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ARTICLE INFO ABSTRACT

Nitrogen fixation in legumes requires the development of specialized organs called root nodules. Here we
characterized the high-confidence transcriptome and genome-wide patterns of H3K4me3 marks in soybean roots
and mature nodules symbiotic with Sinorhizobium fredii. Changes in H3K4me3 levels were positively associated
with the transcription levels of functional genes in the nodules. The up-regulation of H3K4me3 levels was not
only present in leghaemoglobin and nodulin-related genes, but also in genes involved in nitrogen and carbon
metabolic pathways. In addition, genes regulating the transmembrane transport of metal ions, phosphates,
sulphates, peptides, and sugars were differentially modified. On the contrary, a loss of H3K4me3 marks was
found in several key transcription factor genes and was correlated with the down-regulation of the defense-
related network in nodules, which could contribute to nodule maintenance. All these findings demonstrate
massive reprogramming of gene expressions via alterations in H3K4me3 levels in the genes in mature soybean
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1. Introduction

Soybean (Glycine max [L.] Merr.) is an important source of dietary
proteins. Like other legumes, soybean could assimilate atmospheric
nitrogen into the organic form through symbiotic rhizobia forming
bacteroids in root nodules [1]. Establishment of symbiosis is beneficial
to both species, through which soybean provides carbon sources in
exchange for ammonia converted from atmospheric nitrogen by the
microbial partner. Inside the nodules, ammonia from bacteroids is
transported across the peribacteroid membrane to the surrounding in-
fected plant cells, where it is assimilated into glutamine by glutamine
synthetase [2]. Glutamine is then incorporated into the de-novo purine
biosynthesis pathway to produce urate. In neighbouring uninfected
cells, urate is further oxidized into ureides, which are then translocated
to other parts of the plant via xylems [3]. Meanwhile, sucrose produced
from photosynthesis in the shoot is converted into dicarboxylates to
provide energy for bacteroids [3].

In addition to the continuous exchange of nitrogen and carbon re-
sources between bacteroids and plants, the transport of other ions is

also essential for nodule maintenance and functions [4]. Phosphate
transport is essential for providing biochemical energy to maintain
active cellular metabolism in nodules. Even under phosphate-limited
conditions, nodules are strong sinks of phosphate [5]. Iron is required
for the biosynthesis of leghaemoglobin, which captures and delivers
oxygen to maintain a microaerobic environment for bacterial respira-
tion without inhibiting the nitrogen-fixing nitrogenase, an iron-con-
taining enzyme [1]. Nitrogenase biosynthesis requires sulfur, which is
also actively metabolized in bacteroids for redox homeostasis [4]. Zinc
homeostasis is critical for maintaining enzymatic reactions and signal
transduction in legume nodules [1]. The exchange of amino acids was
also critical for nodule functions [1,6,7]. While bacteroids were capable
of synthesizing and secreting alanine in soybean nodules, their re-
quirement of branch-chain amino acids imported from the host for
development and effective nitrogen fixation was demonstrated in pea
[8]. It is also important that the legume host recognizes rhizobia as
benign microbes and does not trigger defense responses during sym-
biosis [9]. Although plant defense pathways related to nodulation have
not been well studied, it has been demonstrated that the expression
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levels of most plant immunity-related genes increased shortly after in-
oculation and then reduced to background levels after the establish-
ment of symbiosis [9]. Therefore, it is assumed that the suppression of
plant innate immunity plays a critical role during nodule establishment
and maintenance.

To maintain the effective functioning of nitrogen-fixing nodules,
coordinated transcription regulation is essential. Epigenetic mechan-
isms are well-known for regulating gene expressions without changing
the DNA sequences, especially in biotic/abiotic stress responses and
developmental processes [10]. With respect to legume-rhizobia sym-
biosis, studies in Medicago showed that DNA methylation influenced the
expressions of more than half of the nodule-specific cysteine-rich genes,
and that DNA demethylation modulated by DEMETER is a key epige-
netic factor associated with nodule differentiation [11,12]. Recently,
increased DNA methylation especially in the CHH-context was reported
during nodulation in soybean [13]. Additionally, several nodule-spe-
cific genes were found to be regulated by histone modifications. Spe-
cifically the ratio of H3K27me3 to H3K9ac levels was associated with
gene expression levels [11]. Moreover, statistical analyses of four his-
tone marks (H3K9ac, H3K9me2, H3K27mel and H3K27me3) in roots
and nodules highlighted the differential distributions of these marks at
symbiotic islands related to nodule development in Medicago [14].
Therefore, epigenetic modifications are closely linked to nodule de-
velopment and functions.

Trimethylation of histone H3 lysine 4 (H3K4me3) is well-known as
an activator of gene expressions in multiple biological processes in
plants [15,16]. In the common bean (Phaseolus vulgaris), the down-
regulation of a histone H3 lysine 4 trimethyltransferase gene, PvYTRX1h,
reduced nitrogen fixation activities in nodules [17]. However, a com-
plete genomic profile of H3K4me3 for exploring its regulatory role in
nodulation has been lacking. We hypothesize that the distribution of
H3K4me3 represents an epigenetic program consisting of a set of genes
responsible for nodule maintenance and functions. In this study, we aim
to generate the first global H3K4me3 profile in nodulated soybean
through chromatin-immunoprecipitation followed by sequencing
(ChIP-seq) and to discover gene expression regulation associated with
alterations in H3K4me3 mark with the support of RNA-sequencing
(RNA-seq).

2. Materials and methods
2.1. Plant materials and growth conditions

Surface-sterilized Glycine max cv. CO8 seeds were germinated in
autoclaved vermiculite. Seedlings were inoculated with Sinorhizobium
fredii CCBAU45436 four days after sowing and watered with Milli-Q
water regularly [48]. Seedlings were grown at 28 °C under a 16 h/8 h
light-dark cycle during the whole experiment.

2.2. RNA-seq and RT-qPCR analysis

To ensure reproducibility of the RNA-Seq analysis, we prepared two
independent sets of samples. For the first set of RNA-seq data, nodules
and the remaining roots (main roots and lateral roots after nodules had
been excised, 28 DPI [days post-inoculation]) were collected in two
biological replicates. Total RNA was extracted with RNAiso Plus
(Takara, USA). PolyA-based strand-specific libraries were constructed
and sequenced by BGI-Shenzhen (Shenzhen, China), and were desig-
nated as Set 1. For the second set of RNA-seq data, nodules (25-28 DPI)
and the remaining roots (crown roots only) were harvested with three
biological replicates. Total RNA was extracted with TRIzol reagent
(Invitrogen, USA) following manufacturer's instructions. Ribosomal
RNA-depleted strand-specific libraries were constructed and sequenced
by Groken Bioscience (Hong Kong SAR, China), and designated as Set 2.
Both sets were sequenced with the Illumina HiSeq 2000 platform.

