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1  |  INTRODUC TION

Pathogen effector proteins are necessary for colonization and in-
fection of hosts (Bialas et al.,  2018; Jones & Dangl,  2006; Ngou 
et al., 2022; Sánchez-Vallet, 2018; Wang & Wang, 2018). Although 
plant pathogens—which include oomycetes, fungi, bacteria, 

nematodes, and insects—have various lifestyles, most effector genes 
are induced upon infection (Chen et al., 2021; Petre et al., 2020; Ye 
et al., 2011). Studies on effector gene regulation and function en-
hance our understanding of pathogen virulence and host suscep-
tibility (Jiang & Tyler,  2012; Wang & Wang,  2018). Phytophthora 
sojae is the causal agent of soilborne root and stem rot in soybean, 
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Abstract
Plant pathogens secrete effector proteins to overcome host immunity and promote 
colonization. In oomycete plant pathogens, the expression of many effector genes 
is altered upon infection; however, the regulatory mechanisms are unclear. In this 
study, we identified a su(var)3–9, enhancer of zeste, and trithorax (SET) domain 
protein-encoding gene, PsKMT3, that was highly induced at early infection stages in 
Phytophthora sojae. Deletion of PsKMT3 led to asexual development and pathogenic-
ity defects. Chromatin immunoprecipitation followed by sequencing (ChIP-seq) and 
western blot analyses demonstrated that histone H3K36 trimethylation (H3K36me3) 
was significantly reduced genome-wide in mutants. RNA-seq analysis identified 374 
genes encoding secreted proteins that were differentially expressed in pskmt3 at 
the mycelium stage. The significantly altered genes encompassed the RxLR (Arg-x-
Lys-Arg) effector gene family, including the essential effector genes Avh23, Avh181, 
Avh240, and Avh241. Transcriptome analysis at early infection stages showed mis-
regulation of effector gene expression waves in pskmt3. H3K36me3 was directly and 
indirectly associated with RxLR effector gene activation. Our results reveal a role of 
a SET domain protein in regulating effector gene expression and modulating histone 
methylation in P. sojae.
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which causes significant yield loss and costs $1–2 billion annually 
(Tyler,  2007; Wrather & Koenning,  2006). P. sojae contains more 
than 2000 genes encoding secreted proteins, including RxLR ef-
fectors (Tyler, 2007). Most RxLR genes are induced 2- to 120-fold 
during early infection stages. These effectors are categorized into 
immediate-early and early effectors based on their expression pat-
tern (Wang et al., 2011). As a consequence of their virulence func-
tion, misexpression of key effectors severely reduces the virulence 
of P. sojae transformants (Wang et al., 2011). However, how effector 
gene expression is concertedly regulated is unclear.

Histone modifications, which occur on a series of histone 
residues, play important roles in gene expression regulation and 
development in eukaryotes. Typically, trimethylation of histone 
H3 lysine 4 (H3K4me3) and lysine 36 (H3K36me3) are associated 
with actively expressed genes in euchromatic regions, whereas 
trimethylation of H3K9me and H3K27me are associated with 
gene repression in heterochromatin (Hyun et al., 2017; Rando & 
Chang, 2009; Wagner & Carpenter, 2012). However, H3K36me3 is 
not associated with gene activation in fungi (Janevska et al., 2018; 
Lukito et al.,  2020). Furthermore, transcriptional repression by 
H3K36me3 has been reported in yeasts (Landry et al.,  2003; 
Rechtsteiner et al.,  2010; Strahl et al.,  2002). Numerous cellular 
processes, such as DNA repair and alternative splicing, depend on 
H3K36me3 in higher eukaryotes (Kim et al., 2011; Sun et al., 2020). 
Histone methylation is modulated by methyltransferases and de-
methylases, and most specific histone lysine methyltransferases 
are SET domain-containing proteins (Dillon et al.,  2005). KMT3 
enzymes catalyse the methylation of H3K36 (Allis et al.,  2007; 
Freitag, 2017; Wagner & Carpenter, 2012). The Set2–Rpb1 inter-
acting (SRI) domain of the H3K36 methyltransferase Set2/KMT3 
enables its interaction with RNA polymerase II and the methyla-
tion of H3K36 during transcriptional elongation (Hyun et al., 2017; 
Kizer et al., 2005). However, the function of H3K36me3 in oomy-
cetes is unknown.

Histone methylation is involved in effector gene regulation in 
plant pathogens (Chujo & Scott, 2014; Clairet et al., 2021; Collemare 
& Seidl,  2019; Kramer et al.,  2022; Meile et al.,  2020; Soyer 
et al.,  2014). Effector genes are repressed in vitro by heterochro-
matin marks, and the dynamics of histone modifications contribute 
to effector gene regulation (Meile et al.,  2020; Soyer et al.,  2014; 
Zhang et al., 2021). H3K36me3 can negatively or positively regulate 
effector gene expression in Epichloë festucae (Lukito et al., 2020). An 
effector gene in P. sojae is a target of heterochromatin marks (Wang 
et al., 2020). P. sojae Avr1b silencing mediated by H3K27me3 pro-
vides highly adaptive plasticity to overcome defence mechanisms 
in hosts carrying the  corresponding R gene (Wang et al.,  2020). 
Although the function of silencing histone marks in P. sojae epidem-
ics has been evaluated, little is known about the role of active epi-
genetic marks, such as H3K36me3, in effector gene expression, and 
it remains to be elucidated to what degree these active marks affect 
pathogenicity and effector gene expression waves.

