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Abstract

Aims Specific soil bacteria can sense and respond
to the selective rhizosphere recruitment of root exu-
dates using unique systems of chemotaxis that medi-
ate plant-microbe and microbe-microbe interactions.
This study investigates how the bacterial chemotaxis
systems have been impacted by selection during the
domestication of rice (Oryza species).
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Methods Shotgun metagenomic sequencing and 16S
rRNA gene amplicon sequencing were performed to
investigate the bacterial chemotaxis systems and chemo-
tactic bacteria in the rhizospheres of wild and cultivated
rice. Metabolomics analysis was performed to examine
the root metabolites of different accessions of rice.

Results The bacterial chemotaxis genes exhibited a
higher abundance in the rhizospheres of wild rice than
cultivated rice, and that the compositional profile of
chemotaxis genes was distinctly different between types
of rice. Differential selection of chemotaxis systems was
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at least partially driven by changes in the metabolite pro-
files of rice roots that were affected by domestication. A
core group of chemotactic bacteria was also identified,
and specific chemotactic bacteria were found to function
as hub taxa in the rhizosphere bacterial community.
Conclusion The present study provides novel
insights into the composition and function of the bac-
terial chemotaxis systems in the rhizospheres of wild
and domesticated rice. It also provides a new perspec-
tive on the impact of rice domestication on the assem-
bly of rhizomicrobiome.

Keywords Rice domestication - Rhizosphere -
Bacterial chemotaxis systems - Root metabolites -
Bacterial community

Introduction

Rhizosphere microbiota play important roles in plant
growth and stress adaptation by promoting nutrient
acquisition (Jacoby et al. 2017), providing protection
against pathogens (Kwak et al. 2018), and regulating
host immunity (Berendsen et al. 2018). Rhizo-depos-
its (root exudates) have been reported to enable plants
to shape and sustain their rhizomicrobiomes (Philip-
pot et al. 2013). Plants can selectively recruit specific
bacteria to their rhizosphere from the microbial com-
munity of the bulk soil by secreting a variety of root-
derived products, including hormones, flavonoids,
carbonic acids, amino acids and sugars (Badri et al.
2013; Hu et al. 2018; Mostofa et al. 2018). Little is
known, however, about how specific bacteria respond
to these biochemical signals. Chemotaxis, which is
the ability of motile bacteria to change their direction
of movement in responses to environmental stimuli,
has been shown to provide motile bacteria with a
competitive advantage in reaching the rhizosphere
(Scharf et al. 2016). Abundant experimental data have
demonstrated that chemotactic bacteria can sense and
migrate along a chemical gradient formed by root
exudates in the rhizosphere, and that their chemot-
actic response plays a major role in regulating plant-
microbe interactions (Raina et al. 2019). For example,
the chemotactic response of Rhizobium toward fla-
vonoids exuded by legumes is regarded as the initial
step in establishing a symbiosis (Cooper 2007). The
chemotactic responses of two genera of plant growth-
promoting bacteria, Bacillus and Pseudomonas,
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toward organic acids exuded by plant hosts regulate
their colonization on root surfaces (Jin et al. 2019;
Oku et al. 2014). The infection of plants by Ralstonia
solanacearum 1is also regulated by the chemotactic
responses of this bacterial pathogen to root exudates
(Hasegawa et al. 2019). Microbe-microbe interactions
involving chemotaxis also play a major selective role
in the sculpting of microbial assemblages as well. For
example, volatile fatty acids secreted by Clostridium
cellulovorans can induce chemotaxis in Rhodopseu-
domonas palustris and affect their interaction (Lu
et al. 2016). Thus, chemotaxis appears to represent a
critical mechanism utilized by specific soil bacteria to
actively respond to both plant host recruitment efforts
and microbial interactions. Therefore, chemotactic
bacteria may have a profound effect on shaping the
assembly of the rhizomicrobiome.

Chemotaxis systems have been well character-
ized at the molecular level in several model bacte-
rial organisms, including Escherichia coli and B.
subtilis (Parkinson et al. 2015; Rao et al. 2008).
The analyses of these model organisms revealed
variation in the composition of the identified
chemotaxis systems (Tindall et al. 2012) with a
total of 11 components being identified (Parkinson
et al. 2015; Wuichet and Zhulin 2010). The signal
transduction system within these systems gener-
ally operates as illustrated in Fig. 1. Briefly, chem-
otactic signals, such as root exudates, are initially
detected by methyl-accepting chemotaxis proteins
(MCPs) and transmitted to chemotaxis protein A
(CheA), a histidine kinase that is linked to MCPs
by CheW or CheV adaptor proteins. The autophos-
phorylation level of CheA is regulated by signal
binding, and phosphorylated CheA subsequently
transmits the phosphoryl group to its response reg-
ulator CheY. Finally, phosphorylated CheY binds
to the flagellar motor, changing its direction of
rotation. CheB, a methylesterase, also receives a
phosphoryl group from CheA, and phosphorylated
CheB competes with CheR, a methyltransferase,
in regulating the methylation state of MCPs. This
system enables adjustments to the binding affinity
of MCPs with chemotaxis signals, thus mediating
the response of the chemotaxis system. In addition
to the described Che proteins, CheC, CheX and
CheZ function as phosphatases that dephospho-
rylate phosphorylated CheY; and CheD, a deami-
dase, acts on MCPs and CheC. Notably, CheC also
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Wild rice

Cultivated rice

Fig. 1 A model of signal transduction in the chemotaxis
systems in the rhizosphere of rice. Chemotaxis is induced in
chemotactic bacteria by rice root exudates (represented by dots
near the roots), which function as chemotactic signals. A sum-
mary model illustrates the organization of bacterial chemotaxis
systems based on current knowledge derived from Escherichia
coli. The components with the brown frames and the interac-
tions represented by grey arrows, however, are not present in
E. coli. The model is adopted from the publication by Wui-

regulates the binding of CheD to MCPs. Increas-
ing evidence indicates that chemotaxis genes are
widespread in the genomes of soil bacteria (Wui-
chet and Zhulin 2010). Only a few studies, how-
ever, have studied these genes at the community
level in soil ecosystems. Xu et al. (2018) reported
that chemotaxis genes were enriched in the rhizo-
spheres of Citrus species compared with the sur-
rounding bulk soil. Buchan et al. (2010) analyzed
cheA genes in the rhizosphere bacterial commu-
nities of wheat (Triticum aestivum) and cowpea
(Vigna unguiculata) using terminal restriction
fragment length polymorphism, and found that the

