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Plants have a close relationship with their root microbiota, which comprises a complex microbial network.
Histone methylation is an important epigenetic modification influencing multiple plant traits; however, little is
known about the role of plant histone methylation in the assembly and network structure of the root
microbiota. In this study, we established that the rice (Oryza sativa) histone methylation regulates the
structure and composition of the root microbiota, especially the hub species in the microbial network. DJjmj703 (defective in histone H3K4 demethylation) and ZH11-sdg714 (defective in H3K9 methylation) showed
significant different root microbiota compared with the corresponding wild types at the phylum and family
levels, with a consistent increase in the abundance of Betaproteobacteria and a decrease in the Firmicutes.
In the root microbial network, 35 of 44 hub species in the top 10 modules in the tested field were regulated
by at least one histone methylation-related gene. These observations establish that the rice histone
methylation plays a pivotal role in regulating the assembly of the root microbiota, providing insights into the
links between plant epigenetic regulation and root microbiota.
Copyright © 2021, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and
Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
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Introduction
Plant roots recruit taxonomically diverse microbes from the soil,
which form a root microbiota distinct from the soil microbial community (Bulgarelli et al., 2012; Lundberg et al., 2012). Root microbiota
members form a complex microbial network, with hub species that are
associated with a high number of other species and maintain the microbial network (Berry and Widder, 2014; Shi et al., 2016). The

collective root microbiota plays pivotal roles in plant nutrient
utilization and resistance to biotic and abiotic stresses (Castrillo et al.,
2017; de Vries et al., 2018; Carrion et al., 2019). The structure and
specific members of the root microbiome are regulated by environmental and plant genetic pathways, such as the plant immune system,
nutrient status, and root exudate secretion (Lebeis et al., 2015; Huang
et al., 2019a; Zhang et al., 2019). Few studies have examined the plant
genetic pathways that regulate the hub species in the root microbiota.
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and rhizosphere microbiota of the rice histone methylation-related
mutants, DJ-jmj703, ZH11-sdg714, and Nip-dcl3a, were distinct from
their corresponding wild types (permutational multivariate analysis of
variance, P < 0.001; Figs. 1A and S1; Table S2). Second, the root
microbiota of different mutants and wild types were separated and
dispersed in the second axis of the PCoA of Bray-Curtis dissimilarity,
while all the rhizosphere and soil samples were closely clustered
(Fig. 1B), suggesting that the influence of rice histone methylations on
the microbiota is stronger in the roots than in the surrounding rhizosphere soil. Notably, hierarchical clustering based on weighted UniFrac distances had consistent results (Fig. 1C). For the root samples,
the wild types and histone methylation defective mutants (DJ-jmj703,
ZH11-sdg714, and Nip-dcl3a) were clustered into two distinct groups,
while the rhizosphere samples showed no obvious pattern. Taken
together, these results demonstrated that the rice histone methylation
is important to maintain the root microbiota assembly.

Epigenetic regulation is a basic mechanism that has a broad
impact on regulating chromosomal behavior and gene expression
(Allis and Jenuwein, 2016). The main epigenetic regulatory mechanisms in plants include DNA methylation, histone methylation, and
the non-coding regulatory RNAs (ncRNAs)-mediated regulation of
gene expression (Deng et al., 2016). In plants, methylations of DNA
and histone are involved in a variety of plant physiological processes,
including development, adaptation to environmental stresses, and
genome stability (Liu et al., 2010; Zhang et al., 2018). For example,
SDG714 and JMJ703 are rice histone H3 lysine 9 (H3K9) methyltransferase and H3K4 demethylase that are associated with silencing
of genes and transposable elements (TEs); and loss-function-of
which result in ectopic expression of some endogenous genes,
activation and mobilization of TEs, and abnormal developmental
defects (Ding et al., 2007; Cui et al., 2013). Small interfering RNAs
(siRNAs) are ncRNAs with 21e24 nucleotides (nt) in length (Carthew
and Sontheimer, 2009). 24-nt siRNAs processed by Dicer-like protein
3 (DCL3) are the most abundant siRNAs conferring transcriptional
regulation via RNA-directed DNA methylation (RdDM) in Arabidopsis
(Cao et al., 2003; Chan et al., 2004; Xie et al., 2004) or mediating the
methylation of histone H3K9 in rice (Wei et al., 2014). A recent study
in Arabidopsis found that DCLs influenced the structure of the root
microbiota independently of RdDM (Kaushal et al., 2021). The dcl234
mutant harboring triple mutations of DCL2/3/4 assembled a different
root microbiota than that of the wild type (Col-0), whereas downstream defective mutants in the RdDM pathway did not exhibit differences in the root microbiota. This study provided evidence for the
function of plant siRNAs in regulating the root microbiota; however,
the role of plant histone methylations in the assembly of the root
microbiota as well as the links between plant epigenetic regulation
and hub species in the root microbiota are yet to be ascertained.
In this study, we examined the root microbiota of field-grown
histone methylation defective mutants in rice (Oryza sativa). The
mutants were DJ-jmj703 (defective in histone H3K4 demethylation),
ZH11-sdg714 (defective in histone H3K9 methylation), and Nipdcl3a-1 and Nip-dcl3a-3 (two independent lines with knocked-down
OsDCL3a expression showing reduction of 24-nt siRNAs and histone
H3K9 methylation). These mutants result in loosening plant
chromosome and widely activating plant gene expression. We found
that rice histone methylations significantly influenced the assembly of
the root microbiota, especially the hub species in the root microbiota
co-occurrence network. Our work provides evidence for the pivotal
role of plant epigenetic regulation in maintaining the homeostasis of
the rice root microbiota.