To investigate the mechanism of effector gene regulation in 
P. sojae, we characterized the gene encoding the SET domain protein 

PsKMT3, which regulates histone H3K36 trimethylation. We found 
that PsKMT3 is involved in pathogenicity regulation and asexual de-
velopment. Genes encoding secreted proteins were enriched among 
differentially expressed genes (DEGs), and transcriptomic analysis 
showed dysregulation of the expression of effector gene waves in 
pskmt3. Moreover, PsKMT3-dependent H3K36me3 is important in 
effector gene regulation at the mycelium stage and is involved in in-
ducing RxLR gene expression during infection. Our findings suggest 
an effector gene regulation mechanism in P. sojae, which will facili-
tate the development of novel fungicides and disease management 
strategies.

2  |  RESULTS

2.1  |  Identification of KMT3 proteins in oomycetes

H3K36 methylation is catalysed by the SET domain-containing 
KMT3 lysine methyltransferases, named according to the standard 
nomenclature for chromatin-modifying enzymes (Allis et al., 2007). 
To identify KMT3 proteins in oomycetes, we performed a Blastp 
search using KMT3 from Saccharomyces cerevisiae (ScSET2/
NP_012367.2) and Neurospora crassa (NcSET2/ XP_957740.1) as 
queries against 10 oomycete species of Albugo, Saprolegniaceae, 
Pythiaceae, and Peronosporaceae. We identified three oomycete 
KMT3 clades with e-values <10−20, and phylogenetic analysis re-
vealed that PsKMT3 (Ps_130312) was closely related to the queries 
NcSET2 and ScSET2 (Figure  S1a). However, no Albugo laibachii or 
Albugo candida homologue clustered in clade 1. Clade 2a contained 
species of Pythiaceae and Peronosporaceae, suggesting KMT3 fam-
ily duplication or loss events in oomycetes. Visualization of protein 
domains in clade 1 showed that they share the typical KMT3 do-
main organization: a combination of associated with SET (AWS) and 
SET domains (Figures 1a and S1b). Plant homeodomain (PHD) family 
proteins, which have been implicated in epigenetics and chromatin-
mediated transcriptional regulation, were also identified (Sanchez & 
Zhou, 2011; Shi et al., 2007). Therefore, PsKMT3 could be involved 
in H3K36 methylation.

2.2  |  Asexual development and pathogenicity were 
impaired in pskmt3 mutants

PsKMT3 is induced at early infection stages (Ye et al.,  2011) 
(Figure S2), suggesting that it regulates pathogenicity. To assess the 
biological role of PsKMT3, we generated three individual mutants 
by CRISPR/Cas9-mediated genome editing (Figures  1a–c and S3). 
Mutation of transformants T24 (−8 bp) and T89 (−5 bp) led to pre-
mature termination, and mutation of T99 (−1 bp) disrupted the read-
ing frame (Figures 1b,c and S3). To determine whether PsKMT3 is 
involved in P. sojae development, we evaluated its effects on growth, 
sporulation, and zoospore production phenotypes. The growth rate 
of the three mutants showed 10% reduction compared with the 
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wild type (WT) and the unedited control strain (CK) on V8 medium 
(Figure  S4a,b), suggesting that PsKMT3 contributes to mycelium 
growth. The number of sporangia in the mutants was approximately 
one third that in the WT and CK in 6–12-h samples (Figure  S4e). 
Also, the zoospore number was reduced in the knockout mutants 
(Figure S4f), but colony morphology, sporangium size, and oospore 
production were not affected (data not shown). To assess the role 
of PsKMT3 under axenic conditions, the effects of stress conditions 
were evaluated. The pskmt3 mutants were hypersensitive to hydro-
gen peroxide (H2O2) and sodium chloride (NaCl) (Figure  S4c,d). In 
summary, PsKMT3 is involved in P. sojae asexual development and 
stress responses.

To determine whether PsKMT3 was required for P. sojae vir-
ulence, we explored the pathogenicity changes. The 30%–50% 
reduction in P. sojae biomass in pskmt3 suggested that PsKMT3 
contributes to the virulence of P. sojae (Figure  1d,e). The mRNA 
levels of genes encoding ethylene-responsive element-binding 
protein (Mazarei et al.,  2007), basic β-1,3-endoglucanase (PR2), 
basic chitinase (PR3) (Saikia et al., 2005), and 1-aminocyclopropa
ne-1-carboxylate synthase 2 (Yang et al., 2019) were significantly 
up-regulated in pskmt3-infected samples compared with WT-
infected samples (Figure S5). An enhanced host immune response 

and oxidative stress (H2O2) hypersensitivity in pskmt3 could ex-
plain its reduced pathogenicity.