Raw reads of RNA-seq were cleaned by TrimGalore (https://github.
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com/FelixKrueger/TrimGalore) and mapped to the soybean reference
genome, Glycine max Wm82.a4.v1 [49], by Hisat2 [50]. Differentially
expressed genes (DEGs; g-values < 0.05) were identified using DEseq2
[51]. DEGs common to both sets of RNA-seq libraries were extracted as
high-confidence DEGs. The FPKM (fragments per kilobase of transcript
per million mapped reads) and log,FC (fold change) values of high-
confidence DEGs in Set 1 were chosen for downstream analyses.

DNase I treatment was performed as previously described following
manufacturer's instructions (Invitrogen, USA) and cDNA was generated
using High-Capacity cDNA Reverse Transcription Kit (Thermofisher,
USA) with 18-mer oligo dT. The cDNA was diluted 10-fold with Milli-Q
water before being used as the template. 1.5 pL of template cDNA was
added to a reaction mixture containing 0.4 uL forward primer (10 uM),
0.4 pL reverse primer (10 uM), 5 puL iQ SYBR Green Supermix (Bio-Rad,
USA) and 2.7 yL Milli-Q water. Reactions were run on the CFX384
Touch Real-Time PCR Detection System (Bio-Rad, USA). Primers used
were listed in Supplemental Table S23.The thermal cycling profile was
set according to manufacturer's protocol. Relative gene expression was
calculated using the 24T method [52], with Bic-C2, F-box protein2,
and ELF1b as the reference genes.

2.3. ChIP-seq and ChIP-qPCR analysis

At 28 DPI, nodules and the remaining roots (crown roots only) were
harvested and crosslinked with 1% formaldehyde and stored at —80 °C
until use [53]. Nuclei were isolated from cross-linked tissues using
Nuclei Isolation Buffer as previously described [54]. Nucleus lysate was
sonicated using Bioruptor UCD-200 at ‘High Power’, 21 cycles (30 s on/
30 s off) to obtain chromatin fragments with sizes ranging from 100 bp
to 1 kb. Sonicated chromatin was precleared with Dynabeads Protein A
(Thermo Fisher Scientific, USA) at 4 °C for 1 h with shaking. Small
aliquots of precleared chromatin were saved as INPUT control. For ChIP
reactions, 4 pg anti-H3K4me3 antibodies (Cat# 07-473, Millipore,
USA) was added to the 10-fold-diluted precleared chromatin (> 15 pg).
The mixture was incubated overnight at 4 °C with shaking [53]. 40 pL
Dynabeads Protein A was then added to the reaction mixture. After
further incubation for 5 h at 4 °C, beads were collected and washed with
Low Salt Wash, High Salt Wash, LiCl Wash and TE wash (2 times)
subsequently [53]. After elution, ChIPed DNA was reverse-crosslinked
with 200 mM NaCl at 65 °C for 6 h and purified with DNA Clean &
Concentrator (Zymo Research, USA).

Libraries were prepared from ChIPed DNA and sequenced with the
[lumina HiSeq 2500 platform (Macrogen, Korea). Raw data were pro-
cessed by TrimGalore to discard low-quality reads and adapter se-
quences. Then, the clean reads which aligned to the Sinorhizobium fredii
CCBAU45436 genome were filtered out [55] and the remaining reads
were mapped to the soybean reference genome (Glycine max
Wm82.a4.v1) [49] by Bowtie2 [56] with default parameters. Four li-
braries of input control were merged following a previous methodology
[57], and only uniquely mapped reads were extracted for further ana-
lyses. To determine the correlation between biological repeats, Pearson
correlation coefficient was computed on normalized signal intensity by
deepTools [58]. deepTools was also used to convert aligned reads to the
wiggle format, which could then be visualized with JBrowse (http://
www.wildsoydb.org/Gsoja_W05/jbrowse/h3k4me3-nodulation) [59].
MACS2 [60] was used to perform peak calling and differential regions
between nodules and remaining roots. Only the common peaks gener-
ated in at least two replicates were picked for the final annotation.

For qPCR, ChIPed DNA was 40-fold-diluted and the INPUT control
was 100-fold-diluted. PCR reactions were set up as described above.
Primers used were listed in Supplemental Table S23. H3K4me3 en-
richment was expressed in %INPUT based on Cr values.

2.4. Western blot analysis

Tissues harvested the same way as the ChIP experiments above were
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Fig. 1. Transcriptomic analysis of mature nodules and remaining roots of soybean inoculated with Sinorhizobium fredii 28 days post-inoculation. (A) Pearson cor-
relation coefficients of all RNA-seq libraries. (B) Principal component analysis (PCA) of all RNA-seq libraries. (C) Venn diagram showing the differentially expressed
genes (DEGs) in nodules compared to the remaining roots in two independent sets of RNA-seq data (Setl and Set2) with different RNA processing protocols. N-
up = up-regulated in the nodules, N-down = down-regulated in the nodules, N = nodules, RR = remaining roots.

ground into fine powder in liquid nitrogen. Nucleus extract was re-
suspended in 0.4 M HCI at 4 °C overnight. 100% trichloroacetic acid
(TCA) solution was then added to the supernatant to a final con-
centration of 33% for protein precipitation at 4 °C overnight. After
centrifugation at 12,000 xg for 10 min, the pellet was washed with ice-
cold acetone thrice. RIPA buffer (50 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 x
protease inhibitor cocktail) was then used to dissolve the protein pellet.
3 X protein loading dye containing f-mercaptoethanol was added to the
samples. After boiling at 99 °C for 10 min, samples were loaded into a
15% SDS-PAGE gel. Proteins were separated and transferred to a
polyvinylidene difluoride (PVDF) membrane. The membrane was
blocked with 2% skimmed milk in TBST (20 mM Tris, 150 mM NaCl,
0.1% w/v Tween®20, pH 7.6) and incubated with anti-H3K4me3 anti-
bodies (Cat# 07-473, Millipore, USA) (1:5000, 2% skimmed milk in
TBST) at 4 °C overnight with shaking. After washing with TBST thrice,
anti-rabbit IgG (1:10,000, 2% skimmed milk in TBST) was added for
incubation at room temperature for 1 h. After washing with TBST
thrice, Clarity Western ECL Substrate (Bio-Rad, USA) was used for
signal development. Signal was detected using the ChemiDoc Imaging
System (Bio-Rad, USA).

2.5. GO and KEGG enrichment analysis

Gene Ontology (GO) were downloaded from the PlantTFDB-v5.0
database [20] and GO enrichment analysis was performed using the
web-based agriGO tools [61]. Enrichment test was performed using
Fisher's exact test and the Benjamini-Yekutieli False Discovery Rate p-
value normalization. Background terms were set to all GO terms in
Glycine max. Kyoto Encyclopedia of Genes and Genomes (KEGG) en-
richment was analyzed by KOBAS 3.0 [62].