Rice histone methylations influence the composition of the
root microbiota
To investigate the influence of the histone methylation on root
microbiota composition, we compared the relative abundance of
bacterial communities in the rice histone methylation-related mutants
(DJ-jmj703, ZH11-sdg714, and Nip-dcl3a) and their corresponding
wild types at the phylum and family levels. We found that these mutants showed significantly altered root microbiota. Of the 10 abundant
microbiota phyla (average relative abundance > 1%) in the tested rice
roots, DJ-jmj703, ZH11-sdg714, Nip-dcl3a-1, and Nip-dcl3a-3
showed 4, 7, 5, and 6 altered phyla compared with their wild types,
respectively (Fig. 2A; Table S3A). Notably, Betaproteobacteria were
increased in all mutants, from an average of 40.6% of the microbiota in
the wild types to 48.0% in the mutants. The changes were mainly due
to the increased abundance of the Comamonadaceae, Gallionellaceae, Sterolibacteriaceae, and Methylophilaceae families (Fig. 2B;
Table S3B). In addition, the Firmicutes were decreased in all tested
epigenetic mutants, accounting for an average of 6.9% of the microbiota in the wild-type controls, which was 1.86 times higher than those
in the mutants (Fig. 2A; Table S3A). The Paenibacillaceae was the
major altered family in the Firmicutes (Fig. 2B; Table S3B). As all tested
mutants have overlapping defects in the rice histone methylation
process, these results suggested that proper histone methylations are
crucial to maintain the abundance of two major root microbiota phyla,
the Betaproteobacteria and Firmicutes.
Next, we compared the root microbiota of the mutants and wild
types at the ASV level to examine the bacterial taxa specially influenced by the different histone methylation-related mutants. We
detected a total of 985 differential ASVs in the root microbiota of the
rice histone methylation defective mutants compared with the wild
types (Wilcoxon rank-sum test, false discovery rate (FDR) adjusted P
value < 0.2, fold change >1.2; Figs. 3A, S2AeS2D; Table S4A). A total
of 92.2% of the differential ASVs belonged to the dominant eight
phyla, especially the Proteobacteria (613 ASVs), Actinobacteria (99
ASVs), Bacteroidetes (92 ASVs), and Firmicutes (66 ASVs). Interestingly, we found that the altered root microbiota members in the DJjmj703, ZH11-sdg714, and Nip-dcl3a mutants showed a significant
proportion of specificity (Table S4BeS4E).
The mutation of DJ-JMJ703 showed an enrichment of 293 ASVs,
which was nearly twice the number of the depleted ASVs (Fig. 3B and
3C). The two independent Nip-dcl3a mutants (Nip-dcl3a-1 and Nipdcl3a-3) showed relatively weaker effects than the other mutants
(Fig. S2AeS2D). Many altered ASVs were depleted in the Nip-dcl3a
mutants relative to the corresponding wild types (65.4% in Nipdcl3a-1 and 53.4% in Nip-dcl3a-3; Fig. 3B and 3C). The ZH11sdg714 mutant had the largest number of altered root microbiota
members (773 ASVs; Table S4C), with 280 ASVs specifically

Results
The rice histone methylation shows stronger influence on the
structure of the root microbiota than the rhizosphere
To investigate the links between plant histone methylation and the
assembly of the root microbiota, we grew rice histone methylation
defective mutants and their corresponding wild types in Lingshui,
Hainan, China. The mutants were DJ-jmj703, ZH11-sdg714, Nip-dcl3a1, and Nip-dcl3a-3. We collected 6 bulk soil samples and 15e30 replicates of the rhizosphere soil and root samples for each rice genotype
grown in the field for eight weeks. We amplified and sequenced the
V5eV7 regions of the 16S ribosomal RNA (rRNA) gene, obtaining a total
of 20,081,071 high-quality sequences (average: 81,630 ± 31,207.98,
range: 28,453e148,200 reads per sample) from 246 samples. The sequences were analyzed using the Unoise3 algorithm, resulting in a total
of 22,283 amplicon sequence variants (ASVs; Table S1).
We found that the rice histone methylation regulated the structure
of the root microbiota. First, the constrained principal coordinates
analysis (PCoA) of the Bray-Curtis dissimilarity showed that the root
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Z. Lv, R. Dai, H. Xu et al.

