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Abstract: Rice domestication has dramatically improved its agronomic traits, albeit with unavoidable
significantly reduced genetic diversity. Dongxiang common wild rice, the wild rice species distributed
in northernmost China, exhibits excellent resistance against stress and diseases and provides a rich
genetic resource for rice breeding. Most of the studies focus on the function of the plant genes, often
disregarding the role of the root microbes associated with the plants. In this work, we isolated a
Burkholderia strain from the root of Dongxiang wild rice, which we identified as Burkholderia cepacia
BRDJ, based on a phylogenetic analysis. This strain promoted the rice growth under greenhouse
conditions. The grain yield was higher in a rice line containing a small genomic fragment derived
from the Dongxiang wild rice, compared to the indica rice cultivar Zhongzao 35. This new strain
also increased the plant biomass under limiting nitrogen conditions. Interestingly, this strain had
a differential effect on indica and japonica rice varieties under full nitrogen supply conditions. By
genome sequencing and comparison with another two B. cepacia strains, we observed enriched genes
related with nitrogen fixation and phytohormone and volatiles biosynthesis that may account for
the growth-promoting effects of the BRDJ. BRDJ has the potential to be used as a biofertilizer in
promoting nitrogen use efficiency and overall growth in rice.

Keywords: plant growth-promoting rhizobacterium; biological nitrogen fixation; nitrogen use effi-
ciency; wild rice; Burkholderia; comparative genomics

1. Introduction

Dongxiang wild rice (Oryza rufipogon Griff., hereafter referred to as DXWR) is the
northernmost (116◦36′ E, 28◦14′ N) extant ancestor of cultivated rice (Oryza sativa L.) ever
found in the world [1] and can survive at temperatures as low as –12.8 ◦C [2]. The Rice
Research Institute of the Jiangxi Academy of Agricultural Sciences established an in situ
reserve in Dongxiang County in 1980 [3] and has sampled and preserved 252 plants from
the nine original DXWR habitats and established an ex situ nursery in Nanchang [4].
DXWR harbors valuable traits conferred by its rich genetic diversity. As the northernmost
distributed common wild rice in the world, this wild rice contains superior genes that
cultivated rice varieties either do not possess, or have lost [5], which are involved in cold
tolerance [2], drought resistance [6], disease resistance, and symbiosis [7]. Discovering
and introducing these superior genes into rice cultivars is of great practical importance to
improve rice yield, resistance, and quality. While the associated rhizosphere and phyllo-
sphere microorganisms coexisting with wild rice may contribute to these superior traits [8],
relevant studies are lacking in exploring this connection in detail.
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The rhizosphere is an important site for the exchange of materials between plants and
their external environment. The growth and activities of plants influence the chemical,
physical, and biological characteristics of the soil around their root systems [9,10]. The
plant rhizosphere microorganisms and endophytes occupy certain ecological niches in the
root–soil–microbe interaction, and these microorganisms can compete for nutrients with
pathogenic bacteria in an antagonistic relationship, so that the pathogens are deprived
of nutrients and die [11]. Plant growth–promoting rhizobacteria (PGPRs) promote plant
growth, increase crop yield, and protect plants against diseases using various mechanisms.
They can live in the plant rhizosphere (outside roots, in the surrounding soil), rhizoplane
(the root surface), and/or endorhizosphere (inside roots). Considering these benefits, the
PGPRs show great promise as a biofertilizer [12].

As beneficial bacteria, PGPRs colonize the roots of many plants such as wheat (Triticum
aestivum) [13], maize (Zea mays) [14], rice [15], and tomato (Solanum lycopersicum) [16]. In
the soil, these bacteria synthesize growth-promoting substances, such as gibberellins and
cytokinins, to alter the root architecture and promote plant development [17,18], as well as
increasing the plant’s systemic resistance against pathogens [19].