2.6. Sequence alignment and phylogenetic analysis
Multiple alignments of coding sequences of the selected transporter
genes were performed by MUSCLE-v3.8.31 with default parameters

[63]. Phylogenetic trees were constructed using the neighbor-joining
method in the same software.

2.7. Transcription factor (TF) classification and enrichment analysis

We downloaded all TFs in Glycine max from PlantTFDB-v5.0 [20]
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(http://planttfdb.cbi.pku.edu.cn/index.php?sp = Gma). The hypergeo-
metric distribution test was applied for computing the significance and
enrichment of transcription factors in different gene sets [64].

2.8. Motif analysis

Meme-Chip from the MEME suit tools [65] was used to identify the
motif at the promoters (2 kb upstream) of the up- and down-regulated
DEG sets.

2.9. Construction of regulatory network

The plant transcriptional regulatory map predicted by three
methods (motif, motif CE, FunTFBS) in PlantTFDB-v5.0 [20] was
searched to identify the regulatory network among down-regulated
DEGs in nodules (http://plantregmap.cbi.pku.edu.cn/download.php#
networks). Fisher's exact test was conducted to check whether the TF
along with its target genes are significantly enriched (q-value < 0.001),
and all regulations predicted in the database were used as background.
Only the TFs that were found among the set of overlapping DEGs and
DRGs were selected as the hub transcription factors. The network was
visualized by Cytoscape-v3.7.2 [66].

3. Results

3.1. Differentially expressed genes (DEGs) are related to root nodule
functions

To perform transcriptomic analysis in nodulated soybean plants,
nodules and the remaining roots were collected 28 days post-inocula-
tion (DPI). Two independent sets of samples were analyzed and the
results were highly consistent (see below). A total of 18,145 and 24,390
DEGs between nodules and the remaining roots were identified in Set 1
and Set 2, respectively. In total, around 20 million paired-end mapped
reads were obtained from each library (Supplemental Table S1).
Pearson correlation and principal component analysis (PCA) among all
RNA-seq libraries were plotted in Fig. 1, A and B. In general, the ex-
pressed genes (FPKM > 0) from the nodules and the remaining roots
were distinctly separated into two groups. Moreover, replicates from
the same tissue were clustered together. Fifty-two selected genes were
validated with RT-qPCR, indicating that these data were highly re-
producible (Supplemental Fig. S1). Those DEGs common to both sets
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were designated as high-confidence DEGs. In total, 6732 up-regulated
and 7035 down-regulated high-confidence DEGs were identified in
nodules versus the remaining roots (Fig. 1C, Supplemental Table S2).
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
indicated that pathways such as “purine metabolism”, “carbon meta-
bolism”, “biosynthesis of amino acids”, which were known to be in-
duced in nodules, were enriched among up-regulated DEGs in nodules
(Supplemental Table S3). On the other hand, pathways involved in
“plant hormone signal transduction” and “plant-pathogen interaction”
were significantly enriched among down-regulated DEGs in nodules
(Supplemental Table S4).

3.2. Genome-wide profile of H3K4me3 marks was associated with
differential gene expressions in nodules

Total histone was extracted from the isolated nuclei of nodules and
the remaining roots 28 DPI. Western blot analysis showed that the total
H3K4me3 level in nodules was significantly higher than that in the
remaining roots (Supplemental Fig. S2). In light of the drastic difference
between the two tissues, we performed chromatin immunoprecipita-
tion-sequencing (ChIP-seq) to profile the enrichment of H3K4me3
marks at the level of individual genes in these two tissues. Over 20
million uniquely mapped reads were obtained per library
(Supplemental Table S5). Two biological replicates were performed,
with a Pearson correlation coefficient of 0.97 for nodules and 0.98 for
the remaining roots between the replicates, indicating that the ChIP
results were highly reproducible (Supplemental Fig. S3A). In total,
around 37,000-39,000 peaks (differences between sample and input
control) were called from each tissue (Fig. 2A, Supplemental Table S6).
We observed higher levels of H3K4me3 in transcriptionally active
chromatin (euchromatin; Fig. 2A). The distribution of H3K4me3 peaks
showed similar patterns of preferential enrichment in genic regions in
both tissues (Fig. 2B). The distribution of H3K4me3 marks along genic
regions showed that the highest H3K4me3 level was observed just after
the transcriptional start site (TSS) and the level decreased gradually
along the gene body in both tissues (Fig. 2C).

Differential analysis of peaks between nodules and the remaining
roots was performed and differentially enriched regions (DRs) were
plotted (Fig. 2A). In total, there were 6038 peaks with higher H3K4me3
enrichment and 3367 peaks with lower H3K4me3 enrichment in no-
dules compared to the remaining roots. A higher number of up-regu-
lated regions were found in nodules, which is consistent with our
western blot result (Supplemental Fig. S2). We then defined the genes
containing DRs within 2 kb upstream of TSS and/or gene bodies as
differentially enriched region-related genes (DRGs). A total of 3797
DRGs with higher H3K4me3 enrichment and 2092 DRGs with lower
enrichment in nodules compared to the remaining roots were identified
(Supplemental Table S7). The ChIP-Seq results were individually vali-
dated at selected DRGs by ChIP-qPCR (Fig. 2E, Supplemental Fig. S3B),
and the results were highly consistent with the ChIP-Seq data.

Based on the global H3K4me3 profile of expressed genes, higher
expression levels were found among the genes with H3K4me3 enrich-
ment than those without in both tissues (Supplemental Fig. S4A).
Spearman correlation analysis of the genes with H3K4me3 enrichment
revealed a positive correlation (Spearman correlation coeffi-
cient = 0.39, p-value < 2.2%16) petween the levels of H3K4me3 and
transcription in both tissues (Supplemental Fig. S4B).

To further investigate the relationship between transcriptional
regulation and the H3K4me3 profile, we compared the DRGs against
the DEGs (Supplemental Table S8). In total, we identified 1966 (51.8%)
up-regulated DRGs overlapping with up-regulated DEGs and 1267
(60.6%) down-regulated DRGs overlapping with down-regulated DEGs,
when comparing nodules to the remaining roots (Fig. 3A). As expected,
the majority of DRGs overlapped with DEGs in the same regulatory
direction (DEGs + DRGs; Supplemental Table S9). Scatter plot and heat
map revealed a strong positive relationship between the fold change
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levels of H3K4me3 and transcription (Spearman correlation coeffi-
cient = 0.81, p-value < 2.2°'%) (Fig. 3, B and C). These are consistent
with a previous finding that H3K4me3 positively affects gene expres-
sion [16].