Journal of Genetics and Genomics 48 (2021) 836e843

G

C

Fig. 1. Histone methylation drives the structure of the rice root microbiota. A: Constrained PCoA of the Bray-Curtis dissimilarity of root samples showing that the effect of histone
methylation on root microbiota is stronger than the effect of the genetic differences among wild-type rice cultivars. Root microbiota of the wild types and histone methylation-related
mutants separate in the first axis (16.6% of variance; PERMANOVA, P < 0.001). B: PCoA of the Bray-Curtis dissimilarity between samples, showing that the effect of rice histone
methylation on the microbiota is stronger in the roots than in the rhizosphere soil. The microbiota samples separate in the first axis with the compartments (roots, rhizosphere, and bulk
soil). Histone methylation affects the root microbiota in the second axis (PERMANOVA, P < 0.001). C: Hierarchical clustering (average linkage method) based on weighted UniFrac
distances between groups, showing that the microbiota of wild types and the histone methylation-;related mutants form distinct clusters in the root but not in the rhizosphere soil. Nip,
Nipponbare; RS, rhizosphere soil; R, root; WT, wild type; Mut, mutant; PERMANOVA, permutational multivariate analysis of variance. The numbers of replicated samples are: bulk soil
(n ¼ 6), rhizosphere and root samples (total 14 groups, each group, n ¼ 15; for ZH11-sdg714, n ¼ 30).

the statistically significant association between the relative abundance
of two microbes that increased or decreased in a positively or negatively
correlated manner (Ridenhour et al., 2017). The modules of the network
consist of highly connected bacterial taxa, including hub species that
show a high number of associations with other microbes, and which are
important for root microbiota assembly and stability (Rottjers and Faust,
2018; Huang et al., 2019b). We found that the differential ASVs in DJjmj703 and ZH11-sdg714 compared with their corresponding wild
types accounted for 30.7% and 64.9% ASVs in the top 10 modules
(Table S5C), which represented 46.9% of the abundance in the
network. Notably, 35 of 44 hub species (greater than 30 connections to
other bacterial taxa) in the top 10 modules were regulated by at least
one histone methylation-related gene (Fig. 4Be4E; Table S5D). Five hub
species classified as Proteobacteria, including two Methylococcaceae
ASVs, were enriched in DJ-jmj703, ZH11-sdg714, and Nip-dcl3a-1,
which belonged to module 57 (Table S5D). As the Methylococcaceae
are methane-oxidizing bacteria that secrete methanobactin (Kumar et
al., 2021), these data indicate that the histone methylation pathway is
involved in repelling bacteria that oxidize methane. Taken together, our
data suggested that the rice histone methylation influenced the abundance of hub species of the root microbiota and played pivotal roles in
root microbiota assembly.

decreased in this line (Fig. 3C), suggesting that ZH11-sdg714mediated H3K9 methylation has the greatest influence on root
microbiota assembly. In addition, we found that the coregulated
ASVs enriched or depleted in all four mutants mainly belonged to the
Gammaproteobacteria, the Betaproteobacteria, and the Firmicutes
(Figs. 3D, 3E, S2E, S2F). The coregulated ASVs account for an
average of 8.8% of the relative microbiota abundance (Table S4H),
suggesting that the majority of altered root microbiota members are
regulated by individual mutants, caused by different changes in rice
epigenetic modification.

Hub species of the co-occurrence network in the rice root
microbiota are regulated by the histone methylation
We constructed a co-occurrence network with root microbiota
members in three wild-type controls, Nip-WT, DJ-WT, and ZH11-WT,
and examined the regulatory importance of rice histone methylations on
the root microbial network in the tested field (Figs. 4A and S3). The
network was derived from 1491 abundant root ASVs (relative abundance > 0.01%), comprising 3465 edges, 64 modules, and 44 hub
species (Fig. 4A; Table S5). The edges of the microbial network reflect
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Fig. 2. Mutations in rice histone methylation-related genes influence the composition of root microbiota at the phylum and family levels. A: Phylum-level distribution of root microbiota in
the rice histone methylation-related mutants and their corresponding wild types. Proteobacteria are shown at the class level because they account for the majority of the root microbiota.
B: Family-level distribution of root microbiota in the rice histone methylation-related mutants and their corresponding wild types. The numbers of replicated samples are: bulk soil (n ¼ 6),
DJ-WT (n ¼ 15), DJ-jmj703 (n ¼ 15), ZH11-WT (n ¼ 15), ZH11-sdg714 (n ¼ 30), Nip-WT (n ¼ 15), Nip-dcl3a-1 (n ¼ 15), and Nip-dcl3a-3 (n ¼ 15).

suggesting that DCLs regulate the root microbiota through other
epigenetic mechanisms (Kaushal et al., 2021). In rice, DCL3 processes 24-nt siRNAs, which are involved in the H3K9 methylation of
histones (Wei et al., 2014). In this work, we found that the impairment
of histone methylations in three rice epigenetic mutants significantly
influences the structure and composition of the root microbiota. In
the PCoA, the root microbiota of the histone methylation mutants
(DJ-jmj703 and ZH11-sdg714) and siRNA mutants (Nip-dcl3a-1 and
Nip-dcl3a-3) were significantly different to those of the corresponding wild types (Fig. 1). Firmicutes and Betaproteobacteria were
consistently regulated by all tested mutants (Fig. 2). The changed
bacteria may, in turn, influence plant epigenetic status. In human gut,