Burkholderia occupy surprisingly diverse ecological niches such as the soil, water
bodies, and plant roots. Walter Hagemeyer Burkholder, an American plant pathologist,
first discovered the strain in 1949 as the causative agent of onion (Allium cepa) stem rot
and named the strain Pseudomonas onionis [20]. In 1992, Yabuuchi and colleagues formally
grouped the bacterium and six other Pseudomonas belonging to the same rRNA group into
a new genus called Burkholderia spp. [21]. The genus comprises 127 published species
names [22] and can be divided into at least three major clades [23]. One clade includes the
Burkholderia cepacia complex (Bcc), the B. pseudomallei group, B. gladioli, B. plantarii, and B.
glumae, while the second clade includes B. glathei and closely related species. The third clade
includes the B. xenovorans group, which includes many beneficial microorganisms [24].

B. cepacia is of great research importance in the field of medicine [25], bioenergy [26],
and agriculture [27]. Interestingly, B. cepacia is an important conditional pathogen in
nosocomial infections because of its wide distribution; while it normally poses no risk
to human health, the bacterium tends to attack immunocompromised individuals and
often colonizes the lungs of patients with cystic fibrosis or chronic granulomas [25]. B.
cepacia infection not only causes the progressive deterioration of lung function but can also
lead to systemic infections such as necrotizing pneumonia, bacteremia, and sepsis [28]. In
recent years, the incidence of clinical isolation of this organism has been on the rise, which
raises issues for clinical treatment as it is highly resistant to a variety of antibiotics [25].
The B. cepacia complex is also an important group of growth-promoting bacteria that
produce extracellular enzymes that can solubilize phosphate in the soil and promote plant
growth [29], as well as produce various secondary metabolites such as pyrrolnitrin to
inhibit fungal diseases [30].

In this work, we isolated the new strain, B. cepacia BRDJ, from the roots of DXWR
plants. We performed inoculation experiments to test its growth-promoting potential
on different rice cultivars, which was more pronounced in the japonica rice than in the
indica rice, suggesting genetically encoded differences in the rice in response to the same
PGPR strain. We sequenced the genome of the strain B. cepacia BRDJ and analyzed the
mechanisms by which it may promote growth in rice, resulting in the identification of
numerous genes. Further analysis focused on the genomic differences between B. cepacia
phytopathogenic strains and the plant growth–promoting strains. Our study thus identified
a beneficial B. cepacia strain from the DXWR roots and provides new insights into the
potential differentiation principle between the B. cepacia phytopathogenic and plant growth–
promoting strains.
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2. Results
2.1. Isolation of Rhizobacteria from DXWR

The DXWRs cultivated in the ex situ nursery of Nanchang were propagated from
ratoons collected in their original habitat. We collected root samples to isolate the DXWR-
associated PGPRs. Accordingly, we washed the roots extensively with sterile water before
crushing them in a mortar. The resulting homogenate suspensions were spread on Burk′s
nitrogen-free medium to isolate the nitrogen-fixing bacteria [31], leading to the isolation of
101 strains. We selected 10 strains to sequence and compare their 16S rRNA sequences by
the BLAST, which revealed three distinct bacterial species. We inoculated the rice plants
with each of the three bacteria species and recorded the plant growth. The Burkholderia
sp. exhibited the strongest plant growth-promoting activity of the three bacterial species
tested. We focused on this strain for the further characterization and named this strain
BRDJ (Burkholderia sp. from Root of DXWR in the Jiangxi province).

2.2. Identification of the Strain BRDJ

We determined the sequence of the 16S RNA gene from the BRDJ and used the
sequence as a query for the BLAST, which indicated that the strain is closest to B. cepacia.
We downloaded the 16S RNA sequences of the representative Burkholderia spp. from the
National Center for Biotechnological Information (NCBI) and aligned these sequences
to those from the BRDJ 16S RNA; the alignment showed that the BRDJ is closest to the
members of the Bcc (Figure S1A). As the 16S rRNA sequences from the Bcc are relatively
close [32], we used the recA gene to determine the exact strain [33]. To this end, we
constructed a phylogenetic tree for the recA sequences from the Bcc and BRDJ, which
revealed that the BRDJ is closest to B. cepacia ATCC 25416 (Figure S1B). Taken together,
these results suggested that the BRDJ is a new B. cepacia strain. While B. cepacia is a well-
known plant growth-promoting and opportunistic pathogen, the plant growth–promoting
mechanism in rice has not been thoroughly investigated.