Through KEGG enrichment analysis, we found the pathways of
“plant hormone signal transduction” and “plant-pathogen interaction”
were enriched among down-regulated DRGs, and “purine metabolism”,
“carbon metabolism”, and “biosynthesis of amino acids” were enriched
among up-regulated DRGs in nodules compared to the remaining roots
(Supplemental Tables S10 and S11). In GO enrichment analysis, genes
with higher H3K4me3 enrichment in nodules were enriched in terms
such as “nodulation”, “nitrogen fixation”, “transporter activity” and
“iron ion binding” (Fig. 3D, Supplemental Tables S12 and S13). It is not
surprising that genes encoding all four functional leghemoglobin (Lba,
Lbcl, Lbc2 and Lbc3) were highly marked with H3K4me3
(logoFC > 4) in nodules, along with other nodulin genes including
nodulin—16, —20, —22, —24, —44 and ENOD93 (log,FC > 3.5). For
genes with reduced H3K4me3 levels in nodules, they were enriched
with GO terms such as “adenyl nucleotide binding”, “defense response”
and “transcription factor activity”. When we focused on transcription
factors (TFs) among the DEGs and DRGs, we found the NIN-like (Nodule
Inception), SRS (SHI-related sequence), B3, bZIP (basic leucine zipper),
TALE (three amino acid loop extension), and Trihelix families were
overrepresented in all up-regulated data sets (DEGs, DRGs and DEGs
+DRGs; Supplemental Table S14). On the other hand, the WRKY and
homeodomain-leucine zipper TF families were significantly enriched in
all down-regulated data sets (Supplemental Table S15).

3.3. Nitrogen and carbon metabolic pathways are highly associated with
increased H3K4me3 levels in nodules

The exchange of carbon and nitrogen between rhizobia and hosts is
a fundamental process during symbiotic nitrogen fixation. To further
demonstrate the possible role of H3K4me3 in regulating essential me-
tabolic activities in nodules, genes involved in nitrogen assimilation
and carbon metabolic pathways were analyzed.

Differential enrichment in H3K4me3 in nodules was found in most
of the genes encoding metabolic enzymes within the purine and ureide
biosynthesis pathway (Fig. 4, Supplemental Table S16). In nodules,
ammonia exported from bacteroids was first assimilated into glutamine
by glutamine synthetase, including GS1a, GS1y1 and GS1vy2, which also
had higher H3K4me3 levels. Two genes encoding phosphoribosylpyr-
ophosphate synthetase, responsible for the generation of precursors for
de-novo purine biosynthesis, were also marked with higher H3K4me3
levels. Increase in H3K4me3 levels was also found in both inosine
monophosphate dehydrogenase (IMPD) genes, which govern the rate-
limiting step in purine biosynthesis, generating xanthosine monopho-
sphate for ureide production. Although purine-nucleoside phosphorylase
(PNP) was down-regulated at both H3K4me3 and transcriptional levels,
two uridine nucleosidase (URH) genes, involved in inosine and xantho-
sine hydrolysis in Arabidopsis [18], were up-regulated. Within the
downstream ureide biosynthesis pathway, higher H3K4me3 levels were
also observed in genes encoding xanthine dehydrogenase.

In return for the fixed nitrogen, plants provide bacteroids with di-
carboxylates. The majority of genes involved in the carbon metabolism
pathway were differentially modified with H3K4me3 (Fig. 4, Supple-
mental Table §16). Sucrose is metabolized by sucrose synthases (SS) or
alkaline invertase (AI) to hexoses (glucose and fructose). Most of the
genes annotated with SS had lower expression levels and one of them
had a lower H3K4me3 level in nodules when compared to the re-
maining roots. Conversely, all the DEGs encoding Al were highly ex-
pressed in nodules. Hexoses were phosphorylated by hexokinase (HK)
or fructokinase (FK) and enter glycolysis. Five of the FK genes had
higher H3K4me3 levels while one HK gene had a lower H3K4me3 level
and was down-regulated in nodules. Most of the genes involved in
glycolysis were highly expressed with higher H3K4me3 levels.
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Fig. 2. Distribution of H3K4me3 marks in mature nodules and remaining roots of soybean inoculated with Sinorhizobium fredii 28 days post-inoculation. (A) Genome-
wide distribution of H3K4me3 peaks in (a) nodules and (b) remaining roots, along with (c) fold-changes of differential peaks with higher levels of H3K4me3 nodules
than in remaining roots (in orange) and those with higher levels in remaining roots than in nodules (in green), (d) distribution of genes (in blue) and (e) distribution
of transposable elements (TEs) (in purple) in the soybean genome. (B) Distribution of H3K4me3 marks within different genomic regions in nodules and remaining
roots. (C) The H3K4me3 profile from 2 kb upstream to 2 kb downstream of all soybean genes in nodules (upper panel) and remaining roots (lower panel). The ChIP
signal was generated using the normalized sequencing read density of H3K4me3. (D) Gene expression levels (by RT-qPCR) and H3K4me3 levels (by ChIP-qPCR) of
two DEGs up-regulated in nodules (N-up DEGs) and two DEGs up-regulated in remaining roots (RR-up DEGs) are displayed in JBrowse. Regions differentially
modified with H3K4me3 are boxed. Bic-C2, ELF-1b and F-box protein2 were used as housekeeping genes in RT-qPCR analysis. Error bars indicate SD, n = 3 (*p-
value < 0.05; **p-value < 0.01; ***p-value < 0.001; ****p-value < 0.0001, as determined using t-test). The same experiment was repeated in another biological
replicate and a consistent trend was observed. N = nodules, RR = remaining roots. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Ultimately, phosphoenolpyruvate (PEP) is processed by phosphoe- sulfate transporters were increased, whereas the levels in two others
nolpyruvate carboxylase (PEPC) and malate dehydrogenase (MDH) into were decreased. While GmPT5, encoding a phosphate transporter
malate, the major carbon source supplied to bacteroids. While known to regulate nodulation, was up-regulated and possessed higher