chet and Zhulin (2010) with some modifications. MCPs,
methyl-accepting chemotaxis proteins; V and W, chemotaxis
protein (Che) V and CheW adaptor proteins, respectively; A,
CheA histidine kinase; Y, CheY response regulator; B, CheB
methylesterase; R, CheR methyltransferase; C, X and Z, CheC,
CheX and CheZ phosphatases, respectively; D, CheD deami-
dase; P, phosphoryl group; CH;, methyl group; NH,*, ammo-
nium group. The gray ellipse, rectangle and triangle binding to
MCPs represent different chemotactic signals

profiles were distinct for each of the two crops.
The ecological adaptation and evolution of chemo-
taxis genes in soil bacteria at the community level
have not been determined. Notably, the composi-
tion and function of chemotaxis systems in the
rhizospheres of rice (Oryza species) and other
crops have not been systematically investigated.
Rice is staple food crop that feeds nearly half of the
world’s population (Khush 2005), and the domestica-
tion of rice has been regarded as a major accomplish-
ment in the history of mankind (Kovach et al. 2007).
The widely-grown Asian cultivated rice (O. sativa)
has two main varietal groups: japonica (O. sativa
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ssp. japonica) and indica (O. sativa ssp. indica),
which are considered to have been derived from the
common wild rice (O. rufipogon) and/or Indian wild
rice (O. nivara) (Choi et al. 2017). African cultivated
rice (O. glaberrima), which is indigenous to Africa,
is considered to have been independently domes-
ticated from African wild rice (O. barthii) (Wang
et al. 2014). The domestication of rice involved gene
selection to enhance desirable traits, and significant
changes in field management practices to optimize
yield. These major changes may have also impacted
the interactions that occur between rice and rhizos-
phere microbes (Kim et al. 2020). A study of several
rice accessions reported that the rhizosphere bacte-
rial communities of wild and cultivated rice exhibited
significant differences (Shenton et al. 2016). It is also
assumed that plant domestication may have caused
significant alterations in root exudation profiles,
which in turn would affect the composition and func-
tion of the rhizomicrobiome (Perez-Jaramillo et al.
2016).

Given the potential role of chemotaxis in regu-
lating the assembly of the rhizomicrobiome, it is
important to study the composition and function of
chemotaxis systems at the community level in wild
and domesticated rice accessions. In a previous study,
the shotgun metagenomic sequencing has been used
to investigate the function of the whole microbial
rhizosphere communities (Tian et al. unpublished
data). In the present study, the abundance and com-
positional profile of chemotaxis genes in the rhizos-
pheres of diverse rice accessions were assessed by re-
analyzing the shotgun metagenomic sequencing data.
Subsequently, a metabolomic analysis of root metabo-
lites was conducted, and the resulting metabolomic
data were analyzed together with the metagenomic
sequencing data to determine potential correlations
between chemotaxis genes and root metabolites. In
addition, 16S rRNA gene amplicon sequencing was
conducted to investigate the roles of specific chemot-
actic bacteria in the bacterial rhizosphere community.
We hypothesized that the bacterial chemotaxis sys-
tems would be differentially distributed in the rhizo-
spheres of wild and cultivated rice accessions and
the different selection pressure exerted by host plants
might be associated with their root metabolites. We
also hypothesized that the specific chemotactic bac-
teria could contribute to the assembly of rhizosphere
bacterial communities of wild and cultivated rice.

@ Springer

Material and methods
Plant materials and site description

Five wild and six cultivated rice accessions were used
in this study. The five accessions of wild rice were
assigned to three types of wild rice: i) African wild
rice (O. barthii) IRGC 106238; ii) common wild rice
(O. rufipogon) IRGC 106452 and 106,286; and iii)
Indian wild rice (O. nivara) IRGC 86655 and 88,949.
The six accessions of cultivated rice were also
assigned to three types of cultivated rice: i) African
cultivated rice (O. glaberrima) LM8 and WH20; ii)
Asian cultivated rice variety japonica (O. sativa ssp.
Jjaponica) Jiangxi and Daohuaxiang; and iii) Asian
cultivated rice variety indica (O. sativa ssp. indica)
106 and Meitezhen (Tian et al. unpublished data).
The seeds of the wild rice accessions and cultivated
rice accessions were kindly provided by the Interna-
tional Rice Research Institute (Los Bafios, Laguna,
Philippines) and the Jiangxi Academy of Agricul-
tural Sciences (Nanchang, Jiangxi Province, China),
respectively.

The experiment was conducted using a randomized
block design at the rice experimental station (18°19°
N, 109°27" E, San’ya, Hainan Province, China),
which has a tropical maritime monsoon climate. The
values for soil characteristics have been described in a
comparative study of the rhizosphere fungal commu-
nities of wild and cultivated rice accessions (Chang
et al. 2021).

Sample collection

Rhizosphere samples were collected at the flow-
ering stage of rice (Tian et al. unpublished data).
Plants of each accession of wild and cultivated rice
were randomly collected from five locations within a
plot, with distances of 20 cm between the sampling
locations. Samples collected from the five locations
within a plot were pooled and treated as a single
biological replicate. Five biological replicates from
five plots were harvested for each accession of rice
(except common wild rice IRGC 106452, for which
four biological replicates were harvested) and treated
as a single varietal replicate. Each plant was shaken to
remove soil that was loosely adhered to roots. Roots
were then submerged in tubes containing 5 mL of dis-
tilled water, and the tubes were vortexed to collect the
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rhizosphere soil that was tightly attached to the roots
(0-2 mm) (Edwards et al. 2015). Approximately 1 g
of soil was obtained from each biological replicate
after centrifugation. Collected samples were stored at
4 °C. Rice roots from each biological replicate were
also collected by thoroughly washing them to remove
all remaining soil particles. Clean root samples were
transferred to tubes and stored at —80 °C.

DNA extraction

Genomic DNA was extracted from the rhizomicrobi-
ome present in 0.5 g of soil using a FastDNA SPIN
Kit For Soil (MPBio, Santa Ana, CA, USA) accord-
ing to the manufacturer’s instructions. The concen-
trations of DNA in samples were quantified using a
NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA).