2.3. Plant Growth–Promoting Activity of BRDJ

To investigate the potential growth-promoting effects of this strain, we inoculated
plants from the rice cultivar Zhongzao 35 (O. sativa L. ssp. indica. cv. Zhongzao 35, thereafter
ZZ35) with a BRDJ cell culture and compared the growth with rice plants inoculated with
the nitrogen-fixing bacterial strain Mesorhizobium loti MAFF303099. We noticed that the
BRDJ has some ability to promote rice growth, as the inoculated group flowered earlier
than the control plants (Figure 1A). We also discovered that a chromosome single-segment
substitution line (CSSSL-Chr8), with only one DXWR genomic fragment containing CHITIN
ELICITOR RECEPTOR KINASE 1 (OsCERK1DY) in an otherwise ZZ35 background [7], grew
better than the ZZ35 when inoculated with the BRDJ (Figure 1A,B). BRDJ is able to grow on
Burk′s nitrogen-free medium (Figure 1C) and therefore may promote rice growth through
nitrogen fixation. We collected the roots from the inoculated rice plants and tested their
nitrogen-fixing activity using the acetylene-reduction method [34]. We observed that the
plants of the CSSSL-Chr8 line, harboring a small DXWR fragment on chromosome 8 in an
otherwise largely ZZ35 background (Figure S2), have higher nitrogen-fixing activity when
inoculated with the BRDJ than with the ZZ35 (Figure 1D).
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Figure 1. Plant growth promoting activity of BRDJ. (A) Representative images of greenhouse exper-
iment. Inflorescence marked by red arrowhead. NIL, near-isogenic line; CSSSL-Chr8, chromosome 
eight single-segment substitution line. Scale bars, 10 cm. (B) Grain yield of harvested rice grown in 
greenhouse conditions. For each cultivar, nine plants were measured. Values are presented as means 
± SD. Different letters indicate significant differences among treatments (Fisher’s Least Significant 
Difference test, p  <  0.05). (C) Comparative growth of Escherichia coli DH5α, Mesorhizobium loti 
MAFF303099 and Burkholderia cepacia BRDJ. 1 mM ammonium sulfate (AS) was added to Burk’s 
medium as an additional nitrogen source. (D) Acetylene-reduction activities (ARA) of excised roots 
co-cultured with BRDJ or Mesorhizobium loti MAFF303099. For each group, three roots were meas-
ured. Values are presented as means ± SD. Different letters indicate significant differences among 
treatments (Fisher’s Least Significant Difference test, p  <  0.05). NA, not available. 

2.4. Plant Growth–Promoting Activity of the BRDJ Strain on Different Rice Cultivars 
To investigate whether the observed growth promotion extended to other cultivated 

rice varieties, we tested four additional and representative rice cultivars, including Zhong-
hua 11 (japonica, hereafter referred to as ZH11), Huizhan (indica, HZ), Sasanishiki (japonica, 
Sasa), and Zhenshan 97B (indica, ZS97B). To this end, we inoculated the plants with the 

Figure 1. Plant growth promoting activity of BRDJ. (A) Representative images of greenhouse experi-
ment. Inflorescence marked by red arrowhead. NIL, near-isogenic line; CSSSL-Chr8, chromosome
eight single-segment substitution line. Scale bars, 10 cm. (B) Grain yield of harvested rice grown
in greenhouse conditions. For each cultivar, nine plants were measured. Values are presented as
means ± SD. Different letters indicate significant differences among treatments (Fisher’s Least Sig-
nificant Difference test, p < 0.05). (C) Comparative growth of Escherichia coli DH5α, Mesorhizobium
loti MAFF303099 and Burkholderia cepacia BRDJ. 1 mM ammonium sulfate (AS) was added to Burk’s
medium as an additional nitrogen source. (D) Acetylene-reduction activities (ARA) of excised roots
co-cultured with BRDJ or Mesorhizobium loti MAFF303099. For each group, three roots were mea-
sured. Values are presented as means ± SD. Different letters indicate significant differences among
treatments (Fisher’s Least Significant Difference test, p < 0.05). NA, not available.