2.3  |  H3K36me3 density was reduced in pskmt3

To characterize the role of PsKMT3 in H3K36me3 establishment, 
we examined methylation in pskmt3. The H3K36me3 level in 
pskmt3 was significantly reduced to 50% of that in the WT ac-
cording to western blot analysis using an H3K36me3 antibody 
(Figure  2a). We next performed chromatin immunoprecipita-
tion followed by sequencing (ChIP-seq) analysis of the WT and 
pskmt3 (T89), with two biological replicates (Figure  S6c,d). At 
least 19,000,000 single-end reads were obtained with a mapping 
ratio of >94% (Table S1). We identified 17,038 and 10,853 meth-
ylation peaks in the WT and pskmt3, respectively, and pskmt3 
lost approximately one third (n = 5,956) of the H3K36me3 peaks 
and gained 984 peaks (Figure 2b, Tables S2 and S3). We identi-
fied 3904 differentially methylated peaks with a false discovery 
rate (FDR) of <0.05 between the WT and pskmt3; the methyla-
tion densities of 2370 peaks were reduced, and those of 1534 
peaks were increased (Table S4). Overall methylation density was 

F I G U R E  1  Reduced pathogenicity of the pskmt3 mutants. (a) Domain organization of PsKMT3. Black triangle, sgRNA cleavage site; 
squares, domains predicted by NCBI Conserved Domains using default parameters. (b,c) Nucleotide and amino acid sequences of pskmt3 
mutants compared with the wild type (WT). Red letters in (b) indicate the mutation type, and those in (c) indicate amino acid sequence 
differences compared with the WT. (d) Lesions on hypocotyls in soybean cultivar Hefeng47 incubated with three PsKMT3 knockout mutants 
(T24, T89, T99), unedited strain CK, and WT at 48 h postinoculation (hpi). (e) Relative Phytophthora sojae biomass at 48 hpi in samples from 
(d) as determined by quantitative PCR analysis (WT-infected biomass was set to 1). x-axis, three pskmt3 knockout mutants (T24, T89, and 
T99), control (CK), and WT; y-axis, relative biomass (ratio of the amounts of P. sojae DNA to soybean DNA). Asterisks indicate a significant 
difference according to one-way analysis of variance (**p < 0.01, *p < 0.05). Experiments were performed in triplicate.
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reduced in pskmt3, as verified by heatmap analysis (Figure 2c,d). 
Collectively, our results indicate that PsKMT3 contributes to 
H3K36me3 in P. sojae.

2.4  |  PsKMT3 regulated the expression of P. sojae 
virulence genes

To dissect the global change of transcriptome and the basis of 
phenotypic change, we next performed RNA-seq of 3-day-old 
WT and pskmt3 mycelium samples (Figure S6a,b). We generated 
more than 20,000,000 paired-end reads with a mapping ratio of 
>96% for each biological replicate (Table S5). The expression lev-
els of 13% of genes (n = 2610) were affected: 1390 genes were 
down-regulated and 1220 genes were up-regulated in pskmt3 
compared with the WT (Figure  3a and Table  S6). Therefore, 
knockout of PsKMT3 markedly affects the P. sojae transcriptome. 
In a Gene Ontology (GO) enrichment analysis (Table  S7), the 
GO items oxidoreductase activity, pathogenesis, extracellular 
region, and defence response were enriched among the DEGs 
(Figure 3b). The laccase-encoding gene PsLCA4 (oxidoreductase 
activity GO category) was significantly down-regulated (Sheng 

et al., 2015) (Figure 3a). A laccase activity assay indicated a 50% 
reduction in diameter of the 2,2'-azino-di-3-ethylbenzothiazolin
e-6-sulfonate (ABTS) oxidation purple area in the three pskmt3 
mutants compared with WT and CK (Figure S7). The hypersensi-
tivity response-inducing gene SOJ2 was up-regulated in pskmt3 
(Figure  3a). Therefore, the mutant might reduce virulence or 
enhance host immunity, thereby explaining the reduced patho-
genicity of pskmt3.

Given that P. sojae effectors presumably act as weapons to at-
tack soybean, we checked the expression changes of secreted 
protein-encoding genes. In pskmt3, 374 genes encoding secreted 
proteins were significantly over-represented among 2610 DEGs (χ2 
test, p = 1.93e−11) (Figure 3c and Table S7). Next, we evaluated the 
expression patterns of the genes encoding RxLR, CRN, NLP, YxSL, 
and elicitin type effectors were compared, using core P. sojae genes 
as the control (Haas et al., 2009; Wang et al., 2018). The majority 
of differentially expressed RxLR effectors were down-regulated 
(Figures  3d–f and S8). In total, 42 RxLR genes were differentially 
expressed, of which 39 were down-regulated (Figure 3e,f). Key vir-
ulence effector genes (Avh23, Avh181, Avh240, and Avh241) were 
among the DEGs (Table S6 and Figure S9). Therefore, PsKMT3 is im-
plicated in the regulation of virulence genes in P. sojae.