High throughput sequencing and data analysis

Shotgun metagenomic sequencing and data analysis
has been described in detail in Tian et al. (unpub-
lished data). The chemotaxis genes were then iden-
tified and annotated using the automatic annotation
server of the KEGG (Kyoto Encyclopedia of Genes
and Genomes) (https://www.genome.jp/tools/kaas/)
(Moriya et al. 2007).

The V3-V4 region of the bacterial 16S rRNA gene
was amplified from the extracted DNA using the
universal primer pair 341F (5'-CCTACGGGNGGC
WGCAG-3') and 806R (5'- GGACTACHVGGGTWT
CTAAT-3') incorporated with barcodes to obtain
individual barcoded libraries. The libraries were then
pooled into a single library at equal concentrations.
Subsequently, 250-bp paired-end sequencing was per-
formed using the Illumina Hi-Seq2500 platform.

The raw sequencing reads were then processed.
Briefly, paired-end reads were joined into a com-
plete sequence using FLASH 1.2.7 (Magoc and
Salzberg 2011). Reads shorter than 300-bp and
other low-quality reads were removed from the data-
set using Trimmomatic 0.33 (Bolger et al. 2014).
Chimeric sequences were identified and removed
using UCHIME 4.2 (Edgar et al. 2011). The remain-
ing high-quality reads were then clustered into
operational taxonomic units (OTUs) based on 97%
sequence identity using UPARSE 7.0.1001 (Edgar
2013). The most abundant sequence in each OTU

was selected as the representative sequence and taxo-
nomically classified using the Ribosomal Database
Project classifier 2.2 against the SILVA database
(Release128, https://www.arb-silva.de/).

Gas chromatography time-of-flight mass spectrom-
etry (GC-MS) analysis of root metabolites.

Metabolites were extracted from 10 mg of each
root sample according to the previously reported
method (Lisec et al. 2006). GC-MS analysis of root
metabolites of rice root samples was performed using
the protocol described by Li et al. (2020a). The mass
spectrometry data of root metabolites were then pro-
cessed using ChromaToF 4.3 (LECO, St. Joseph, MI,
USA) and LECO-Fiehn Rtx5 database (LECO, St.
Joseph, MI, USA).

Data analysis and visualization

Multiple comparisons of chemotaxis gene abun-
dance were carried out by one-way analysis of
variance (ANOVA) (significance level, p<0.01) in
SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Prin-
cipal coordinates analysis (PCoA) and principal
component analysis (PCA) were performed using
the “vegan” package in R 3.6.2, and the statistical
significance of the clustering patterns in ordination
plots was determined using permutational multivari-
ate analysis of variance (PERMANOVA). The dif-
ferentially abundant chemotaxis genes (fold change
>2) and differentially abundant root metabolites
(fold change >1.4) between two groups (wild and
cultivated rice accessions) were identified using
the Welch’s ¢-test in STAMP 2.1.3 with p values
adjusted using the Benjamini-Hochberg method
(Benjamini and Hochberg 1995; Parks et al. 2014).
A correlation analysis between abundance of chem-
otaxis genes and abundance of root metabolites was
performed with the “psych” package in R 3.6.2 using
the pairwise Spearman’s rank correlation. Heatmaps
representing significant correlations (Spearman’s
lpl>0.8, p< 0.01 for wild rice, Spearman’s Ipl > 0.7,
p < 0.01 for cultivated rice because non-significant
correlations were identified using the threshold of
Ipl>0.8) were constructed using the “pheatmap”
package in R 3.6.2. Significant differences in the
abundance of chemotaxis genes and abundance of
metabolites between wild and cultivated rice were
evaluated using a Student’s ¢ test (significance level,
p<0.01) in SPSS 17.0.
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The taxonomic annotation of chemotaxis genes
was performed using BLASTx. The Venn diagram
illustrating the taxa of chemotactic bacteria in and
shared between wild and cultivated rice was con-
structed using the “VennDiagram” package in R
3.6.2. The correlation analyses of rhizosphere bac-
terial communities of wild and cultivated rice were
performed using the pairwise Spearman’s rank cor-
relation based on the results of 16S rRNA gene-
amplicon sequencing. Co-occurrence networks were
visualized in Gephi 0.9.2 (Bastian et al. 2009), with
only significant correlations represented in the net-
work (Spearman’s Ipl > 0.8, p < 0.01 for both wild and
cultivated rice). The topological properties of nodes
were also analyzed and the hub taxa in the network
were defined as nodes belonging to the top 2% of
degree and betweenness centrality (Kim et al. 2020).
Threshold values of degree/betweenness centrality for
wild and cultivated rice networks were 13.5/535 and
3.5/35, respectively.

Results

Compositional shift in bacterial chemotaxis systems
in the rhizospheres of wild and cultivated rice

Analysis of the metagenomic sequencing data
revealed that the identified chemotaxis systems
represented 11 functional KOs (KEGG Orthol-
ogy) corresponding to different proteins, with each
KO comprising dozens of orthologous genes. The
abundance of chemotaxis genes was then analyzed
to determine if any differences existed between the
bacterial chemotaxis systems in the rhizospheres
of wild and cultivated rice. Results showed that
the rhizospheres of wild rice accessions in general
had a significantly higher abundance of chemotaxis
genes than the rhizospheres of cultivated rice acces-
sions (Fig. 2). More specifically, the rhizosphere
of African wild rice had the highest abundance of
chemotaxis genes, while the rhizosphere of African
cultivated rice had the lowest abundance of chemot-
axis genes (Fig. 2).

PCoA was subsequently performed, based on
the Bray-Curtis dissimilarity matrix calculated
from the abundances of orthologous genes, to
compare the composition of bacterial chemotaxis
systems in the rhizospheres of wild and cultivated
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rice accessions. Samples of wild and cultivated
rice accessions were separated across the first
principal coordinate (Fig. 3a), suggesting that the
compositional profiles of chemotaxis genes in the
rhizospheres of wild and cultivated rice accessions
were distinct. The six different types of wild and
cultivated rice were identified in the PCoA plot
to provide additional detail. Notably, separations
within the three types of wild rice accessions,
and a separation of African cultivated rice from
the other two types of cultivated rice accessions,
Asian cultivated rice variety japonica and indica,
were observed (Fig. 3a and Table S1), indicating
that differences in the chemotaxis systems also
exist between different types of wild and cultivated
rice accessions. Interestingly, a clear separation in
the compositional profile of chemotaxis genes was
also observed between the two common wild rice
varieties (IRGC 106452 and 106,286) and between
the two Indian wild rice varieties (IRGC 86655
and 88,949) (Fig. 3a and Table S1), suggesting the
existence of varietal disparity within these wide
species. Notably, no separations were observed
among the three types of cultivated rice acces-
sions (Fig. 3a and Table S1), indicating that the
composition of the bacterial chemotaxis systems
was similar within the cultivated rice accessions
regardless of their African or Asian origin.

