matthews, 2014). Though a high propor-
tion of defense-related genes was found to be down-
regulated in the syncytium, only a few of these genes
were differentially methylated. This is in contrast to the
finding that differential methylation induced by the
bacterial pathogen Pst in Arabidopsis is preferentially
associated with genes involved in defense responses
(Dowen et al., 2012; Yu et al., 2013).
Differential methylation may also contribute to the

regulation of phytohormone-mediated soybean suscepti-
bility to SCN. Various genes involved in auxin signaling
were among the differentially methylated genes in the
syncytium, including an auxin receptor homolog, auxin
response factor8, and indole-3-acetic acid inducible9.
Auxin plays crucial roles in the initiation and formation
of the syncytium (Grunewald et al., 2009; Gheysen and
Mitchum, 2011; Hewezi et al., 2014), and regulation of
auxin signaling by DNA methylation was recently
reported in Arabidopsis (Li et al., 2011). In addition, a
homolog to Arabidopsis histone deacetylase1, which is
involved in jasmonic acid and ethylene-dependent path-
ogen resistance, was differentially methylated (Zhou
et al., 2005; Choi et al., 2012). Another homolog to the
Arabidopsis ethylene insensitive3 (EIN3) family protein
was also among the syncytium hypomethylated genes.
EIN3 is a transcription factor that mediates downstream
transcriptional cascades for ethylene responses (Chao

et al., 1997; Binder et al., 2007), and various Arabidopsis
EIN mutants showed reduced susceptibility to the beet
cyst nematode (Wubben et al., 2001; Wubben et al., 2004).

The plant cytoskeleton plays a fundamental role in
mediating changes in the morphology and structure of
the syncytium (de Almeida Engler and Favery, 2011),
and DNA demethylation may contribute to the regu-
lation of this process. Genes involved in the dynamics
of the cytoskeleton, including b tubulin, microtubule-
associated protein, and Never in Mitosis A-related
Ser/Thr kinase, were identified as differentially
methylated in the syncytium. Similarly, cell wall bio-
genesis is extensively altered during syncytium initia-
tion and expansion (Golinowski et al., 1996; Wieczorek
et al., 2008; Siddique et al., 2009; Tucker et al., 2011).
Several genes coding for enzymes with functions related to
cell wall architecture and remodeling showed differential
methylation accompanied with gene expression changes
in the syncytium. This included, for example, cellulose
synthase, pectate lyases, galacturonosyltransferase, and b
galactosidase.

Signal transduction and regulatory genes, such as
those encoding transcription factors and protein kinases,
represent a significant portion of syncytium differen-
tially methylated genes. Transcription factors belonging
to Cys2-His2 zinc finger, basic region/Leu zipper motif,
MYB, WRKY, calmodulin-binding transcription activa-
tor, B-Box Zinc Finger, Cys-rich polycomb-like protein,
and homeobox-plant homeodomain family proteins
were differentially methylated in the syncytium. Mem-
bers of some of these gene families have been shown to
be involved in defense-signaling pathways (Eulgem and
Somssich, 2007; Reddy et al., 2011; Ambawat et al.,
2013). In addition, a high number of protein kinases
were highly represented among the syncytium differ-
entially methylated genes, including components of
mitogen-activated protein kinase signaling cascades.
Thus, DNA methylation may be of particular impor-
tance in defining signal specificity associated with SCN
parasitism. An important reprogramming of plant pri-
mary metabolism also occurs throughout syncytium
formation and nematode feeding (Hofmann et al., 2010).
Several genes involved in primary metabolism path-
ways, specifically those related to carbohydrate degra-
dation and glycolysis, were differentially methylated.
The potential transcriptional regulation of metabolic
processes by DNA methylation may indicate that me-
tabolite levels in the syncytium are tightly controlled.

Recent experimental evidence indicated that various
plant pathogens have evolved the ability to manipulate
the host ubiquitin/proteasome system (UPS) to cause
disease (Dielen et al., 2010). UPS seems to play a vital role
in syncytium formation, as many genes with UPS-related
functions were found to be significantly up-regulated in
the developing syncytia during a compatible interaction
between SCN and soybean (Ithal et al., 2007; Klink et al.,
2007). Demethylation of many of these genes, including,
for example, proteasome component domain pro-
tein, MATH-BTB (for meprin and TRAF homology-
broad complex, tramtrack, bric-a-brac) domain protein,
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and ubiquitin protein ligase, may be the cause of their
up-regulation in the syncytium. The finding that cyst
nematodes secrete effector proteins that may function in
dysregulation of host UPS (Tytgat et al., 2004; Chronis
et al., 2013) may point to a role of differential methyl-
ation as an additional mechanism of control to regulate
particular cellular processes targeted by nematode ef-
fectors to promote parasitism.