F I G U R E  2  Reduced H3K36me3 density in pskmt3. (a) Global H3K36me3 levels in three pskmt3 knockout mutants (T24, T89, and T99), 
control (CK), and wild type (WT) as determined by western blot analysis. First lane, H3K36me3 level; second lane, H3 input control level. The 
relative H3K36me3 level was calculated as the integrated signal densityanti-H3K36me3/integrated signal densityanti-H3 ratio using ImageJ. The 
experiments were independently conducted in triplicate. Asterisks indicate a significant difference according to one-way analysis of variance 
(**p < 0.01). (b) Venn diagram of H3K36me3 peaks in the WT and pskmt3. Blue circle, WT peaks; pink circle, pskmt3 peaks; numbers, numbers 
of genes. (c) H3K36me3 levels in differential DiffBind peaks (−1 to +1 kb) in the WT and pskmt3. y-axis, H3K36me3 density defined as 
log2(RPKMIP/RPKMInput). PSS, peak start site; PES, peak end site. (d) Heatmap of the methylation levels in two WT replicates and two pskmt3 
replicates on differential DiffBind peaks. Bar, colour key and histogram of methylation density (reads in peaks) from DiffBind software.
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F I G U R E  3  PsKMT3 regulates Phytophthora sojae effector gene expression at the mycelium stage. (a) Volcano plot of RNA-seq data 
showing differentially expressed genes (DEGs) between the wild type (WT) and pskmt3. x-axis, log2(fold change); y-axis, log10(FDR). Red dots, 
genes up-regulated in pskmt3 compared to the WT (log2(fold change) > 1, p < 0.05); blue dots, genes down-regulated in pskmt3 compared to 
the WT (log2(fold change) < −1, p < 0.05). (b) GO enrichment of DEGs between the WT and pskmt3. x-axis, −log10(corrected p-value); y-axis, 
enriched GO items. (c) Overlap between DEGs and secretome genes. Blue circles, DEGs; red circles, secretome genes; numbers, number of 
genes. (d) Scatter diagram of the expression levels of secretome genes in the WT and pskmt3. x-axis, expression level (log2(counts+1)) in the 
WT; y-axis, expression level in pskmt3. Grey dots, core genes; red dots, differentially expressed secretome genes; blue dots, nondifferentially 
expressed secretome genes. (e) Up- and down-regulated genes in the RxLR, NLP, CRN, elicitin, and YxSL gene families. Grey bar, number 
of down-regulated genes; dark grey bar, number of up-regulated genes. (f) Expression levels of RxLR, YsSL and core genes in the WT and 
pskmt3. x-axis, WT; y-axis, pskmt3. Grey dots, P. sojae core genes; blue dots, YxSL genes; red dots, differentially expressed RxLR genes; black 
dots, other RxLR genes.
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2.5  |  Effector gene transcriptional waves were 
impaired in pskmt3 at early infection stages

It is well accepted that effector genes have proper transcriptional 
waves in infection stages. We performed RNA-seq at 3 and 6 h 
postinoculation (hpi) to monitor the transcriptional changes in 
RxLR effector genes between the WT and pskmt3. More than 
35,000,000 paired-end reads were obtained in each replicate, 
and the mapping ratios relative to P. sojae were 0.13%–0.18% 
(Table S5). We identified 499 and 489 DEGs at 3 and 6 hpi, respec-
tively, compared with the mycelium in the WT strain (Tables  S9 
and S10). Among them, we evaluated 314 effector genes that 
were up-regulated at 3 or 6 hpi in the WT strain to investigate 
effector gene transcriptional waves (log2(fold change [FC]) > 1, 
p < 0.05). We classified these 314 genes based on hierarchical 
clustering using normalized gene expression data, yielding three 
clusters (Figure S10). Overall, the genes in cluster 2 were down-
regulated in pskmt3 (Figure S10d,e). Cluster 2 contained eight dif-
ferentially expressed RxLR genes under the control of PsKMT3 at 
the mycelium stage. Therefore, these RxLR genes were repressed 
in pskmt3 not only in axenic culture but also in planta. Cluster 2 
encompassed three RxLR genes, Avh105, Avh292, and Avh137, 
that suppress BAX-triggered programmed cell death or trigger 

Nicotiana benthamiana cell death (Wang et al., 2011). This could in 
part explain the reduced virulence of pskmt3.

2.6  |  H3K36me3 was associated with  
genome-wide gene activation in P. sojae

To investigate the correlation between H3K36me3 and gene ex-
pression, we analysed RNA-seq and ChIP-seq data. The genes 
were divided into 100 groups in descending order based on ex-
pression level, and the average transcription and H3K36me3 mod-
ification levels were calculated (Figure 4a). A positive association 
between H3K36me3 and gene expression was observed in both 
the WT and pskmt3 (R2

WT = 0.9011, p < 2e−16; R2
pskmt3 = 0.7883, 

p < 2e−16). The average methylation density of groups 40–81 was 
lower in pskmt3 than in the WT. Consistently, these groups had 
lower gene expression levels (Figure 4a). Therefore, H3K36me3 is 
associated with highly expressed genes in P. sojae, and knockout 
of PsKMT3 affected both H3K36me3 and gene expression at the 
mycelium stage.

To determine whether H3K36me3 deposition was cor-
related with transcriptome changes, we evaluated the RNA-
seq and ChIP-seq FC values. There was a positive correlation 