GmPEPC17 was down-regulated with a lower H3K4me3 level in no- H3K4me3 levels, two other GmPTs (GmPT1 and GmPT4) had lower
dules, GMPEPC7 and GmPEPC15 were highly expressed in nodules. In levels of both expression and H3K4me3 in nodules. In addition, the
addition, higher expression levels were found in almost all the genes ferrous ion transporter-encoding genes GmVTLla, GmDMTI1, and
encoding MDH. GmNRAMP3a (Glyma.04G044000), were modified by higher H3K4me3

levels in soybean nodules. The same trend in H3K4me3 level was also

3.4. Regulation of transporter genes are correlated with H3K4me3 levels in observed in GmZIP1 and GmCOPTZ (Glyma.01G106700), which encode

nodules and the remaining roots zinc and copper transporters, respectively (Supplemental Table S17).
The epigenetic regulation of transporter genes in nodules was 3.5. Down-regulated transcription factors (TFs) formed the hubs of
complicated, since GO terms related to transporter activities were dis- downstream defense response regulatory networks in nodules
covered among both up- and down-regulated genes in nodules.
Numerous potential sugar, peptide, amino acid, and ion transporter- As mentioned, TF enrichment and classification analysis demon-
encoding genes were found within the DEGs+DRGs dataset strated an overrepresentation of the WRKY family in the down-regu-
(Supplemental Table S17). Among the 16 sugar transporter genes with lated DEGs, DRGs and DEGs + DRGs datasets (Supplemental Table S15).
both higher H3K4me3 and expression levels in nodules compared to the This indicates that certain TFs could play important regulatory roles in
remaining roots, two SWEET-like genes (Glyma.06G122200 and nodules. Therefore, we constructed a transcriptional regulatory net-
Glyma.19G232200) were identified. However, eight other sugar trans- work among all down-regulated DEGs to obtain pairwise regulatory
porter-encoding genes showed lower H3K4me3 and expression levels in interactions between TFs and their targets from PlantTFDB5.0 [20]. In
nodules. Also, two putative tonoplast dicarboxylate transporter-en- total, dozens of TFs were significantly over-represented by possessing
coding genes (Glyma.07G265900 and Glyma.15G115200) were up- targets among down-regulated genes in nodules, where seven down-
regulated in nodules. regulated TFs were simultaneously marked by lower H3K4me3 levels
Since differential H3K4me3 enrichment was observed in 21 poten- (Supplemental Table S18). An integrative network linking these seven

tial soybean members of the oligopeptide transporter (OPT) and the TFs and their 1315 target genes through 1963 pairwise interactions was
nitrogen/phosphate transporter (NRT/PTR) families, a phylogenetic constructed in Cystoscope (Supplemental Fig. S5, Supplemental Table
tree was generated using nucleotide sequences from these 21 genes and $19). Among the target genes, 1028 (78.2%) did not have differential
those from key NRT/PTRs identified in Arabidopsis (Fig. 5A). enrichment of H3K4me3, suggesting they could be regulated by dif-
Glyma.04G036100 and Glyma.13G323800, which showed similarity to ferent mechanisms. The network showed four hubs all made up of TFs,
AtNRT2.1 and AtNPF6.3 respectively, were down-regulated in both including four GmWRKYs (GmWRKY50, GmWRKY90, GmWRKY135
H3K4me3 and transcription levels in nodules. While two closely related and GmWRKY149) clustered together, plus GmTCP18, GmTCP43, and
genes (Glyma.02G224600 and Glyma.05G136400) showing similarity to GmMYB214, with clusters of 227, 327, 479 and 509 target genes re-

Arabidopsis PTRs were regulated in opposite directions in nodules, an- spectively. Besides the expected GO terms of “transcription factor ac-
other branch with seven up-regulated genes with similarity to AtPTRs tivity” and related terms being significantly enriched among the target
and AtNPF6.3 was also observed. Differential regulation in both direc- genes, those terms such as “defense response”, “response to stimulus”
tions (one up-regulated and two down-regulated soybean genes in no- and “response to other organism” were also over-represented (Fig. 6A,
dules) was also found among genes clustered with AtOPTs (Fig. 5A). Supplemental Table 20). Among all target genes, 17 were annotated as

Differential H3K4me3 enrichment and expression were observed in NBS-LRR (nucleotide binding site leucine-rich repeat) R (resistance)
18 genes that potentially encode amino acid transporters. Within the protein-coding genes. Moreover, 21 of the target genes encoded other

cluster containing amino acid permeases (AtAAP1-5), three soybean WRKYs, including the homologs of AtWRKY11, AtWRKY22, AtWRKY29
genes were up-regulated in nodules (Fig. 5B). Glyma.12G084500 and and AtWRKY33.

Glyma.20G188800, both down-regulated, are related to the gamma- Motif analysis was also conducted at the 2000-bp upstream pro-
aminobutyric acid (GABA) transporter gene, AtGAT1 [19]. While two moter regions of the up- and down-regulated DEGs using the MEME
genes showing similarity to AtCAT1 were up-regulated, two genes software suite (E-value < 0.001). Hundreds of motifs were significantly

(Glyma.05G155500 and Glyma.08G113400), related to Arabidopsis enriched in both directions including the binding motifs of TCPs and
polyamine uptake transporter (AtPUT3), were down-regulated in nodules. MYBs. Interestingly, TTGACY (W-box element), typical of the WRKY

Differential regulation was also observed in genes related to Arabidopsis family binding motif, was significantly enriched among the promoters
lysine histidine transporter (AtLHT1) and bidirectional amino acid trans- of the down-regulated DEGs set (Supplemental Table S21) when com-
porter (AtBAT1) (Fig. 5B). pared to the up-regulated one (Supplemental Table S22), supporting the