The specific genes responsible for the differ-
ences in the chemotaxis systems in the rhizos-
pheres of wild and cultivated rice accessions were
then subsequently identified. Approximately 30%
of the genes identified as K03406 (mcp), K03412
(cheB) and K00575 (cheR), and more than 60% of
the genes identified as K03407 (cheA) were shown
to be differentially abundant in the rhizospheres
of wild and cultivated rice accessions (Fig. S2
and Table S2). No differentially abundant genes
were identified among the other seven functional
KOs, including K03408 (cheW), K03409 (cheX),
K03410 (cheC), K03411 (cheD), K03413 (cheY),
K03414 (cheZ) and KO03415 (cheV) (Table S2).
The PCoA of the four differentially abundant KOs
revealed that plots of all four of the KOs exhibited
a clear separation between the wild and cultivated
rice accessions across the first principal coordi-
nate (Fig. 3b-e and Table S1). Clear separations
within the three types of wild rice accessions were
observed for all four of the KOs, and a separation
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Fig. 2 Abundance of orthologous chemotaxis genes present
in the rhizospheres of wild and cultivated rice accessions.
(a) All rice accessions were separated into two groups: Wild
(n=3 groups with 5, 9 and 10 biological replicates, respec-
tively); Cultivated (n=3 groups with 10 biological replicates
each). (b) All rice accessions were separated into six groups:
W-Af (n=5 biological replicates); W-As-common (n=9 bio-
logical replicates); W-As-Indian, C-Af, C-As-japonica and
C-As-indica (n=10 biological replicates). Levels of abundance
represent transcripts per million values of orthologous chemot-

of African cultivated rice from the other two types
of cultivated rice accessions, Asian cultivated rice
variety japonica and indica, was also noted for
K03406, K03412 and K00575 but not for K03407
(Fig. 3b-e and Table S1). These results suggest
that differences also exist in the distribution pat-
terns of chemotaxis genes in the rhizospheres of
different wild and cultivated rice accessions. It is
worth noting that mcp, cheA, cheB and cheR are all
associated with chemotaxis signal processing (Tin-
dall et al. 2012). The compositions of rhizosphere
bacterial communities of wild and cultivated rice
accessions were also analyzed using PCoA based
on Bray-Curtis dissimilarity matrix calculated
from the relative abundances of bacterial genera
identified by 16S rRNA gene amplicon sequenc-
ing. The results showed that there were signifi-
cant differences in the composition of rhizosphere

axis genes. The boxplots represent the mean and 10th and 90th
percentile, and the error bars indicate the standard deviation of
the replicates. Bars with the same letter on top have non-sig-
nificant differences (ANOVA, p> 0.01). W-Af: African wild
rice IRGC 106238; W-As-common: common wild rice IRGC
106452 and 106,286; W-As-Indian: Indian wild rice IRGC
86655 and 88,949; C-Af: African cultivated rice LM8 and
WH20; C-As-japonica: Asian cultivated rice variety japonica
Jiangxi and Daohuaxiang; C-As-indica: Asian cultivated rice
variety indica 106 and Meitezhen

bacterial communities between wild and cultivated
rice accessions (Fig. S1). Collectively, these data
indicate that domestication of cultivated rice from
wild rice exerted different selection pressures on
bacterial chemotaxis systems in their associated
rhizomicrobiomes, particularly on the components
responsible for chemotaxis signal processing. This
selection pressure has resulted in distinct differ-
ences in the composition of their respective chem-
otaxis systems.

Differences in the metabolite profiles of roots of wild
and cultivated rice

A metabolomic analysis of roots associated with
the rhizospheres of the five wild and six cultivated
rice accessions was performed to determine if dif-
ferences exist between their root metabolite profiles,
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Fig. 3 Principal coordinate analysis (PCoA) of the functional
KOs of the chemotaxis systems in the rhizospheres of wild and
cultivated rice accessions. Variation of all functional KOs (a),
K03406 (b), K03407 (c), K03412 (d) and KO0575 (e) in the
rhizospheres of wild and cultivated rice accessions PCoA was
based on the Bray-Curtis dissimilarity matrix calculated from
the relative abundance of orthologous genes. The 95% confi-
dence ellipses are drawn in pink for the wild and blue for the
cultivated rice accessions. Triangles, circles and squares of

which might have resulted from domestication. The
relative abundances of root metabolites were differ-
ent in wild vs. cultivated rice accessions (Fig. 4a
and Table S3). A total of 228 metabolites were
identified collectively in the roots of wild and cul-
tivated rice accessions (Fig. 4b and Table S3). The
identified metabolites represented seven composi-
tional categories, ‘sugars’, ‘amino acids’, ‘alcohols’,
‘fatty acids’, ‘organic acids’, ‘phosphates’ and ‘oth-
ers’ (Fig. 4b and Table S3). For example, a higher
abundance of ‘sugars’ and ‘alcohols’, but a lower
abundance of ‘amino acids’ and ‘organic acids’
categories were detected in wild rice roots than in
cultivated rice roots (Fig. 4a). Collectively, 123 of
the 228 identified metabolites were found to be dif-
ferentially abundant (fold change >1.4, ¢<0.01)
between wild and cultivated rice root samples
(Fig. 4b and Table S3). Specifically, 9 metabolites
in five compositional categories (‘sugars’, ‘amino
acids’, ‘alcohols’, ‘organic acids’ and ‘others’) had
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PCo1 28.5%