Discussion
The rice histone methylation shapes the root microbiota
Epigenetic modifications are important mechanisms that broadly
influence the expression of important genes, thereby regulating
diverse plant traits and thus their adaption to differing environments
(Ramos-Cruz et al., 2021; Samantara et al., 2021). It is therefore
important to investigate the links between the plant epigenetic
modifications and the root microbiota. A recent study in Arabidopsis
revealed that DCL-mediated siRNA production affected root microbiota assembly, while its downstream RdDM had no effect,
839
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Fig. 3. Regulation effects of rice histone methylation-related mutations on the root microbiota. A: The enrichment and depletion features of the root microbiota in the rice histone
methylation-related mutants compared with their corresponding wild types. Heatmap presenting log2-transformed fold changes of 985 ASVs with a differential relative abundance in the
rice histone methylation mutants and wild types (Wilcoxon rank-sum test: FDR-adjusted P value < 0.2, fold change > 1.2). Samples and ASVs are clustered using the group average
linkage method. ASVs are annotated with the phylum and family levels using the same colors in Fig. 2. B: Venn diagram showing the overlap of ASVs enriched in the rice histone
methylation-related mutants compared with their corresponding wild-type controls. C: Venn diagram showing the overlap of ASVs depleted in the rice histone methylation-related
mutants compared with their corresponding wild-type controls. D: Phylum-level composition of the 24 overlapping ASVs enriched in all tested rice histone methylation-related mutants. E: Phylum-level composition of the 48 overlapping ASVs depleted in all tested rice histone methylation-related mutants. The numbers of replicated samples are: DJ-WT (n ¼ 15),
DJ-jmj703 (n ¼ 15), ZH11-WT (n ¼ 15), ZH11-sdg714 (n ¼ 30), Nip-WT (n ¼ 15), Nip-dcl3a-1 (n ¼ 15), and Nip-dcl3a-3 (n ¼ 15).

hormone, and metabolism processes (Kaushal et al., 2021). Defects
in histone H3K4 demethylase and H3K9 methyltransferase had a
stronger effect on the root microbiota composition than the DCLdefective mutants (Fig. 3). Taken together, we have revealed the
important function of histone methylations in the regulation of root
microbiota by plants. The further elucidation of the role of other plant

Firmicutes colonization increased human histone acetylation by
producing butyrate (Berni Canani et al., 2012), while the influence of
root microbiota on rice epigenetic status still needs to be studied.
These consistent changes of root microbiota among the three
epigenetic mutants may be contributed by their loosen chromatin
pattern and thus activation of nearby genes related with defense,
840
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Fig. 4. Hub species of the co-occurrence network in the rice root microbiota are regulated by the rice histone methylation. A: Microbial co-occurrence network of wild-type rice
cultivars. The network was calculated using the relative abundance of the root ASVs in three wild-type cultivars: Nipponbare, DJ, and ZH11. Each node represents an ASV. ASVs with a
Pearson correlation greater than 0.7 (P < 0.05) are connected by edges. The thickness of each edge is determined according to the correlation coefficients; the size of a node is
determined by the degree (number of edge connections). The network module was calculated using community detection algorithm; 64 modules were obtained, and the top 10 modules
are colored. BE: Nodes in the co-occurrence network are colored (red, enriched; blue, depleted) according to the differential ASVs between the wild types and DJ-jmj703 (B), ZH11sdg714 (C), Nip-dcl3a-1 (D), and Nip-dcl3a-3 (E). The numbers of replicated samples are: bulk soil (n ¼ 6), DJ-WT (n ¼ 15), DJ-jmj703 (n ¼ 15), ZH11-WT (n ¼ 15), ZH11-sdg714 (n ¼ 30),
Nip-WT (n ¼ 15), Nip-dcl3a-1 (n ¼ 15), and Nip-dcl3a-3 (n ¼ 15).

epigenetic processes (e.g., long non-coding RNAs) and their synergistic effects on root microbiota will help us to understand the
mechanisms of host regulation on the root microbiota.

Materials and methods

The hub microbes of the rice root microbiota are regulated by
rice histone methylations

Seven rice varieties, DJ-WT, DJ-jmj703, ZH11-WT, ZH11-sdg714,
Nip-WT, Nip-dcl3a-1, and Nip-dcl3a-3 (Ding et al., 2007; Cui et al.,
2013; Wei et al., 2014), were planted in a rice paddy field at Lingshui Farm, Hainan, China (110.044 E, 18.512 N) in May 2017. To
avoid the effects of endophytic bacteria and surface-related microorganisms, the rice seeds were dehulled, and the surfaces were
sterilized in 75% ethanol for 30 s. The seeds were then disinfected
three times with 2.5% sodium hypochlorite for 1 min, washed 5 times
with sterile deionized water, and finally, the seeds were placed on MS
agar medium to promote germination. After 15 days, the rice seedlings were transplanted into the paddy field at the farm. Seedlings
were grown in blocks by variety, with a distance between blocks of
around 30 cm. Each variety was planted in a block of 42 (6  7)
plants, with individuals spaced 20 cm apart. Protection lines and
sidelines were also used to avoid interference. The irrigation surface
of the field was just immersed in the soil.