F I G U R E  4  Loss of H3K36me3 contributes to genome-wide gene down-regulation in pskmt3. (a) Genome-wide comparison of chromatin 
immunoprecipitation (ChIP) signals and gene expression in the wild type (WT) and pskmt3. A total of 19,196 genes were divided into 100 
groups and sorted by descending pskmt3 expression level; 81 expression groups are shown. x-axis, gene groups; left y-axis, normalized 
ChIP-seq data (log2(RPKMIP/RPKMInput)); right y-axis, normalized RNA-seq data (log2(counts+1)). Light blue triangles, yellow triangles, blue 
dots, and red dots represent average ChIP signals for pskmt3 H3K36me3, WT H3K36me3, and expression levels in the WT and pskmt3, 
respectively. (b) ChIP signals and gene expression changes. x-axis, ChIP-seq changes; y-axis, RNA-seq changes. Grey dots, genes with 
transcriptome and methylation changes of −1 < log2(fold change) < 1; blue dots, genes with transcriptome and methylation changes |log2(fold 
change)| ≥ 1. (c) H3K36me3 changes in genes with reduced H3K36me3 peaks; Kolmogorov–Smirnov test. y-axis, normalized ChIP-seq data 
(log2(RPKMIP/RPKMInput)). (d) Expression changes in genes with reduced H3K36me3 peaks as defined by bedtools with >50% overlap. y-axis, 
normalized RNA-seq data (log2(counts+1)); Kolmogorov–Smirnov test.
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between H3K36me3 density and gene expression changes 
(RPearson  =  0.2344, p < 2e−16) (Figure  4b). The expression and 
methylation density of 85.07% of genes (n = 473) were reduced 
(Figure  4b), with 556 genes showing twofold changes in both. 
For 473 genes (Figure 4b), the methylation density (p < 2.2e−16, 
Kolmogorov–Smirnov test) and expression (p < 2.2e−16, 
Kolmogorov–Smirnov test) (Figure 4c,d) were reduced. Therefore, 
the H3K36me3 level is correlated with transcriptional activity, 
and reduced H3K36me3 by PsKMT3 knockout was associated 
with down-regulation of gene expression in pskmt3.

2.7  |  Effector gene expression was positively 
associated with H3K36me3

To elucidate the role of genes whose expression level and methyla-
tion density were both reduced, we performed GO analysis. The GO 
categories ‘transmembrane transporter activity’ and ‘small molecule 
binding’ were enriched (Figure 5a, Table S11), in partial agreement 
with the DEG GO results (Figure 3b). The GO categories ‘obsolete 
interaction via secreted substance’ and ‘interspecies interaction be-
tween organisms’ contained genes encoding effectors (Figure  5a). 

F I G U R E  5  Association between H3K36me3 established by PsKMT3 and effector gene activation at the mycelium stage. (a) GO 
enrichment results for genes with reduced expression and H3K36me3 levels (log2(fold change) < −1). x-axis, −log10(p-value); y-axis, enriched 
GO terms. (b) Overlap of genes with reduced expression and H3K36me3 levels (log2(fold change) < −1) and secretome genes. Blue circles, 
numbers of genes with reduced expression and H3K36me3 levels (log2(fold change) < −1); red circles, numbers of secretome genes. 
(c) H3K36me3 densities in core, secretome, and RxLR genes in the wild type (WT) and pskmt3. y-axis, normalized H3K36me3 density values 
calculated as log2(RPKMIP/RPKMInput). (d) Expression levels of core, secretome, and RxLR genes in the WT and pskmt3. y-axis, normalized 
expression level calculated as log2(counts+1). (e) Heatmap of normalized H3K36me3 density and expression levels of 374 differentially 
expressed secretome genes. Bar, normalized chromatin immunoprecipitation (ChIP-seq) and RNA-seq values. ChIP-seq data were 
normalized as log2(RPKMIP/RPKMInput), and RNA-seq data were normalized as log2(counts+1). (f) H3K36me3 and RNA-seq high-throughput 
sequencing data for Avh145 and Avh144. First and second lanes, ChIP-seq read accumulation; third and fourth lanes, RNA-seq accumulation. 
(g) Expression levels of Avh145 and Avh144 in the WT and pskmt3 as determined by reverse transcription-quantitative PCR. The expression 
level in the WT was set to 1. (h) Levels of H3K36me3 in Avh145 and Avh144 in the WT and pskmt3 according to ChIP-quantitative PCR. The 
H3K36me3 level in the WT was set to 1. Asterisks indicate a significant difference according to Student's t test (**p < 0.01).
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Furthermore, a significant number of secretome genes overlapped 
with genes with reduced expression and methylation density (χ2 test, 
p = 0.0008) (Figure 5b). Therefore, PsKMT3-dependent H3K36me3 
is associated with effector genes.

To determine whether down-regulation of genes encoding ef-
fectors was associated with removal of H3K36me3, we conducted 
a meta-analysis of the ChIP-seq and RNA-seq data. The ChIP-seq 
signals in the secretome and RxLR gene groups were lower in pskmt3 
than in the WT, but the methylation levels of core genes were not 
altered (Figure  5c). We assumed that H3K36me3 established by 
PsKMT3 has site preference, and methylation of core genes was 
not PsKMT3-dependent. The expression levels in the secretome 
and RxLR gene groups were significantly reduced, but those of 
core genes were unaffected (Figure 5d). Therefore, effector genes 
were down-regulated by a decreased level of PsKMT3-dependent 
H3K36me3. The expression and methylation of 374 secretome 
DEGs were decreased (Figure 5e). Among these genes, we selected 
eight RxLR genes that were significantly down-regulated in pskmt3 
compared with the WT. ChIP-qPCR validation showed methylation 
profiles comparable with the ChIP-seq data (Figure  S11). We in-
vestigated a 57-kb region containing two RxLR genes (Avh144 and 
Avh145). These two genes showed loss of H3K36me3 peaks and 
reduced expression, whereas the H3K36me3 and expression levels 
of neighbouring genes were not altered (Figure  5f−h). Therefore, 
PsKMT3 regulates effector gene expression at the mycelium stage.