The potential solutes for ion transport-related genes include sulfate, role of WRKYs as master regulators of the repressed genes in nodules.
phosphate, iron, zinc, copper, calcium and potassium ions The sub-network comprising the first-neighbor interactions of
(Supplemental Table S17). When comparing nodules against the re- GmWRKYs was shown in Fig. 6B. The predicted binding motifs of these
maining roots, H3K4me3 and expression levels of two genes encoding GmWRKYs matched our motif scanning results (Supplemental Table
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Fig. 3. Correlation between differentially expressed
genes (DEGs) and H3K4me3 differentially enriched
region-related genes (DRGs) in nodules and re-
maining roots of soybean inoculated with
Sinorhizobium fredii 28 days post-inoculation. (A)
Venn diagram of DEGs and H3K4me3 DRGs in no-
dules and remaining roots. (B) Spearman correlation
of overlapped genes in (A). (C) Heatmaps showing
the H3K4me3 signal ratios (logoN/RR) of up-regu-
lated genes in nodules (N-up DEGs; left panel,
number of genes = 6732) and down-regulated genes
in nodules (N-down DEGs; right panel, number of
genes = 7035). Genes are ranked from top to bottom
in each line according to the fold change in the ex-
pression level in nodules versus in remaining roots.
(D) Gene Ontology (GO) enrichment analysis of the
overlapping genes between N-up DEGs and N-up
DRGs (N-up DEGs+DRGs; upper panel, number of
genes = 1966) and those between N-down DEGs and
N-down DRGs (N-down DEGs +DRGs; lower panel,
number of genes = 1267). The fold of differential
enrichment (Log,FDR) associated with each GO term
classified under biological process (BP), molecular
function (MF) and cellular component (CC) is re-
presented in pink, orange and green respectively on
the left half of the bar plots. The number of genes
associated with each of these GO terms is shown in
purple on the right half of the bar plots. The corre-
sponding nonredundant GO terms are listed to the
left of the bar plots. The full GO enrichment results
are listed in Supplemental Tables S12 and S13.
N = nodules, RR = remaining roots. (For inter-
pretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
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Fig. 4. Alterations of H3K4me3 in nitrogen and carbon metabolic pathway between nodules and remaining roots. Heatmaps show fold change of expression and
H3K4me3 level in genes along ureide and purine biosynthesis pathway between nodules and remaining roots. Red color indicates higher level while blue color
indicates lower level in nodules. 2-OG, 2-oxoglutarate; Gln, Glutamine; Glu, Glutamate; GOGAT, Glutamate synthetase; GS, Glutamine synthetase; NH,™,
Ammonium; R5P, Ribose 5-phosphate; PRS, Phosphoribosylpyrophosphate synthetase; PRPP, 5-phosphoribosyl-1-pyrophosphate; PPAT, Glutamine phosphor-
ibosyldiphosphate amidotransferase; RRA, 5-phosphoribosylamine; GARS, GAR synthetase; GAR, 5-phosphoribosylglycinamide; GART, GAR transfromylase; FGAR,
5-phosphoribosyl-N-formylglycinamide; FGAMS, FGAM synthetase; FGAM, 5-phosphoribosyl-N-formylglycinamidine; AIRS, AIR synthetase; AIR, 5-phosphor-
ibosylaminoimidazole; AIRC, AIR carboxylase; CAIR, 1-(5-phosphoribosyl)-5-amino-4-carboxyimidazole; SAICARS, SAICAR synthase; SAICAR, 1-(5-phosphoribosyl)-
4-(N-succinocarboxamide)-5-aminoimidazole; ADSL, adenylosuccinate lyase; AICAR, 1-(5-phosphoribosyl)-5-amino-4-imidazolecarboxamide; AICART/IMPC, AICAR
transformylase/IMP cyclohydrolase; IMP, inosine monophosphate; IMPD, IMP dehydrogenase; XMP, Xanthosine monophosphate; 5NT, 5-nucleotidase; PNP, purine-
nucleoside phosphorylase; NSH2, nucleoside hydrolase 2; XA, xanthine; XDH, Xanthine dehydrogenase; UA, uric acid; UO, urate oxidase(uricase); SHTP, 5-hy-
droxyisouratre; HIUH, hydroxyisourate hydrolase; OHCU, 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline decarboxylase; OHCUD, OHCU decarboxylase; AT, al-
lantoinase; Suc, Sucrose; SS, Sucrose synthase; Al, Alkaline invertase; Fru, Fructose; HK, hexokinase; FK, fructokinase; G6P, glucose-6-phosphate; PGI, glucose-6-
phosphate isomerase; F6P, fructose-6-phosphate; PFK, 6-phosphofructokinase phosphohexokinase; F1,6BP, fructose 1,6-bisphosphate; Aldo, aldolase; GADP, gly-
ceraldehyde 3-phosphate; TPI, triosephosophate; DHAP, dihydroxyacetone phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 1,3BPG, 1,3-bispho-
sphoglyceric acid; PGK, phosphoglycerate kinase; 3PG, 3-phosphoglycerate; PGM, 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase; 2PG, 2-phos-
phoglycerate; Enol, enolase; PEP, phosphoenolpyruvate; PEPC, PEP carboxylase; OAA, Oxaloacetate; MDH, malate dehydrogenase. N = nodules, RR = remaining
roots. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

S21). Among the target genes of GmWRKYs, there were GmWRKY4 Additionally, 51.8% of up-regulated DRGs in nodules were tran-
(Glyma.01G128100) with four other WRKYs and three NBS-LRR R scriptionally activated while 60.6% of down-regulated DRGs in nodules
genes. were transcriptionally repressed, when compared to the remaining
roots. The uncoupling of differential H3K4me3 enrichment with dif-
ferential gene expression in 45.5% of N-up DRGs and 36.5% of N-down
DRGs can have several explanations. It was reported that the ploidy-
dependent expression of a subset of nodule-specific genes was corre-
lated with the ratio of H3K9ac to H3K27me3 [11], and a similar phe-
nomenon in the genomic regions associated with nodule development
in Medicago truncatula [14]. These findings suggest that multiple epi-
genetic marks could be involved in regulating nodule gene expressions.
H3K4me3 enrichment may also reflect previous transcriptional activ-
ities, as suggested by its persistence after transcription termination
[22].

Within the gene sets with both differential expression and differ-
ential H3K4me3 enrichment in the same regulatory direction, the fold-
change in H3K4me3 and expression levels were highly correlated,
suggesting that alterations in H3K4me3 levels exert a strong effect on
the expression of these genes. Among them, nodule genes annotated
with the GO terms “nodulation” and “nitrogen fixation” were enriched
as expected. Furthermore, the up-regulation of other nodulin genes
known to be highly expressed in nodules was also associated with
drastic increases (> 3.5 log,FC) in their H3K4me3 levels. Thus, we
have demonstrated that the up-regulation of processes directly involved

4. Discussion

4.1. Possible roles of H3K4me3 in regulating gene expressions in soybean
nodules

Epigenetic modifications are a key mechanism for controlling de-
velopmental processes in plants. Through regulating transcription,
epigenetic marks such as histone modifications establish temporal and
spatial controls on seed germination, vegetative growth and flowering.
In legumes, nodules are specialized organs responsible for biological
nitrogen fixation through symbiosis with rhizobia. During symbiosis,
multiple metabolic processes and transport systems contribute to no-
dule formation and functions. In this study, the H3K4me3 peaks in
nodules and the remaining roots were located in genic regions, where
the most enrichment was observed just after the transcriptional start
site. Such a distribution is consistent with previous reports on soybean
and other plants [15,21], strongly supporting the role of H3K4me3 in
transcriptional regulation. Our analysis found around 6000 differen-
tially modified genes between nodules and the remaining roots, sug-
gesting that the two tissues possess distinct H3K4me3 profiles.
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Fig. 5. Phylogenetic trees of genes related to peptide and amino acid transports. Coding sequences from (A) putative oligopeptide and nitrate/peptide transporter-
encoding genes and (B) amino acid transporter-encoding genes, together with key transporter-encoding genes identified in Arabidopsis were used to construct the
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shown in heatmaps. Red color indicates a higher level while blue color indicates a lower level in nodules. N = nodules, RR = remaining roots. (For interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Regulatory network of down-regu-
lated DEGs in nodules. (A) Gene Ontology
(GO) enrichment analysis of the target
genes of transcription factors (TFs) identi-
fied in the whole regulatory network asso-
ciated with nodulation (Supplemental Fig.
S5). The significance levels (Log>FDR) of
selected GO terms classified under biolo-
gical process (BP), molecular function (MF)
and cellular component (CC) are re-
presented in pink, orange and green, re-
spectively, on the left half of the bar plot.
The number of genes belonging to the cor-
responding GO terms are shown in purple
on the right half of the bar plot. The cor-
responding nonredundant GO terms are
listed to the left of the bar plot. The full
results are listed in Supplemental Table
S20. (B) A negative gene regulatory sub-
network based on pairwise interactions of
GmWRKYs. Orange triangles represent four
of the down-regulated TFs with a loss of
H3K4me3 and circles represent their tar-
gets. The green color from darkest to
lightest represents the fold-change in target
gene expression from the highest to the
lowest as represented by Log,FC. Predicted
binding motifs (PlantTFDB v5.0) of
GmWRKYs are shown to the right of their
names. (For interpretation of the references
to color in this figure legend, the reader is
referred to the web version of this article.)
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in nitrogen fixation is potentially mediated by H3K4me3 enrichment,
consistent with the previously demonstrated role of H3K4me3 in reg-
ulating nitrogen fixation by knocking down histone H3 lysine 4 tri-
methyltransferase, PvTRX1h, in common bean [17].