Plant growth

The root microbiota microorganisms interact closely with each
other, forming a stable ecological network (Faust and Raes, 2012;
Duran et al., 2018). In this network, hub species are important
because they link many microbes and are likely involved in the basic
processes of microbiota assembly and collaboration, which helps
plants adapt to the soil environment (de Vries et al., 2018). Here, we
found that hub species of the rice root microbiota were regulated by
histone methylation pathways (Fig. 4). Of the 44 hub species, 35 were
differentially abundant in at least one of the tested mutants (Fig. 4;
Table S5). This is understandable because histone methylations
affect the expression of diverse plant genes (Deng et al., 2016; Ono
and Kinoshita, 2021), such as those involved in immunity, stress responses, and the development of root architecture, which in turn
affects the regulation of the root microbiota (Carrion et al., 2019;
Harbort et al., 2020; Salas-Gonzalez et al., 2021). The abundance of
other bacteria in the same module varied together with the hub
species, indicating a synergistic response of the root microbiota to
the plant histone methylation process. Notably, two hub species in
module 57 belong to Methylococcaceae, which use methane and
methanol as substrates to synthesize methanobactin. Consistent
with a previous study, Methylococcaceae showed higher abundance
in roots than soil (Edwards et al., 2015). Defect in histone methylation
resulted in enrichment of Methylococcaceae, suggesting a potential
of regulating the balance of methanogens and methanotrophic
bacteria by modifying rice histone methylation status, thus control
the emission of methane in rice fields. Our findings thus provide a
theoretical basis for the links between plant epigenetic modifications
and root microbiota in field-grown crops.

Sample collection
Rice root samples were collected eight weeks after transplanting
into the field when all the rice cultivars were in the late tillering stage.
A total of 15e30 representative replicates from the central position of
each variety block were collected. The loose soil particles stuck to
the roots were washed twice with sterile water, and then the eluted
soil suspensions were centrifuged at 3000 rpm for 15 min. After
centrifugation, most of the supernatant was poured away, with 5 mL
of soil precipitate and supernatant retained, mixed to homogenize,
and stored as a rhizosphere soil sample. The clean rice roots from a
depth of 0e10 cm were collected into 50 mL tubes containing 25 mL
of sterile 1 PBS. The root samples were placed on a shaker and
shaken three times at 180 rpm for 15 min each time. Finally, sterile
841
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sequences were clustered into ASVs using unoise3. By aligning ASVs
to the SILVA (Quast et al., 2013) database, the sequences from the
chimera (-uchime2_ref, -fastx_getseqs) and the host (-sintax_cutoff)
were filtered. Finally, the ASV table was created (-otutab, -id 0.97).
The ASV table was then screened to exclude samples with a low
sample size (<5000), and ASVs with a low sequencing frequency
(observed 50 times in all samples) were also removed. The taxonomic
annotation was performed using USEARCH based on the RDP
database (Wang et al., 2007) (-sintax_cutoff 0.6). QIIME2 was used
for the alpha and beta diversity analyses.

filter paper was used to blot the residual water from the roots, after
which the roots were cut into 2-mm segments and stored. Correspondingly, bulk soil was collected from a field not used to cultivate
rice for use as a control. All samples were placed in sterile centrifuge
tubes and stored at 80 C in the laboratory.
DNA extraction, PCR amplification, and sequencing
The frozen soil, rhizosphere, and root samples were homogenized
four times at 7200 rpm for 30 s using a Precellys Evolution tissue
homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
France). The DNAs were then extracted using a FastDNA SPIN kit
(MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s instructions. Next, a PicoGreen dsDNA Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA) was used to detect the DNA
concentrations, and finally, the DNAs were diluted to a concentration
of 3.5 ng/mL using nuclease-free water.
Degenerate PCR primers 799F and 1193R were used to specifically amplify the variable region V5eV7 of the bacterial 16S rRNA
gene. Each sample was amplified in triplicate (with a water control)
followed by a two-step PCR protocol. In the first step, a 30-mL reaction system consisting of 3 mL template DNA, 0.75 mL PrimeSTAR
HS DNA Polymerase (Takara Bio, Kusatsu, Japan), 0.2 mM deoxyribonucleoside triphosphates (dNTPs), 10 buffer, and 10 pM of
barcoded forward (799F) and reverse (1193R) primers. The initial
denaturation was carried out at 98 C for 30 s, and then the targeted
sequence was subjected to 25 amplification cycles of 98 C for 10 s,
55 C for 15 s, and 72 C for 1 min, before a final elongation at 72 C for
5 min. The PCR products of the first step were then purified by
Beckman Agencourt AMPure XP kit (Beckman Coulter, Brea, CA,
USA), and the DNA was diluted to 10 ng/mL with nuclease-free water.
The reaction system of the second PCR was the same as that of the
first step with eight amplification cycles. Gel electrophoresis was
performed to verify the PCR results.
After PCR amplification and the product purification, the DNA
concentrations of each sample were measured using a NanoDrop
2000C (Thermo Fisher Scientific). All PCR products were then diluted
to 10 ng/mL for use as templates for the second PCR. The reaction
system was identical, with the first round of PCR except that only
eight cycles were required. If the negative control had no bands, the
three technical repeats of each sample were combined for analysis.
The DNA samples were separated on a 1.2% (w/v) agarose gel, and
bacterial 16S rRNA gene amplicons were extracted using a QIAquick
Gel Extraction Kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. The DNA concentrations were determined using the PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific). A 200-ng aliquot of DNA was washed twice using an Agencourt
AMPure XP Kit (Beckman Coulter) and sequenced on a HiSeq 2500
platform (Illumina, San Diego, CA, USA).