To date, numerous effectors have been identified in P. sojae, but 
the transcriptional regulation of these genes is not well understood. 
To further verify the hypothesis that H3K36me3 is associated with 
effector gene regulation, we conducted ChIP-quantitative PCR of 
H3K36me3 dynamics in four RxLR genes regulated by PsKMT3. In 
the WT, the H3K36me3 level in Avh23, Avh105, and Avh137 was 
significantly increased during infection, whereas the H3K36me3 

level in Avh181 was lower at the infection stage than at the myce-
lium stage (Figure 6). Therefore, up-regulation or establishment of 
H3K36me3 in Avh23, Avh105, and Avh137, but not Avh181, was as-
sociated with gene induction at the infection stage. The H3K36me3 
levels in Avh23, Avh105, and Avh137 were markedly decreased at 6 
hpi in pskmt3 compared with the WT (Figure 6). Therefore, PsKMT3 
is responsible for H3K36me3 establishment at some RxLR loci 
during infection. Our findings provide important mechanistic insight 
into effector gene activation in P. sojae.

3  |  DISCUSSION

Pathogens deploy effector proteins to attack the host; however, the 
epigenetic regulatory mechanisms of effector gene expression in 
oomycetes are unclear. Here, we report that the SET domain protein 
PsKMT3 is involved in regulation of pathogenicity. The H3K36me3 
level was decreased genome-wide in the pskmt3 knockout mutant. 
Moreover, H3K36me3 was associated with RxLR gene activation. 
Collectively, our results reveal a role for a SET domain protein in 
regulating virulence gene expression by modulating histone meth-
ylation in P. sojae.

PsKMT3 regulated growth, sporulation, zoospore production, 
and pathogenicity (Figures  1 and S4), as in other microbes. KMT3 
family mutants show defective asexual growth and pathogenic-
ity in the rice blast fungus Fusarium verticillioides and in E. festucae 
(Gu et al., 2017; Lukito et al., 2020; Pham et al., 2015). H3K36me3 
plays important roles in filamentous plant pathogens. In the pskmt3 
mutant, the host immune response was enhanced, including up-
regulation of the ethylene-responsive gene PR2 and of the ethylene- 
and jasmonic acid-responsive gene PR3 (Figure  S5). Therefore, 
defective infection is unlikely due to the slow growth of pskmt3. 

F I G U R E  6  H3K36me3 dynamics in four RxLR genes at the mycelium stage and 6 h postinoculation. H3K36me3 levels in Avh105, Avh137, 
Avh23, and Avh181 in the wild type (WT) and pskmt3 during axenic growth and infection. The H3K36me3 level in the WT at the mycelium 
stage was set to 1. Asterisks indicate a significant difference according to Student's t test (**p < 0.01).
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In the pskmt3 mutant, gene expression may be affected, causing 
phenotypic defects. The transcription factor (TF)-encoding genes 
PsMYB1 and PsMAD1, which are related to zoospore release and 
pathogenicity (Lin et al., 2018; Zhang et al., 2012), were differentially 
expressed in the pskmt3 mutant compared with the WT (Table S6). 
Also, of 462 genes, 109 were involved in small molecule metabolic 
processes (Table  S7). We hypothesize that dysregulation of genes 
related to small molecule metabolic processes influences P. sojae de-
velopment. We conclude that PsKMT3 has potential as a fungicide 
target because of its important roles in development and virulence.

The mechanisms of H3K36me3 establishment have been re-
ported in several model species (Bhattacharya et al.,  2021; Kizer 
et al., 2005; Liu et al., 2019; Wagner & Carpenter, 2012), but they 
are unclear in P. sojae. The SRI domain contributes to H3K36me3 
deposition by directly interacting with RNA polymerase II sub-
unit B1, the large subunit of RNA polymerase II (Hyun et al., 2017; 
Kizer et al.,  2005). Interestingly, no SRI domain was found in P. 
sojae (Figure  S1). Western blot analysis indicated retention of al-
most 50% of H3K36me3 in pskmt3; consistently, 9869 H3K36me3 
peaks detected by ChIP-seq were present in pskmt3 T89 (Figure 2). 
Therefore, H3K36me3 was not completely lost after knockout of 
PsKMT3. Two SET2 homologues are present in filamentous fungi. 
Double knockout of the two homologues led to loss of H3K36me2/
me3, whereas >20% of H3K36me3 was retained in a single deletion 
mutant (Gu et al., 2017; Janevska et al., 2018). Other KMT3 family 
members might be involved in H3K36me3 establishment in P. sojae 
(Figure S1a).

Effector regulation in filamentous microbes, including TFs, 
chromosome-based control, and effector epistasis, has been re-
viewed (Tan & Oliver,  2017). Our findings suggest H3K36me3 
mediates RxLR effector gene activation. In the grass-symbiotic 
fungus E. festucae, effector genes are significantly over-
represented among DEGs regulated by Set2-mediated H3K36me 
(Lukito et al.,  2020). Moreover, in the parasite Plasmodium falci-
parum, several multicopy virulence gene families (var, rifin, and 
stevor) are repressed in a PfSETvs-dependent H3K36me3 man-
ner (Jiang et al.,  2013). In this study, numerous effectors were 
differentially up- and down-regulated in pskmt3 (Figure  3). This 
resembles the effector gene expression pattern in E. festucae 
(Lukito et al., 2020). H3K36me3 was associated with RxLR gene 
activation at the mycelium stage. Indeed, the H3K36me3 patterns 
of the eight tested RxLR genes were consistent with the ChIP-seq 
results (Figures 5 and S11). Avh105 and Avh137 were up-regulated 
upon infection by the WT and were strongly down-regulated to an 
almost silent state in pskmt3 (Figures S9 and S10). The H3K36me3 
levels at the Avh105 and Avh137 loci were significantly increased 
at the infection stage. The methylation level was reduced at both 
stages, suggesting that the H3K36me3 level at these two loci is 
regulated in a PsKMT3-dependent manner. By comparison, meth-
ylation of Avh23 and Avh181 is neither sufficient nor required 
for gene up-regulation. We hypothesize that this type of effec-
tor gene is controlled by other mechanisms. Effector genes in 
Leptosphaeria maculans are controlled by histone marks and TFs 