PCo1 28.5%

different colors represent different wild and cultivated rice
accessions. W-Af: African wild rice IRGC 106238; W-As-
common-1, 2: common wild rice IRGC 106452 and 106,286;
‘W-As-Indian-1, 2: Indian wild rice IRGC 86655 and 88,949;
C-Af-1, 2: African cultivated rice LM8 and WH20; C-As-
Jjaponica-1, 2: Asian cultivated rice variety japonica Jiangxi
and Daohuaxiang; C-As-indica-1, 2: Asian cultivated rice vari-
ety indica 106 and Meitezhen

higher abundance in wild rice roots, while the other
114 metabolites belonging to all seven composi-
tional categories had higher abundance in cultivated
rice roots (Fig. 4b and Table S3). These results
revealed a remarkable difference in the root metabo-
lite profile of wild vs. cultivated rice accessions.
The diversity of root metabolites was further ana-
lyzed by conducting a PCA of root metabolite pro-
files from wild and cultivated rice accessions. The
resulting plot revealed that wild and cultivated rice
accessions clearly clustered separately (Fig. 4c),
providing further evidence that the root metabolite
profile of wild rice accessions was distinct from that
of cultivated rice accessions. In addition, separa-
tions within the three types of wild rice accessions
and within the three types of cultivated rice acces-
sions were observed (Fig. 4c and Table S4). Collec-
tively, these results indicate that wild and cultivated
rice accessions possess specific root metabolite pro-
files, which might be affected by domestication.
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Fig. 4 Metabolomic analysis of roots of wild and cultivated
rice accessions. (a) Relative abundance of different categories
of root metabolites in wild and cultivated rice accessions. Root
metabolites were classified into different groups and labeled
accordingly. (b) Pie charts illustrating the number of differen-
tially abundant metabolites in wild and cultivated rice within
the different compositional categories. The differentially abun-
dant root metabolites were identified by a comparison of wild
and cultivated rice accessions (fold change >1.4, ¢<0.01).
(c¢) Principal component analysis (PCA) of root metabolites
in wild and cultivated rice accessions. PCA was performed

based on the relative abundance of root metabolites. The 95%
confidence ellipses were drawn in pink for the wild rice and
in blue for the cultivated rice accessions. The triangles, cir-
cles and squares in different colors represent different acces-
sions of wild and cultivated rice. W-Af: African wild rice
IRGC 106238; W-As-common-1, 2: common wild rice IRGC
106452 and 106,286; W-As-Indian-1, 2: Indian wild rice IRGC
86655 and 88,949; C-Af-1, 2: African cultivated rice LM8
and WH20; C-As-japonica-1, 2: Asian cultivated rice variety

Jjaponica Jiangxi and Daohuaxiang; C-As-indica-1, 2: Asian

cultivated rice variety indica 106 and Meitezhen
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Correlation between chemotaxis genes and root
metabolites

Root metabolites secreted in the rhizosphere func-
tion as principal chemotactic signals (Buchan et al.
2010; Scharf et al. 2016), and our results revealed
that chemotaxis genes responsible for chemotaxis sig-
nal processing are differentially abundant in wild and
cultivated rice accessions (Fig. 3b-e). Therefore, we
hypothesized that the distinctly different metabolite

profiles present in the rhizosphere roots of wild and
cultivated rice accessions (Fig. 4) are the driving
force for the differential recruitment and selection of
chemotactic bacterial communities and their associ-
ated chemotaxis systems. Thus, a correlation analysis
between differentially abundant chemotaxis genes and
root metabolites was conducted to provide evidence
for this hypothesis.

Twelve chemotaxis genes that had higher abundance
(fold change >2, ¢ <0.01) in the rhizospheres of the five

Fig. 5 Correlation analysis
of chemotaxis genes and
root metabolites. Heatmaps
(left panels) displaying the
correlation between chemo-
taxis genes and root metab-
olites in the rhizospheres
of wild (a) and cultivated
(b) rice accessions, and the
relative abundance (right
panels) of the root metabo-
lites in wild (pink) and
cultivated (blue) rice acces-
sions. Root metabolites
were grouped according to
the different compositional
categories. The threshold
of Ipl is 0.8 for wild rice.
The threshold of Ipl is 0.7
for cultivated rice. Red
blocks represent significant
positive correlations (Spear-
man’s p>0, p< 0.01) and
dark-blue blocks represent
significant negative cor-
relations (Spearman’s p <0,
p < 0.01). Error bars repre-
sent standard deviations of
the replicates (Wild, n=3
groups with 5, 9 and 10 bio-
logical replicates, respec-
tively; Cultivated, n=3
groups with 10 biological
replicates each). Pink and
blue asterisks (*) indicate
that the metabolites had a
higher relative abundance in
the rhizospheres of wild and
cultivated rice (Student’s ¢
test, p < 0.01), respectively,
over the other group
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accessions of wild rice than in those of cultivated rice
exhibited significant correlations (Spearman’s Ipl>0.8)
with 17 root metabolites belonging to the categories
‘sugars’, ‘amino acids’, ‘fatty acids’, ‘organic acids’
and ‘phosphates’ (Fig. 5a and Fig. S2). For example,
the abundance of fructose in the category ‘sugars’ had
a significant positive correlation (Spearman’s p>0.8)
with three genes classified as K03406 and K03407
(Fig. 5a), while N-methyl-DL-alanine within the cat-
egory ‘amino acids’ had a significant negative correla-
tion (Spearman’s p <0.8) with several genes classified
as K03406, K03407, K03412 and K00575 (Fig. 5a).
Notably, when the abundances of these 17 metabolites
in wild and cultivated rice accessions were compared,
the results surprisingly indicated that eight of the 17 had
equal abundance in both types of accessions (Fig. 5a),
while two and seven metabolites had higher abundance
in wild and cultivated rice accessions, respectively, over
the other group (Fig. 5a). More specifically, metabo-
lites with lower abundance were significantly correlated
with highly abundant chemotaxis genes in the rhizos-
pheres of wild rice accessions.

Five chemotaxis genes and 13 root metabolites
were found to be significantly correlated in the six
cultivated rice accessions (Fig. 5b). Additionally,
the general level of correlation represented by the
Spearman’s Ipl value (Spearman’s 0.7 < Ipl < 0.8) was
also lower (Fig. 5b). These results suggest that the
selection pressures on bacterial chemotaxis systems
exerted in cultivated rice might be different from
those of wild rice. Five chemotaxis genes affiliated
with three KOs (K03406, K03407 and K03412) were
significantly correlated with 13 metabolites within
the categories ‘sugars’, ‘amino acids’, ‘fatty acids’
and ‘organic acids’ (Fig. 5b). All of these five genes
had higher abundance in the rhizospheres of culti-
vated rice accessions than in those of wild rice acces-
sions (Fig. S2). Five out of the 13 metabolites were
equally abundant in roots of both wild and cultivated
rice accessions, while the other eight metabolites had
higher abundance in the roots of cultivated rice acces-
sions (Fig. 5b). In comparison with wild rice acces-
sions, each metabolite in the cultivated accessions
was significantly correlated (Spearman’s Ipl>0.7)
with only a single chemotaxis gene (Fig. 5a-b). For
example, tartronic acid within the category ‘organic
acids’ exhibited a significant negative correlation
(Spearman’s p<0.7) with a gene belonging to KO
K03406, while L-cysteine in the category ‘amino