Statistical analysis of the 16S rRNA data
The downstream analysis and data visualization mainly followed
our previous protocol (Liu et al., 2019) and relied on R 3.6.1 (https://
cran.r-project.org/). The vegan package was used to conduct the
PCoA, and the hierarchical cluster analysis was performed using the
hclust () function of R. Wilcoxon rank-sum tests were used to analyze
the differences in phyla and families between groups. When the P
value was less than 0.05, the FDR-adjusted P value was below 0.2,
and the fold change was greater than 1.1, the differences between
groups were considered statistically significant. A different abundance analysis was performed for the abundant ASVs (relative
abundance > 0.01%) using Wilcoxon rank-sum tests with a fold
change threshold of 1.2. The results were visualized using the R
package ggplot2 (Ginestet, 2011). To construct the ASVs cooccurrence network, the relative abundance of the high-abundance
ASVs in the wild-type controls was used to calculate the Pearson
correlation. Only the edges with a Pearson correlation higher than 0.7
and adjusted P values lower than 0.05 were retained. Gephi 0.9.2
(Bastian et al., 2009) was used to visualize the network.
Data and code availability
The sequencing data reported in this article have been deposited
(PRJCA005526) in the Genome Sequence Archive in the BIG Data
Center, Chinese Academy of Sciences under the accession number
CRA004442 (http://bigd.big.ac.cn/gsa).
Scripts used in the computational analysis and figures in this article
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16S rRNA sequence processing
The 16S rRNA gene sequences were processed using QIIME
1.9.1 (Caporaso et al., 2010), QIIME 2 (Bolyen et al., 2019), USEARCH
(Edgar, 2010), and in-house scripts (Liu et al., 2021). FastQC 0.11.5
(Andrews, 2010) was used to evaluate the Illumina sequenced
paired-end reads. The libraries were then split into samples based on
the unique barcodes using in-house scripts. USEARCH was used to
conduct the subsequent quality control. First, paired-end reads were
merged, and the sequencing name was relabeled with the sample
name (-fastq_mergepairs). After removing the primers and barcodes
(-fastx_truncate), the low-quality reads for which the error rates were
higher than 1% and the redundant reads were removed using the
commands -fastq_filter and -fastx_uniques, respectively. Unique
reads with 100% similarity based on the representative 16S

Acknowledgments
This work was supported by grants from the Strategic Priority
Research Program of the Chinese Academy of Sciences
(XDA24020104 to Y.B.; XDB27030201 to X.C.), the Key Research
Program of Frontier Sciences of the Chinese Academy of Sciences
(QYZDB-SSW-SMC021 to Y.B.; QYZDY-SSW- SMC022 to X.C.), the
National Natural Science Foundation of China (31788103 to X.C.;
31801945 to J.Z.), and the Youth Innovation Promotion Association
CAS (2020101 to J.Z.; 2021092 to Y.L.).
842