(Clairet et al.,  2021). We investigated potential TF-binding sites 
or cis-regulatory elements in the 39 down-regulated RxLR genes 
by motif searching across 1-kb promoter regions, yielding two 
highly reliable motifs: motif 1 (AACCGACTGVWGCM) and motif 
2 (CAAAKCTGAGCVATD). These two motifs were similar to 12 
footprint-supported cis-regulatory elements (Zhang et al.,  2022) 
(Table  S12). Therefore, H3K36me3 formation at RxLR loci might 
be caused by TFs. Our results also suggest that H3K36me3 is di-
rectly and indirectly involved in the regulation of effector gene 
expression.

Effector expression waves have been reported in plant patho-
gens (Dong et al.,  2015; Gay et al.,  2021; Gervais et al.,  2017; 
Haueisen et al.,  2019; Palma-Guerrero et al.,  2016; Rocher 
et al., 2022; Wang et al., 2011). However, the regulation of large-
scale effector expression waves is unclear. Fine tuning of virulence 
gene expression affects pathogen virulence, and effector-wave 
functions have been investigated (Gervais et al.,  2017; Ochola 
et al., 2020; Wang et al., 2011). In this study, we found dysregu-
lation of effector gene expression waves among the mycelium, 3 
hpi, and 6 hpi stages in pskmt3 (Figure S11). Questions regarding 
effector gene wave regulation, cross-talk, and feedback between 
histone modifications and TFs warrant further investigation. Our 
findings emphasize the importance of effector gene regulation 
in the development of novel management strategies for crop 
diseases.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Strain culturing, P. sojae transformation, 
and soybean cultivation

P. sojae strain P6497, which served as the WT, was used in the study. 
It was routinely maintained on 10% V8 medium at 25°C in the dark. 
P. sojae transformation was performed as previously reported (Fang 
& Tyler,  2016). The susceptible soybean cultivar Hefeng47 and 
Williams were provided after growing at 25°C (16 h) and 22°C (8 h) 
in the dark for 4 days.

4.2  |  Phylogenetic analysis and 
domain organization analysis

ScSET2(NP_012367.2) and NcSET2(XP_957740.1) were set as 
queries against 10 oomycetes with e-values <10−20. Besides, pub-
lished H3K36me3 methyltransferases NSD1, NSD2, NSD3, Ash1L, 
DmSet2, DmMES4, and DmAsh1 were included. The phylogenetic 
tree was constructed by MEGA X using the maximum-likelihood 
method.

The domain organization information was searched using 
the NCBI Conserved Domain database by batch CD-search with 
default parameters. The phylogenetic tree was constructed and 
domain organization analysis was conducted by TBtools with 
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protein fasta sequence and domain organization information 
(Chen et al., 2020).

4.3  |  Growth, sporangium and zoospore production

All strains were grown on 10% V8 medium at 25°C in the dark. 
Colony diameters were measured during a period of 5 days and the 
average growth rate was calculated.

To compare sporangium production, six mycelial plugs of differ-
ent strains were incubated on 10% V8 liquid medium for 3 days in 
the dark. The mycelium was then rinsed twice with double-deionized 
water. The samples were collected at 6, 9, and 12 h after rinsing, 
and then each sample was gently mixed by a blender. One hundred 
microlitres of each mixture was taken and sporangia were counted 
under a microscope. All assays were repeated three times.

To compare zoospore production, three mycelial plugs of differ-
ent strains were incubated on 10% V8 medium for 3 days in the dark. 
The plates were rinsed twice with double-deionized water every 
30 min. Zoospores were observed under a microscope and the num-
ber of zoospores was recorded (0 min). Two microlitres of each sam-
ple was taken every 30 min for 2.5 h and zoopsores were counted 
under a microscope. All assays were repeated three times.

4.4  |  Virulence assays

Zoospores were released by rinsing the V8 plates with sterile water. 
Then 100 zoospores were dropped on soybean Hefeng47 hypoco-
tyls, and the infected samples were kept at 25°C and 80% relative 
humidity in the dark. Pictures were captured at 2 days postinocu-
lation to analyse pathogenicity. The DNA of infected samples was 
extracted using a TIANGEN DNA secure kit. Relative biomass was 
quantified by quantitative PCR (qPCR) as previously reported (Qiu 
et al., 2022).