acids’ had significant positive correlation (Spear-
man’s p>0.7) with another gene classified as KO
K03406. Notably, no overlaps were observed in the
metabolites of wild and cultivated rice accessions
that exhibited a significant correlation with chemo-
taxis genes. Collectively, these results indicate that
specific root metabolites present in either the wild
or cultivated rice accessions contribute to the dif-
ferential selection of bacterial chemotaxis systems
in their rhizospheres. Although selection could be
affected by the surrounding environment, the differ-
ences in root metabolite profile between wild and
cultivated rice accessions may partially contribute to
the distinct composition of bacterial chemotaxis sys-
tems recruited from the array of chemotactic bacterial
communities present in their rhizospheres.

Roles of the core groups of chemotactic bacteria in
the rhizosphere bacterial communities in wild and
cultivated rice accessions

The core groups of chemotactic bacteria in the rhizo-
spheres of wild and cultivated rice accessions were
investigated based on the hypothesis that chemotactic
bacteria affect the assembly of the rhizomicrobiome.
Differentially abundant chemotaxis genes were anno-
tated to obtain information on taxonomic identification
of the specific chemotactic bacterial species present in
the rhizospheres of wild and cultivated rice accessions.
More than 60% of the genes that were enriched in the
rhizospheres of wild rice accessions were assigned to
the genus Geobacter (Fig. 6a and Table S5), while the
other chemotaxis genes were assigned to seven other
bacterial genera, including Pelobacter, Sulfuricella,
Sulfuricurvum, Sulfurospirillum, Syntrophus, Desulfu-
romonas and Nitrospira (Fig.6a and Table S5). Among
the eight identified genera, only Nitrospira was affili-
ated with the phylum Nitrospirae (Fig. 6a and Table S5),
whereas the remaining seven genera were members
of the phylum Proteobacteria (Fig. 6a and Table S5).
Although the number of enriched chemotaxis genes in
the rhizospheres of cultivated rice accessions was less
than the number in the rhizospheres of wild rice acces-
sions (Table S2), the identified genes were assigned to a
greater number of genera, comprising 13 genera in total.
The genera were affiliated with five phyla, including
Blastocatella from the phylum Acidobacteria, Desulfo-
bacter from the phylum Proteobacteria, Gemmatimonas
from the phylum Gemmatimonadetes, Ignavibacterium
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Fig. 6 Venn diagram and PCoA of the core groups of chemo-
tactic bacteria that were predominantly recruited by wild and
cultivated rice accessions. (a) Venn diagram illustrating the
chemotactic bacterial taxa predominantly recruited by wild
and cultivated rice. All taxa were identified at the genus level
and labeled according to their phyla by different colored cir-
cles. Pink and blue rectangles indicate that the genera had a
higher relative abundance in the rhizospheres of wild rice and
cultivated rice (Student’s ¢ test, p< 0.01), respectively, over
the other group. (b) PCoA of chemotactic bacterial communi-
ties in the rhizospheres of wild and cultivated rice accessions.
PCoA was based on Bray-Curtis dissimilarity matrix calcu-
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lated from the relative abundance of the core groups of chemo-
tactic bacteria. The 95% confidence ellipses were drawn in
pink for the wild and in blue for the cultivated rice accessions.
Triangles, circles and squares in different colors represent the
different wild and cultivated rice accessions. W-Af: African
wild rice IRGC 106238; W-As-common-1, 2: common wild
rice IRGC 106452 and 106,286; W-As-Indian-1, 2: Indian wild
rice IRGC 86655 and 88,949; C-Af-1, 2: African cultivated
rice LM8 and WH20; C-As-japonica-1, 2: Asian cultivated
rice variety japonica Jiangxi and Daohuaxiang; C-As-indica-1,
2: Asian cultivated rice variety indica 106 and Meitezhen
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from the Ignavibacteriae, and Nitrospira from the phy-
lum Nitrospirae (Fig. 6a and Table S6). Several of the
identified highly abundant chemotaxis genes in wild
and cultivated rice accessions were assigned to the
same genera, including Geobacter, Desulfuromonas and
Nitrospira (Fig. 6a and Tables S5-S6). These findings
suggest that both wild and cultivated rice can indepen-
dently recruit in a predominant manner different chemo-
tactic bacteria, although with some overlap as indicated
in the Venn diagram (Fig. 6a).

The abundances of the chemotactic bacteria were
then analyzed using the results obtained from 16S
rRNA gene amplicon sequencing. Among the five
genera that were predominantly recruited by wild rice
accessions, three had a higher abundance in the rhizo-
spheres of wild rice accessions than in those of cul-
tivated rice accessions (Fig. 6a and Fig. S3). Among
the ten genera that were predominantly recruited
by cultivated rice accessions, half of them had a
higher abundance in the rhizospheres of cultivated
rice accessions than in those of wild rice accessions
(Fig. 6a and Fig. S3). Among the three genera that
were shared by both wild and cultivated rice, Geo-
bacter had higher abundance in the rhizospheres of
wild rice accessions, whereas Nitrospira had higher
abundance in the rhizospheres of cultivated rice
accessions (Fig. 6a and Fig. S3). PCoA plots of the
eighteen bacterial genera also revealed that the com-
positional profile of the chemotactic bacteria differed
between the rhizospheres of wild and cultivated rice
accessions (Fig. 6b), suggesting that the core taxa of
chemotactic bacteria were differentially recruited by
wild and cultivated rice accessions. Clear separations
were also observed within the three types of wild rice
accessions and within the three types of cultivate rice
accessions (Fig. 6b and Table S7), as well as between
the two accessions of Indian wild rice IRGC 86655
and 88,949) and between the two accessions of Afri-
can cultivated rice (LM8 and WH20) (Fig. 6b and
Table S7). These findings suggest that both wild and
cultivated rice accessions were able to recruit differ-
ent taxa of chemotactic bacteria.