In conclusion, our genomewide DNA methylation
approach provides unprecedented insights into DNA
methylation changes during the compatible interaction
of SCN with soybean that impact a large number of
protein-coding genes, locally in the syncytium and
systemically in noninfected root cells, and their even-
tual transcriptional regulation.

MATERIALS AND METHODS

Plant and Nematode Material

Soybean (Glycine max) ‘Williams 82,’ an SCN (Heterodera glycines)-suscep-
tible cultivar, was used in this study. SCN race 3 (H. glycines-type 0) was
maintained in greenhouse culture on cv Williams 82 using standard proce-
dures (Niblack et al., 2009).

Nematode Inoculation and Tissue Collection

Soybean seeds were soaked in running tap water for 30 min and surface
sterilized in 10% (v/v) bleach solution for 10 min, followed by thorough rinsing in
running tap water. Seeds were germinated for 3 d in rolled germination paper (rag
dolls) at 26°C in the dark. Freshly hatched second-stage juveniles (J2) were ex-
tensively washed and suspended in 0.1% (w/v) sterile agarose at a concentration
of 400 J2 per 100 mL. Healthy 3-d-old seedlings were then placed on moist blue
blotter paper in the petri dish (150 3 15 mm) and inoculated with about 2,000 J2
distributed equally around the whole roots. Control samples were mock inocu-
lated with 500 mL of 0.1% (w/v) agarose. SCN-inoculated and control roots were
covered with sterile blue blotter paper soaked with MES-buffered sterile water
(pH 6.5). The petri dishes were then covered with the lids and incubated in a plant
growth chamber at 26°C in 16 h of light (75 mmol m–2 s–1)/8 h of dark conditions.
The infection process was examined in 20% of the inoculated samples using acid
fuschin stain as previously described by Daykin and Hussey (1985). The inocu-
lation experiment was repeated three times for each of the two root samples
(infected and control), for a total of six biologically independent samples that were
collected at 5 d post infection. Each sample contained at least six seedlings.

Construction of Methyl-Seq Libraries

Whole-genome Methyl-Seq libraries were prepared using the Illumina TruSeq
Library Prep Kit with minor modifications. Briefly, DNA was extracted from root
tissues of control and inoculated seedling using DNeasy Plant Mini Kit (Qiagen).
Approximately, 1.5 mg of genomic DNA plus unmethylated l DNA was sheared
using the Bioruptor (Diagenode) as per manufacturer instructions. Sheared ge-
nomic DNA was spiked with 1% to 2% (v/v) of fragmented, unmethylated l

DNA (Promega). Fragment size distribution of 250 to 400 bp for each sample was
verified by a run on an Agilent Bioanalyzer using a 1,000 DNA chip (Agilent
Technologies). Cytosine-methylated adapters provided by Illumina were ligated to
the blunt ends of fragmented DNA. The ligated DNA was treated with sodium
bisulfite using the MethylCode Bisulfite Conversion Kit (Invitrogen), and ligated
fragments (400–500 bp) were selected on a Pippin prep (Sage Sciences). Post size
selection, samples were enriched by 10 cycles of PCR reaction using 2.5 units of
uracil-insensitive PfuTurboCxHotstart polymerase (Agilent), 5 mL of 103 PfuTurbo
buffer, 0.4 mL of 100 nM deoxynucleoside triphosphate, and 5 mL of Illumina
Truseq oligo mix. The PCR reactions were run using the following program: 95°C
for 2 min and 10 cycles of 98°C for 15 s, 60°C for 30 s, and 72°C for 4 min, followed
by a final elongation step of 10 min at 72°C. The amplification products were
cleaned using Agencourt AMPure XP beads (Beckman Coulter). Purified PCR
products were enriched further for five cycles of PCR amplification using Illumina’s
protocol for library enrichment. Finally, Methyl-Seq libraries were validated

on an Agilent Bioanalyzer using a 1,000 DNA chip (Agilent Technologies) and
quantified using Illumina sequencing primers in a qPCR reaction before se-
quencing. Sequencing was performed at Oak Ridge National Laboratory using
the Illumina HiSeq platform.