4.5  |  Protein extraction, western blot, and protein 
quantification

Three-day-old P. sojae mycelia collected from liquid cultures were 
ground in liquid nitrogen. Next, 800 μl lysis buffer (1% SDS in Tris-
EDTA buffer) was added to 100 mg of pulverized mycelium powder. 
Lysates were mixed by vortexing for 30 min at 4°C. Supernatants 
of protein samples were mixed with loading buffer (Beyotime, 
P0015) and denatured at 95°C for 10  min. Anti-H3K36me3 
(abcam; ab9050) and anti-H3 (abcam; ab1791) were used as pri-
mary antibodies, and goat anti-rabbit IRDye 800CW (Odyssey, no. 
926-32211; Li-Cor) was used as a secondary antibody. The sig-
nals were recorded by an Odyssey laser imaging system (Li-Cor 
company) and quantified using ImageJ. The H3K36me3 level was 
calculated as signalH3K36me3/signalH3, and H3K36me3 levels were 
compared with the levels in WT.

4.6  |  Native ChIP-seq, ChIP-qPCR, and RNA-seq

Mycelium stage samples for native ChIP-seq and RNA-seq were col-
lected from liquid cultures of 3-day-old WT and pskmt3 T89. For 3 
hpi and 6 hpi samples, zoospores were released by rinsing the V8 
plates with sterile water. Then 100 zoospores were dropped on soy-
bean Williams hypocotyls, and the infected samples were kept at 
25°C and 80% relative humidity in the dark. Infected samples were 
collected 3 h and 6 h after incubation for ChIP-qPCR and RNA-seq 
analysis. The samples were dried by filter paper and ground with 
mortar and pestle in liquid nitrogen. Native ChIP experiments were 
performed as previously described (Wang et al.,  2020). Briefly, 
nuclei were extracted and then digested by micrococcal nuclease 
(New England BioLabs). The size of digested chromatin was around 
150–300 bp and 300–600 bp for ChIP-seq and ChIP-qPCR, respec-
tively. Two replicates were carried out for ChIP-seq and RNA-seq. 
Input and immunoprecipitated DNA samples were sequenced by 
BGI Company by 50-bp single-end sequencing. RNA samples were 
extracted using the Omega Total RNA Kit I. RNA-seq libraries were 
prepared by BGI Company and sequenced using a BGISEQ-500 plat-
form. ChIP-qPCR experiments were carried out three times with 
similar results.

4.7  |  High-throughput sequencing data analysis

Clean ChIP-seq reads were mapped to the P. sojae reference ge-
nome v. 1.1 using Bowtie 2 with max mismatch  =  1 (v. 2.3.5.1) 
(Langmead & Salzberg, 2012). The aligned bam files were sorted 
and indexed by samtools in default mode (v. 1.7) (Li et al., 2009). 
Principal component analysis (PCA) plots were drawn and heatmap 
clustering of ChIP-seq data was performed using “plotPCA” and 
“plotCorrelation” in deepTools, respectively (Ramírez et al., 2014). 
ChIP-seq peaks were defined by MACS2 employing a “–broad” 
model (Gaspar, 2018). Peak overlaps were analysed by “intersect-
Bed” in bedtools (Quinlan & Hall,  2010). DiffBind was used to 
define differential methylation peaks (Stark & Brown, 2023). The 
H3K36me3 heatmap of differential methylation peaks in Figure 2d 
was produced by DiffBind. The ChIP signals were calculated as 
log2(RPKMChIP/RPKMInput) by DeepTools (v. 3.4.3) “bamCompare” 
using a bam file of IP and input RPKM values as input. ChIP-
seq data were visualized using the TBtools-Graphics-Heatmap 
Illustrator-Heatmap function (Figure 5e) and Integrative Genome 
Viewer (v. 2.8.0) (https://softw​are.broad​insti​tute.org/softw​are/
igv/) (Figure 5f). ChIP-seq FC values for each gene were defined by 
read count changes in the IP group and calculated using DESeq2 
(Love et al., 2014).

Clean RNA-seq reads were aligned to the genomes using 
HISAT2 (v. 2.1.0) (Kim et al., 2015), and the aligned bam files were 
sorted and indexed by samtools in default mode (v. 1.9). The bam 
file was converted to tdf files for visualization using Integrative 
Genome Viewer. Gene expression data were calculated by 
StringTie v. 2.1.2 (Pertea et al., 2015), and gene expression data 

https://software.broadinstitute.org/software/igv/
https://software.broadinstitute.org/software/igv/
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of Figure S7 were from a published dataset (Ye et al., 2011). PCA 
plots were drawn and heatmap clustering of RNA-seq data was 
performed using “plotPCA” and “plotCorrelation” in deepTools. 
Expression patterns were clustered by the TBtools-Graphics-
Heatmap Illustrator-Heatmap function (Chen et al.,  2020). The 
heatmap was based on the complete-linkage method, and the 
gene clusters were based on hierarchical clustering. CRN, NLP, 
YxSL, elicitin, RxLR, and secretome genes in Figures  2d and S6 
were compared by ggplot2. GO enrichment was analysed by the 
TBtools-GO&KEGG-Gene ontology-GO enrichment function 
(Chen et al.,  2020). RNA-seq FC values for each gene were de-
fined by read count changes using DESeq2. The secretome genes 
were identified with the SignalP v. 5.0 online tool using P. sojae v. 
1.1 protein sequences (Almagro Armenteros et al., 2019).

4.8  |  Motif searching

Motif searching was performed using the MEME suite (Bailey 
et al.,  2015) STREME using 1-kb upstream sequences of 39 RxLR 
genes as input. The 1-kb upstream sequences of all RxLR genes were 
used as control sequences. Motifs with a length of 8–15 bp were se-
lected. TomTom was used to compare two selected motifs against 
published motifs. The significance threshold was e−10.
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