H3K4me3-associated regulation was also observed in most of the
genes encoding metabolic enzymes within the purine and ureide bio-
synthesis pathways, especially those governing the rate-limiting steps,
suggesting that epigenetic regulation may help drive ammonia assim-
ilation towards ureide production. Regarding carbon metabolism in
nodules, sucrose synthases (SSs) was suggested to play a more im-
portant role than alkaline invertases (Als) during nitrogen fixation [3].
Nodulin-100, which encodes a subunit of SSs, was reported to be highly
expressed in soybean nodules [23]. This is consistent with our data,
where the expressions of Nodulin-100 and its homolog were increased in
nodules. The nodule-specific GmPEPC7 and its closest homolog
GmPEPC15, which were reported to be highly expressed in nodules
[24], were also induced in nodules in this study. Yet the low expression
level of bacterial-type PEPC genes (GmPEPC17) in this study was con-
sistent with a previous report as well [25]. Furthermore, higher
H3K4me3 levels were observed in the majority of up-regulated genes
involved in glycolysis, demonstrating the role of epigenetic regulation
in carbon metabolism in nodules.

4.2. Concerted activation of amino acid biosynthesis facilitates efficient
nodule functions

Compared to the remaining roots, nodules require more active
metabolism to maintain the nutrient supply to bacteroids and to as-
similate fixed nitrogen. Here the activation of amino acid biosynthesis
was identified as one of the key features in nodule metabolism, con-
sistent with previous studies [26]. Higher H3K4me3 enrichment was
confined to up-regulated genes within the biosynthetic pathways of
several key amino acids, including the one encoding glutamate syn-
thetase, involved in the first step of ammonia assimilation. The up-
regulation of cysteine biosynthesis can be helpful for minimizing oxi-
dative stress in the micro-environment in nodules by promoting the
subsequent production of thiol-containing peptides such as glutathione.
The up-regulation of the gene for serine hydroxymethyltransferase,
responsible for converting glycine to serine, could favor the in-
corporation of glycine into phosphoribosylamine in the second step of
purine biosynthesis. Moreover, glycine is also involved in glutathione
biosynthesis. Similarly, the up-regulation of histidine biosynthesis in
nodules could drive the production of 5-aminoimidazole-4-carbox-
amide ribonucleotide, an intermediate of purine biosynthesis. Besides,
the biosynthesis of branch-chain amino acids was also up-regulated,
consistent with a previous finding that the supply of these amino acids
to bacteroids was critical for nodule functions [8].

4.3. H3K4me3 signatures reveal distinct transportation machinery in
nodules and remaining roots

To date, numerous studies have identified transporters of individual
metallic ions essential for nitrogen fixation in legume nodules [1]. In
contrast, there is less effort on identifying transporters of carbon and
organic nitrogen compounds. Hence this study shed lights on the epi-
genetic regulation of various transporter families in nodules.

The regulation of sugar transport-related genes appeared to be
multi-faceted. While our DEG data revealed that most of the putative
members in the sugar transporter, polyol/monosaccharide transporter
and inositol transporter subfamilies were up-regulated in nodules,
STP1-like, STP5-like, STP7-like and STP14-like were up-regulated in the
remaining roots. Interestingly, several STP-like genes were also up-
regulated in the root-specific cluster compared to indeterminate no-
dules in Medicago, suggesting that these STPs may participate in the
same mechanism governing sugar distribution [27]. It was proposed
that the induction of SWEET genes, such as MtN3 in Medicago, facilitates
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nutrient supplies to bacteroids [28]. It was reported that MtSWEET1b
was beneficial for the maintenance of arbuscular mycorrhizal sym-
biosis, and also possibly in rhizobial symbiosis given its high expression
in nodules [29]. From our data, the MtSWEET1b homolog in soybean
(Glyma.06G122200) was also up-regulated in nodules, supporting its
potential role in nodule maintenance. It was shown that LjALMT (alu-
minum-activated malate transporter) could mediate the efflux of di-
carboxylates including malate in Xenopus oocytes [30]. In Lotus japo-
nicus, LjALMT4 was localized in vascular bundles in mature nodules
instead of the peribacteroid membrane, suggesting that another class of
transporter was responsible for the direct supply of dicarboxylates to
bacteroids [30]. AttDT (a tonoplast malate/fumarate transporter) was
responsible for malate import into vacuoles in Arabidopsis [31]. How-
ever, the AttDT homologs (Glyma.07G265900 and Glyma.15G115200)
were up-regulated in nodules, suggesting that they may be involved in
an alternative malate transporting mechanism.

Besides sugar transporters, other transporters were also differen-
tially regulated in nodules, such as the NRT/PTR transporters.
Glyma.04G036100 and Glyma.13G323800 were related to nitrate
transporter genes (AtNRT2.1 and AtNPF6.3) in Arabidopsis. The re-
pression of nitrate transporters may be a strategy to limit unnecessary
nitrate acquisition by the root, which can inhibit nitrogen fixation. It
was reported that LjNPF8.6 LORE1-insertion mutants had reduced ni-
trogen-fixing activity and displayed nitrogen deficiency symptoms.
Despite LjNPF8.6 showing nitrate uptake activity in Xenopus laevis oo-
cytes, the nitrate content in mutant nodules did not significantly differ
from that in the wild type. The up-regulation of LjNPF8.6 was proposed
to regulate membrane potential and energy status [32]. AtPTRS5, the
closest Arabidopsis ortholog of LjNPF8.6, is a dipeptide transporter
[33]. Hence, differential regulations of Glyma.02G224600 and
Glyma.18G064900 (> 72% predicted amino acid identity with
LjNPF8.6) may suggest the importance of transporter capable of
transporting both nitrate and dipeptide in soybean nodules.
Glyma.17G096200, ortholog of AtNPF2.11, was also up-regulated in
nodules. In Arabidopsis, AtNPF2.11 mediates glucosinolate transport. In
the colonization of Arabidopsis by beneficial root endophytes, the im-
provement in plant growth was abolished when glucosinolate bio-
synthesis was interrupted [34]. Since this phenotype was observed
under low inorganic phosphate (Pi) conditions, the role of glucosinolate
in soybean-rhizobia symbiosis awaits further investigation.