Z. Lv, R. Dai, H. Xu et al.

Journal of Genetics and Genomics 48 (2021) 836e843
and the microbiota interact to improve iron nutrition in Arabidopsis. Cell Host
Microbe 28, 825e837. e826.
Huang, A.C., Jiang, T., Liu, Y.X., Bai, Y.C., Reed, J., Qu, B., Goossens, A.,
Nutzmann, H.W., Bai, Y., Osbourn, A., 2019a. A specialized metabolic
network selectively modulates Arabidopsis root microbiota. Science 364,
eaau6389.
Huang, X.Q., Zhou, X., Zhang, J.B., Cai, Z.C., 2019b. Highly connected taxa located
in the microbial network are prevalent in the rhizosphere soil of healthy plant. Biol.
Fertil. Soils 55, 299e312.
Kaushal, R., Peng, L., Singh, S.K., Zhang, M., Zhang, X., Vilchez, J.I., Wang, Z.,
He, D., Yang, Y., Lv, S., et al., 2021. Dicer-like proteins influence Arabidopsis
root microbiota independent of RNA-directed DNA methylation. Microbiome
9, 57.
Kumar, M., Yadav, A.N., Saxena, R., Rai, P.K., Paul, D., Tomar, R.S., 2021. Novel
methanotrophic and methanogenic bacterial communities from diverse ecosystems and their impact on environment. Biocatal. Agric. Biotechnol. 33. https://
doi.org/10.1016/j.bcab.2021.102005.
Lebeis, S.L., Paredes, S.H., Lundberg, D.S., Breakfield, N., Gehring, J.,
McDonald, M., Malfatti, S., Glavina del Rio, T., Jones, C.D., Tringe, S.G., et al.,
2015. Plant microbiome. Salicylic acid modulates colonization of the root
microbiome by specific bacterial taxa. Science 349, 860e864.
Liu, C., Lu, F., Cui, X., Cao, X., 2010. Histone methylation in higher plants. Annu. Rev.
Plant Biol. 61, 395e420.
Liu, Y., Qin, Y., Guo, X., Bai, Y., 2019. Methods and applications for microbiome data
analysis. Yi Chuan 41, 845e862.
Liu, Y.X., Qin, Y., Chen, T., Lu, M., Qian, X., Guo, X., Bai, Y., 2021. A practical guide to
amplicon and metagenomic analysis of microbiome data. Protein Cell 12,
315e330.
Lundberg, D.S., Lebeis, S.L., Paredes, S.H., Yourstone, S., Gehring, J., Malfatti, S.,
Tremblay, J., Engelbrektson, A., Kunin, V., Rio, T.G.d., et al., 2012. Defining the
core Arabidopsis thaliana root microbiome. Nature 488, 86e90.
Ono, A., Kinoshita, T., 2021. Epigenetics and plant reproduction: multiple steps for
responsibly handling succession. Curr. Opin. Plant Biol. 61, 102032.
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J.,
Glockner, F.O., 2013. The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids Res. 41,
D590eD596.
Ramos-Cruz, D., Troyee, A.N., Becker, C., 2021. Epigenetics in plant organismic interactions. Curr. Opin. Plant Biol. 61, 102060.
Ridenhour, B.J., Brooker, S.L., Williams, J.E., Van Leuven, J.T., Miller, A.W.,
Dearing, M.D., Remien, C.H., 2017. Modeling time-series data from microbial
communities. ISME J. 11, 2526e2537.
Rottjers, L., Faust, K., 2018. From hairballs to hypotheses-biological insights from
microbial networks. FEMS Microbiol. Rev. 42, 761e780.
Salas-Gonzalez, I., Reyt, G., Flis, P., Custodio, V., Gopaulchan, D., Bakhoum, N.,
Dew, T.P., Suresh, K., Franke, R.B., Dangl, J.L., et al., 2021. Coordination between microbiota and root endodermis supports plant mineral nutrient homeostasis. Science 371. https://doi.org/10.1126/science.abd0695.
Samantara, K., Shiv, A., de Sousa, L.L., Sandhu, K.S., Priyadarshini, P.,
Mohapatra, S.R., 2021. A comprehensive review on epigenetic mechanisms and
application of epigenetic modifications for crop improvement. Environ. Exp. Bot.
188. https://doi.org/10.1016/j.envexpbot.2021.104479.
Shi, S., Nuccio, E.E., Shi, Z.J., He, Z., Zhou, J., Firestone, M.K., 2016. The interconnected rhizosphere: high network complexity dominates rhizosphere assemblages. Ecol. Lett. 19, 926e936.
Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naive bayesian classifier for
rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl.
Environ. Microbiol. 73, 5261e5267.
Wei, L., Gu, L., Song, X., Cui, X., Lu, Z., Zhou, M., Wang, L., Hu, F., Zhai, J.,
Meyers, B.C., et al., 2014. Dicer-like 3 produces transposable element-associated 24-nt siRNAs that control agricultural traits in rice. Proc. Natl. Acad. Sci. U.
S. A. 111, 3877e3882.
Xie, Z., Johansen, L.K., Gustafson, A.M., Kasschau, K.D., Lellis, A.D., Zilberman, D.,
Jacobsen, S.E., Carrington, J.C., 2004. Genetic and functional diversification of
small RNA pathways in plants. PLoS Biol. 2, E104.
Zhang, H., Lang, Z., Zhu, J.K., 2018. Dynamics and function of DNA methylation in
plants. Nat. Rev. Mol. Cell Biol. 19, 489e506.
Zhang, J., Liu, Y.X., Zhang, N., Hu, B., Jin, T., Xu, H., Qin, Y., Yan, P., Zhang, X.,
Guo, X., et al., 2019. Nrt1.1b is associated with root microbiota composition and
nitrogen use in field-grown rice. Nat. Biotechnol. 37, 676e684.

Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jgg.2021.06.005.