The role of the core groups of chemotactic bacteria
in the rhizosphere bacterial community were further
investigated. Co-occurrence networks of rhizosphere
bacterial communities in wild and cultivated rice
accessions were constructed by measuring the abun-
dance correlation of pairs of bacteria grouped at the
genus level. Results indicated that the co-occurrence

network of the rhizosphere bacterial community of
wild rice accessions comprised 80 nodes and 139
edges (Fig. 6a and Table S8), while the co-occurrence
network of the rhizosphere bacterial community of
cultivated rice accessions comprised 47 nodes and 44
edges (Fig. 6b and Table S8). These results suggest
that the network in wild rice accessions is more com-
plex than in cultivated rice accessions.

As previously stated, both wild and cultivated
rice accessions recruit Geobacter (Fig. 6a); how-
ever, Geobacter was only present in the network
of wild rice (Fig. 7a). Notably, only about 25% of
the chemotactic bacteria predominantly recruited
by wild or cultivated rice accessions were present
in the reciprocal network (Figs. 6a and 7a-b), sug-
gesting that not every single genus of chemotactic
bacteria provided a significant contribution to com-
munity structure. The degree and betweenness cen-
trality of nodes from each network were also ana-
lyzed. Geobacter was defined as one of the hub taxa
in the rhizosphere bacterial community network in
wild rice accessions, exhibiting a high degree of and
betweenness centrality (Fig. 7c), suggesting that it
may play an essential role in structuring the rhizo-
sphere bacterial community of wild rice accessions.
None of the three genera (Blastocatella, Desulfo-
bacter and Gemmatimonas) present in the rhizos-
phere bacterial community network in cultivated
rice accessions were identified as hub taxa (Fig. 7d).
Based on these results, we conclude that wild and
cultivated rice accessions can each recruit specific
core groups of chemotactic bacteria, some of which
may play a critical role in the associated rhizosphere
bacterial communities.

Discussion

Bacterial chemotaxis systems in the rhizospheres of
wild and cultivated rice accessions were differentially
selected

Chemotaxis, as an important functional trait of bacteria,
enables them to respond to and move toward or away
from specific chemotactic signals, which may be root
exudates or microbial metabolites (Lu et al. 2016; Neal
et al. 2012; Tan et al. 2013), thereby mediating plant-
microbe and microbe-microbe interactions. The present
study revealed that the abundance of chemotaxis genes
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Fig.7 Co-occurrence analysis of the rhizosphere bacterial
communities in wild and cultivated rice accessions. Co-occur-
rence networks of the rhizosphere bacterial communities of
wild (a) and cultivated (b) rice accessions constructed based
on the Spearman’s rank correlation analysis. The edges rep-
resent significant positive correlations (Spearman’s p>0.8,
p < 0.01, red lines) or significant negative correlations (Spear-
man’s p<—0.8, p< 0.01, blue lines). The colored nodes rep-
resent taxa identified at the genus level having at least one
significant correlation. The size of node is proportional to the
number of connections. Each node was colored according to

was much higher in the rhizospheres of wild rice acces-
sions than it was in cultivated rice accessions. Wild
rice generally grows in a harsher environment than
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phylum. The distribution of degree and betweenness central-
ity of nodes (represented by pink and blue circles for wild
and cultivated rice accessions, respectively) in the networks
of the rhizosphere bacterial communities of wild (¢) and cul-
tivated (d) rice accessions. Nodes showing a high degree and
betweenness centrality (the top 2% values, represented by
dashed lines) were designated as hub taxa of the rhizosphere
bacterial communities of wild and cultivated rice accessions.
Nodes representing specific chemotactic bacteria are indicated
by their names

cultivated rice, and so the co-evolution of plant host and
microbes may result in more adaptive probiotic inter-
actions (Bulgarelli et al. 2013). Thus, the enrichment
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of chemotaxis genes in the rhizospheres of wild rice
accessions may reflect the types of interactions that
occur between wild rice accessions and the soil bacte-
rial community.

Our study also indicated that wild and cultivated
rice accessions exerted differential selection pressures
on the chemotaxis systems present in the surrounding
soil. The distinct compositional profiles of chemot-
axis genes may be the consequence of differences in
the composition of the rhizosphere bacterial com-
munities of wild and cultivated rice. Notably, acces-
sions of cultivated rice had greater similarity to each
other than accessions of wild rice were to each other
in regard to the compositional profiles of chemotaxis
genes. This suggests that domestication of rice led to
a convergence in the composition of chemotaxis sys-
tems in the rhizosphere bacterial communities of cul-
tivated rice accessions.

Analysis of the different components of chemo-
taxis systems indicated that mcp, cheA, cheB and
cheR had been subjected to a high degree of selection,
while other components were not. MCPs, as a com-
ponent associated with chemotaxis signal process-
ing, detect various chemotaxis signals and regulate
the activity of CheA, which is essential for chemo-
taxis (Tindall et al. 2012). CheB and CheR interact
to modulate the signal binding affinity of MCPs,
thereby regulating the sensitivity of chemotaxis (Rao
et al. 2008). The collective findings of our study sug-
gest that the selection of chemotaxis systems may be
driven by changes in chemotactic signals in the rice
rhizosphere, such as root exudates (Jin et al. 2019;
Scharf et al. 2016).

Root metabolites have driven the selection of
bacterial chemotaxis systems in the rhizosphere of
rice during domestication

In the present study, wild and cultivated rice exhib-
ited distinctly different root metabolite profiles, and a
higher number of metabolites had higher abundance
in cultivated rice accessions than wild rice accessions.
It may be possible that the roots of cultivated rice are
more fragile and more easily broken to liberate intra-
cellular metabolites since it has been reported that
domestication might result in changes in root archi-
tecture and root exudation (Martinez-Romero et al.
2020). In addition, the wild rice accessions grown
under contemporary agricultural soil conditions shall