An amino acid cycling model between plants and bacteroids was
proposed, in which the exchange of amino acids was beneficial to ni-
trogen fixation efficiency [6]. In our study, genes potentially involved
in amino acid transport were also differentially regulated in nodules. In
Arabidopsis, amino acid permeases were shown to transport a wide
range of neutral amino acids, including alanine and branch-chain
amino acids. In pea, the expression of a branch-chain amino acid-spe-
cific transport system complemented the impaired symbiotic perfor-
mance of the bacterial mutant lacking a broad-specificity amino acid
transporter [8]. Thus, the up-regulation of amino acid permeases in
soybean may favor the supply of branch-chain amino acids to bacter-
oids for maintaining nodule functions. GABA cycling was also proposed
to regulate nitrogen fixation [35]. The unexpected down-regulation of
two genes potentially encoding GABA transporters may be due to the
other role of GABA as a stress-signaling molecule, reflecting a delicate
balance between unnecessary stress response and healthy nodule
functions.

Differential regulations of ion transporters were also observed in
nodules. In plants, Pi transporters from the Phtl family display tissue-
specific functions and are responsible for Pi uptake and allocation from
source to sink [36]. Higher expression levels of GmPT1 and GmPT4 in
the remaining roots were consistent with previous findings of their
tissue-specific expression patterns [37]. In soybean nodules, GmDMT1
(an NRAMP metal transporter family member) was shown to mediate
ferrous ion transport [4]. In Medicago, another NRAMP family member,
MtNrampl, was also capable of ferrous ion transport. It was proposed



Q. Wang, et al.

that Nrampl and DMT1 constitute a transport system to deliver ferrous
ions to the bacteroids [30]. These two NRAMP transporters also
mediated the transport of other ions, such as manganese, zinc and
copper [30,38]. Thus, the up-regulation of GmDMT1 and GmNRAMP3a
may favor the supply and homeostasis of various ions in soybean no-
dules. The up-regulation of GmVTLIa associated with higher H3K4me3
levels was also consistent with a recent study demonstrating its function
as a ferrous ion transporter important for nodule functions [39].
Consistent with previous studies, the zinc transporter GmZIP1 was
up-regulated in nodules [4]. Regarding copper ion transport, the in-
sertion mutant Mtcoptl had impaired nitrogenase activities in nodules
[1]. Here GmCOPT2 (Glyma.01G106700) had up-regulated expressions
with higher H3K4me3 levels in nodules, suggesting that it may be re-
sponsible for symbiotic copper transport in soybean. However, several
genes encoding sulfate transporters were regulated in opposite direc-
tions in nodules. Although the sulfate transporter LjSST1 was demon-
strated to be essential for nodule functions [1], our results suggested a
more complicated system for sulfate homeostasis in soybean nodules.

4.4. Defense response network in nodules is dampened by the loss of
H3K4me3 marks in several WRKYs

Recent phylogenomic analyses of all TFs in legumes showed that the
expanded TF genes during whole-genome duplication tended to be
expressed in roots and nodules [40]. Also, many of the down-regulated
genes in nodules in our datasets were annotated with the GO term
“transcription factor activity”, leading us to analyze the enrichment of
different TF families among the DEGs and DRGs. In nodules, the Nin-
like, bZIP and TALE families were significantly enriched in three up-
regulated data sets (DEGs, DRGs and DEGs + DRGs). These are involved
in the positive regulation of nodulation [41-43]. In addition, three
other TF families, SRS, B3 and Trihelix, were also significantly enriched,
suggesting that they also play an important role in symbiosis. On the
other hand, WRKYs were significantly enriched in all down-regulated
gene sets. These TFs were known to regulate microbe-associated mo-
lecular pattern (MAMP)-mediated host defense responses [9]. Promoter
analysis revealing that W-box motifs were uniquely enriched in down-
regulated DEGs further confirmed that WRKYs dominated among the
down-regulated TFs.

By constructing a regulatory network with predicted pairwise in-
teractions, we showed that down-regulated TFs indeed had a significant
impact on the repression of their targets which were overwhelmingly
annotated with defense response-related GO terms. Four WRKYs in
particular, GnWRKY50, GnWRKY90, GnWRKY135 and GmWRKY149,
were clustered together in a subnetwork. It was reported that the
Atwrky11 mutant, a homolog of GmWRKY135, was more susceptible to
nematode infection [44]. AtWRKY22 and AtWRKY29, homologs of
GmWRKY149 and GmWRKY50 respectively, are important components
in the mitogen-activated protein kinase (MAPK) pathway. The over-
expression of AtWRKY29 conferred resistance to both bacterial and
fungal pathogens and similarly, AtWRKY22 [45], both being inducible
by Bacillus cereus AR156 [46]. Moreover, we discovered five other
WRKYs and three NBS-LRR R genes among the targets of these four
GmWRKYs. Although the mechanism of WRKY self-regulation is still
unclear, this phenomenon has been reported in several studies under
various stress conditions [45]. Surprisingly, one of these target genes
was GmWRKY4 (Glyma.01G128100, the homolog of AtWRKY33), with
reduced H3K4me3 enrichment in nodules. AtWRKY33 is a key positive
regulator against Botrytis cinerea and the repression of it may promote
the disease in Arabidopsis [47]. Our findings suggest that loss of
H3K4me3 may down-regulate key TFs, which in turn exert broader
effects on the defense-responsive target gene network in nodules. The
inhibition of host innate immunity appears to be essential for estab-
lishing symbiosis between rhizobia and the plant. However, it should be
noted that regulation of the reported network may involve other me-
chanisms that remain to be elucidated. Also, as variations in host
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specificity and symbiotic efficiency exist in soybean-rhizobia symbiosis,
further studies comparing different germplasms and rhizobia strains
can be conducted to address the consistency in defense response net-
works and to identify features specific to different symbiotic partners.

5. Conclusions

In summary, we uncovered the transcriptomic program with an
H3K4me3 signature specialized for nodule functions, including acti-
vating amino acid biosynthesis, facilitating carbon and nitrogen meta-
bolism to support efficient nitrogen fixation, and facilitating the ex-
change of materials between the host and bacteroids. We also
uncovered gene candidates for future studies on alternative transport
mechanisms for improving nutrient exchange and symbiotic perfor-
mance. In addition, the transcriptional network revealed that the loss of
H3K4me3 in several transcription factor genes may coordinate the re-
pression of host defense responses linked to nodule maintenance.
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