References
Allis, C.D., Jenuwein, T., 2016. The molecular hallmarks of epigenetic control. Nat.
Rev. Genet. 17, 487e500.
Andrews, S., 2010. Fastqc: A quality control tool for high throughput sequence data.
https://www.Bioinformatics.Babraham.Ac.Uk/projects/fastqc/.
Bastian, M., Heymann, S., Jacomy, M., 2009. Gephi : an open source software for
exploring and manipulating networks. AAAI ICWSM.
Berni Canani, R., Di Costanzo, M., Leone, L., 2012. The epigenetic effects of butyrate:
potential therapeutic implications for clinical practice. Clin. Epigenet. 4, 4.
Berry, D., Widder, S., 2014. Deciphering microbial interactions and detecting
keystone species with co-occurrence networks. Front. Microbiol. 5, 219.
Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A.,
Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., et al., 2019. Reproducible,
interactive, scalable and extensible microbiome data science using QIIME 2. Nat.
Biotechnol. 37, 852e857.
Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E., Ahmadinejad, N.,
Assenza, F., Rauf, P., Huettel, B., Reinhardt, R., Schmelzer, E., et al., 2012.
Revealing structure and assembly cues for arabidopsis root-inhabiting bacterial
microbiota. Nature 488, 91e95.
Cao, X., Aufsatz, W., Zilberman, D., Mette, M.F., Huang, M.S., Matzke, M.,
Jacobsen, S.E., 2003. Role of the DRM and CMT3 methyltransferases in RNAdirected DNA methylation. Curr. Biol. 13, 2212e2217.
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D.,
Costello, E.K., Fierer, N., Pena, A.G., Goodrich, J.K., Gordon, J.I., et al., 2010.
QIIME allows analysis of high-throughput community sequencing data. Nat.
Methods 7, 335e336.
Carrion, V.J., Perez-Jaramillo, J., Cordovez, V., Tracanna, V., de Hollander, M., RuizBuck, D., Mendes, L.W., van Ijcken, W.F.J., Gomez-Exposito, R., Elsayed, S.S.,
et al., 2019. Pathogen-induced activation of disease-suppressive functions in the
endophytic root microbiome. Science 366, 606e612.
Carthew, R.W., Sontheimer, E.J., 2009. Origins and mechanisms of miRNAs and
siRNAs. Cell 136, 642e655.
Castrillo, G., Teixeira, P.J., Paredes, S.H., Law, T.F., de Lorenzo, L., Feltcher, M.E.,
Finkel, O.M., Breakfield, N.W., Mieczkowski, P., Jones, C.D., et al., 2017. Root microbiota drive direct integration of phosphate stress and immunity. Nature 543, 513e518.
Chan, S.W., Zilberman, D., Xie, Z., Johansen, L.K., Carrington, J.C., Jacobsen, S.E.,
2004. RNA silencing genes control de novo DNA methylation. Science 303, 1336.
Cui, X., Jin, P., Cui, X., Gu, L., Lu, Z., Xue, Y., Wei, L., Qi, J., Song, X., Luo, M., et al.,
2013. Control of transposon activity by a histone H3K4 demethylase in rice. Proc.
Natl. Acad. Sci. U. S. A. 110, 1953e1958.
de Vries, F.T., Griffiths, R.I., Bailey, M., Craig, H., Girlanda, M., Gweon, H.S., Hallin, S.,
Kaisermann, A., Keith, A.M., Kretzschmar, M., et al., 2018. Soil bacterial networks
are less stable under drought than fungal networks. Nat. Commun. 9, 3033.
Deng, X., Song, X.W., Wei, L.Y., Liu, C.Y., Cao, X.F., 2016. Epigenetic regulation and
epigenomic landscape in rice. Natl. Sci. Rev. 3, 309e327.
Ding, Y., Wang, X., Su, L., Zhai, J., Cao, S., Zhang, D., Liu, C., Bi, Y., Qian, Q.,
Cheng, Z., et al., 2007. SDG714, a histone H3K9 methyltransferase, is involved in
Tos17 DNA methylation and transposition in rice. Plant Cell 19, 9e22.
Duran, P., Thiergart, T., Garrido-Oter, R., Agler, M., Kemen, E., Schulze-Lefert, P.,
Hacquard, S., 2018. Microbial interkingdom interactions in roots promote Arabidopsis survival. Cell 175, 973e983 e914.
Edgar, R.C., 2010. Search and clustering orders of magnitude faster than blast.
Bioinformatics 26, 2460e2461.
Edwards, J., Johnson, C., Santos-Medellin, C., Lurie, E., Podishetty, N.K., Bhatnagar, S.,
Eisen, J.A., Sundaresan, V., 2015. Structure, variation, and assembly of the rootassociated microbiomes of rice. Proc. Natl. Acad. Sci. U. S. A. 112, E911eE920.
Faust, K., Raes, J., 2012. Microbial interactions: from networks to models. Nat. Rev.
Microbiol. 10, 538e550.
Ginestet, C., 2011. ggplot2: elegant graphics for data analysis. J. R. Stat. Soc. a Stat.
174, 245-245.
Harbort, C.J., Hashimoto, M., Inoue, H., Niu, Y., Guan, R., Rombola, A.D., Kopriva, S.,
Voges, M., Sattely, E.S., Garrido-Oter, R., et al., 2020. Root-secreted coumarins

843