Data Analysis

MethylC-Seq reads for each biological replicate were filtered and trimmed
using Trimmomatic with a phred quality threshold of 33 (Bolger et al., 2014). All
sequencing reads were individually mapped using Bismark (Krueger and
Andrews, 2011) to the soybean genome reference (Wm82.a2.v1). The alignments
were done using the default software options for paired-end read alignment. The
SAM alignment files generated by Bismark were used to identify differentially
methylated cytosine bases or regions using the methylKit package in R with lo-
gistic regression (Akalin et al., 2012). Cytosines were called if the genomic region
was covered by at least 10 reads, and three methylation call files for CpG, CHG,
and CHH contexts were generated for both infected and control samples. Dif-
ferentially methylated regions were identified using a nonoverlapping window of
200 bp. Hypo/hypermethylated regions covered by at least 10 reads with per-
centage methylation difference larger than 25% were identified using q-value
, 0.01. Fisher’s exact test was used to calculate P values, and P values were
adjusted to q-values using the SLIM method (Wang et al., 2011). The location and
function of genes in the soybean genome version Wm82.a2.v1 were downloaded
from Phytozome (Goodstein et al., 2012). Differentially methylated regions were
mapped to various annotated features of genic regions, including protein-coding
genes, and their subfeatures, including promoter regions, exons, and 59 and
39 untranslated regions, using a custom R script and the Bioconductor package
rtracklayers (Lawrence et al., 2009). The promoter region was defined as 1,000
bases upstream of the first base of the mRNA annotated region. A positive
overlap was recorded if the 200-bp region overlapped the feature or subfeature by
1 bp or more. GO enrichment analysis was performed using the AgriGO database
(Du et al., 2010), and statistical significance was determined using Fisher’s exact
test and a P value cutoff less than 0.05. Enrichment analyses of the differen-
tially methylated genes were conducted using the latest annotated version of the
soybean genome (Wm82.a2.v1) as background genes. Enrichment analyses of the
differentially hyper- and hypomethylated genes that overlap with the syncytium
differentially expressed genes were conducted using the total number of differ-
entially methylated genes (2,004 genes) as background genes. x2 tests of inde-
pendence were used to evaluate the significance of overlaps between various
gene lists as previously described by Hewezi et al. (2012).

RNA Isolation and qPCR Quantifications

Total RNA was extracted from frozen ground root tissues using the method
previously described by Verwoerd et al. (1989). Total RNA was treated with
DNase using DNase I kit (New England Biolabs). Fifty nanograms of DNase-
treated RNAwas used for complementary DNA synthesis and PCR amplification
using the Verso One-Step qPCR SYBR Kit (Fisher Scientific) according to the
manufacturer’s protocol. The reactions were run on an ABI 7900HT Fast Real-
Time PCR System (Applied Biosystems) using the following program: 50°C for
15 min, 95°C for 15 min, and 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for
20 s. A dissociation curve was created after PCR amplification to detect non-
specific products using the following program: 95°C for 15 s, 50°C for 15 s, and a
slow ramp from 50°C to 95°C. Three biologically independent samples of the SCN
infected and noninfected control, each with four technical replicates, were used in
qPCR analysis. The soybean ubiquitin (Glyma.20G141600), a constitutively
expressed gene, was used as an internal control to normalize gene expression
levels. Quantification of gene expression changes in SCN-infected samples rela-
tive to noninfected control were performed as previously described by Hewezi
et al. (2015). The primer sequences used in qPCR analysis are provided in
Supplemental Table S14.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Differential methylation levels are independent
of gene size and GC content.

Supplemental Table S1. Summary of cytosine methylation of the Methyl-
Seq libraries prepared from SCN-infected and control samples.

Supplemental Table S2. List of 428 hypermethylated genes in CpG con-
text.
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Supplemental Table S3. List of 180 hypermethylated genes in CHG
context.

Supplemental Table S4. List of 120 hypermethylated genes in CHH
context.

Supplemental Table S5. List of 817 hypomethylated genes in CpG context.

Supplemental Table S6. List of 350 hypomethylated genes in CHG
context.

Supplemental Table S7. List of 282 hypomethylated genes in CHH
context.

Supplemental Table S8. List of 703 unique hypermethylated genes in all
sequence contexts.

Supplemental Table S9. List of 1,346 unique hypomethylated genes in all
sequence contexts.

Supplemental Table S10. GO enrichment analysis of the differentially
hypermethylated genes.

Supplemental Table S11. GO enrichment analysis of the differentially
hypomethylated genes.

Supplemental Table S12. List of 93 syncytium differentially hypermethy-
lated genes.

Supplemental Table S13. List of 193 syncytium differentially hypomethy-
lated genes.

Supplemental Table S14. Primer sequences used in qPCR assays.
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