be different from those grown under natural con-
ditions in which wild types and soil microbes co-
evolved in their area of origins; and thus, the root exu-
dation of wild rice accessions might also be affected
by the changed soil environment. Significant positive
correlations were observed between highly abun-
dant metabolites (e.g. malonic acid and L-cysteine
from roots of wild and cultivated rice accessions)
and the presence of enriched chemotaxis genes (e.g.
gene_107266 classified as a KO0575 and gene_772
classified as a K03406 in the rhizospheres of wild
and cultivated accessions, respectively). Neverthe-
less, some metabolites, such as fructose, N-methyl-
DL-alanine and tartronic acid that exhibited equal
levels of abundance in the two rice groups also had
high correlations with different chemotaxis genes
classified as K03406, K03407, K03412 and K00575
in the rhizospheres of wild and cultivated rice acces-
sions. A possible explanation is that the chemotac-
tic responses of bacteria toward specific metabolites
might be affected by the surrounding environment
(Bulgarelli et al. 2013), in which root metabolite
profiles were distinct and the microbial communities
also differed. The metabolites that are differentially
abundant between wild and cultivated rice accessions
have been reported as having effects on chemotaxis
of rhizosphere bacteria. For example, the L-glutamic
acid that has higher abundance in cultivated rice
was reported to induce chemotactic response of B.
velezensis SQR9, a plant growth-promoting rhizo-
sphere bacterium (Feng et al. 2019), while another
metabolite, L-cysteine, which also has higher abun-
dance in cultivated rice, could induce chemotactic
response of P. fluorescens PfO-1, a typical rhizosphere
bacterium (Oku et al. 2014). It should be noted that
the root metabolites rather than the root exudates
were analyzed in this study, and the exact effect of
root exudates on the chemotactic responses of spe-
cific chemotactic taxa shall be experimentally tested
in the future. Based on the differences in correlations
between root metabolites and chemotaxis genes in the
rhizospheres of wild and cultivated rice accessions,
we conclude that the distinct root metabolite profiles,
which were affected by domestication, may drive the
differential selection of chemotaxis systems by wild
and cultivated accessions of rice. Zhalnina et al.
(2018) demonstrated that plant root exudate chem-
istry, together with microbial metabolite substrate
preferences, which could be predicted from genome
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sequences, drove the assembly of the rhizosphere
microbial community, providing strong evidence for
the substrate-driven recruitment of microbes. The
primary physiological function of chemotaxis is to
enable chemotactic bacteria to approach compounds
that are of metabolic value (Fernandez et al. 2017).
Thus, the relationship between chemotaxis and bacte-
rial substrate preference on shaping bacterial assem-
blages merits further investigation to determine how
the interaction of these components drive bacterial
community assembly in the rhizosphere.

The core chemotactic taxa in the rhizosphere
bacterial communities of wild and cultivated rice
accessions

The differentially abundant chemotaxis genes identified
in the rhizospheres of wild and cultivated rice accessions
were assigned to chemotactic bacteria affiliated with
five major phyla, namely Proteobacteria, Acidobacteria,
Gemmatimonadetes, Ignavibacteriae and Nitrospirae,
which represent the dominant taxa found in the plant
rhizosphere (Bulgarelli et al. 2012; Edwards et al. 2015;
Xu et al. 2018). These findings showed that the well-
known chemotactic bacteria are widely distributed in
the rhizospheres of the investigated wild and cultivated
rice accessions. Consistent with our findings, Buchan
et al. (2010) reported that cheA genes in the rhizospheres
of wheat and cowpea were also affiliated with several
phyla, including Proteobacteria, Acidobacteria, Gem-
matimonadetes and Nitrospirae. Notably, fewer chemo-
taxis genes (23 in total) were assigned to more bacterial
genera (13 in total) in the rhizospheres of cultivated rice
accessions than in wild rice accessions (31 genes and 8
genera). These data indicate that many chemotactic bac-
teria share orthologous chemotaxis genes in the rhizos-
pheres of cultivated rice accessions, which also suggests
that rice domestication has led to a reduction in the func-
tional specificity of chemotaxis systems.

Co-occurrence analysis has been widely used to
explore the networks of microbial communities and
reveal patterns of ecological interactions (Fan et al. 2018;
Ma et al. 2016). In the present study, we identified strik-
ing differences in the network structure of the rhizos-
phere microbial communities of wild and cultivated rice.
Notably, wild rice had a more complex and highly con-
nected community than cultivated rice. The abundance
of chemotaxis genes was also higher in the rhizosphere
of wild rice than in cultivated rice. Consistent with these
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results, Mendes et al. (2018) reported that a common
bean (Phaseolus vulgaris) cultivar resistant to the fungal
root pathogen Fusarium oxysporum had a more com-
plex rhizosphere community and a higher abundance of
chemotaxis genes compared with a common bean culti-
var that was susceptible to the same pathogen. The posi-
tive correlation between chemotaxis gene abundance and
bacterial community complexity supports the premise
that chemotaxis is involved in the assembly of the rhizo-
sphere bacterial community. Co-occurrence network
analysis can also help identify potential hub taxa that are
crucial to the interaction patterns. In this regard, Agler
et al. (2016) found that abiotic factors and host genotype
may act directly on hub taxa, which could transmit the
impact to the larger microbial community via microbe-
microbe interactions; thus demonstrating the vital role
that hub taxa play in community assembly. In our study,
the chemotactic genus Geobacter, an important dissimi-
latory Fe (IIT) reducer that is commonly found in rice
paddy fields (Li et al. 2020b), was identified as one of
the hub taxa in the rhizosphere bacterial community of
wild rice accessions. The genomes of several species of
Geobacter have been analyzed and revealed a large num-
ber of chemotaxis genes and a diverse set of MCPs with
different sensing domains (Tran et al. 2008). As chemo-
taxis has been shown to be one of the mechanisms that
mediate microbe-microbe interactions (Garbeva and de
Boer 2009; Lu et al. 2016), chemotaxis may be used by
Geobacter to interact with other bacteria to structure the
rhizosphere bacterial community of wild rice accessions.
In contrast, however, Geobacter was not even present
in the network in the rhizosphere bacterial community
of cultivated rice accessions, where a distinct change in
network occurred relative to wild rice. The chemotactic
bacteria present in the rhizosphere network of cultivated
rice, including Blastocatella, Gemmatimonas and Desul-
fobacter, were shown to be less connected to other bac-
teria. These findings suggest that domestication might
also have shifted the interaction profile of bacteria in the
rhizospheres of cultivated rice accessions. As mentioned
above, the wild rice accessions were grown under con-
temporary agricultural soil conditions rather than the
original soil where wild rice accessions co-evolved with
microbes, and this may also affect the assembly and
interaction networks of bacterial community.

In conclusion, results of the present study indicated
that the selection of chemotaxis systems in the rhizo-
spheres of cultivated rice accessions was distinctly
different from that of wild rice and may be driven by
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the changes in the root metabolite profile that was
affected by domestication. The results emphasize the
importance of chemotaxis in the complex processes of
microbial community assemblage associated with rice
domestication, and provide a potential target for restruc-
turing the rhizomicrobiome in support of the develop-
ment of climate-smart agricultural production systems.
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