2.4. Plant Growth–Promoting Activity of the BRDJ Strain on Different Rice Cultivars

To investigate whether the observed growth promotion extended to other culti-
vated rice varieties, we tested four additional and representative rice cultivars, including
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Zhonghua 11 (japonica, hereafter referred to as ZH11), Huizhan (indica, HZ), Sasanishiki
(japonica, Sasa), and Zhenshan 97B (indica, ZS97B). To this end, we inoculated the plants with
the BRDJ and recorded their fresh weight 45 days later. We observed that the fresh weight
for two japonica varieties were increased under both the 50% and 100% nitrogen Hoagland
solution (Figure 2B,E), while the two indica varieties showed a growth promotion under
the 50% nitrogen conditions but less so under the 100% nitrogen conditions (Figure 2C,
D). As DXWR is genetically more closely related to japonica rice than to indica rice [35], we
speculate that this PGPR may be better adapted to the japonica varieties. We suggest that
the BRDJ promotes growth mainly by improving the nitrogen use efficiency since the BRDJ
inoculation did not significantly increase the biomass under the nitrogen-free Hoagland
solution treatment (Figure 2B–E).
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Figure 2. Plant growth-promoting activity of BRDJ on representative rice cultivars. (A) Representative
images of Zhonghua 11 plants inoculated with BRDJ or mock growing on vermiculite/perlite mix.
Scale bar, 5cm. (B–E) Fresh weight of Zhonghua 11 (B), Huizhan (C), Zhenshan 97B (D), Sasanishiki
(E) measured at 45 dpi. For each group, 18 plants were measured. Values are presented as means
± SD. Different letters indicate significant differences among treatments (Fisher’s Least Significant
Difference test, p < 0.05).
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2.5. Identification of Bacterial Plant Growth–Promoting Genes

To elucidate the genetic mechanism by which this bacterial strain promotes plant
growth, we sequenced the BRDJ genome (Figure 3A–C). The genome of Burkholderia cepacia
BRDJ consists of three circular chromosomes covering 8,745,840 bp and an average GC
content of 66.7%. We predicted 7888 protein-coding genes, 84 transfer RNA (tRNA) genes,
and 18 ribosomal RNA (rRNA) genes (Figure 3D). The assembled genome sequence of the
strain BRDJ has been deposited in the NCBI under accession number CP095496-CP095498.
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Figure 3. The overview of the BRDJ genome. (A–C) The circular map of BRDJ chromosomes.
The tracks from outside to center represent the following features: (1) Forward CDS (pale purple);
(2) Reverse CDS (apricot); (3) ncRNA (black); (4) %GC plot (green and red correspond to above
and below average GC content respectively); (5) GC Skew [(G − C)/(G + C)] (light green and pink
correspond to above and below average GC-skew respectively). All features were obtained from
available annotations. (D) Table of the BRDJ genome properties.

We identified many genes in the BRDJ genome that are likely associated with the plant
growth–promoting effects (Tables 1 and S1), such as the genes involved in nitrogen fixation,
nutrient uptake, biocontrol, and phytohormone and volatile biosynthesis, or encoding 1-
aminocyclopropane-1-carboxylic acid deaminase. We detected the nitrogen fixation–related
genes nifQ, nifU, nfeD, fixA, fixB, fixJ, and fixX, and the nodulation-related genes nodJ, nodI,
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and nodW in the BRDJ genome, reflecting its nitrogen fixation function and its ability to
grow on a nitrogen-free medium (Figure 1D). It is worth noting that BRDJ may also have a
strong iron uptake capacity, since it can synthesize two types of iron chelators, pyochelin
(from the pch operon genes pchB, pchC, pchD, pchE, pchF, pchG, and pchR) and pyoverdin
(pvd operon genes pvdA and pvdE). In addition to promoting plant growth by enhancing the
nutrient uptake, BRDJ may also secrete a number of growth-promoting substances. Indeed,
the BRDJ genome encodes genes related to indole-3-acetic acid (IAA) biosynthesis (trpA,
trpB, trpC, trpD, trpE, trpG, and iaaH) [36]. In addition to producing phytohormones, BRDJ
may also synthesize several growth-promoting substances, including acetoin (acoA, acoB,
and acoR), 2,3-butanediol (butA, butB, ilvA, ilvB, ilvC, ilvD, ilvE, and ilvH), and isoprene
(ispD, ispF, ispG, and ispH). Moreover, the BRDJ genome harbors biocontrol-related genes
including genes encoding chitinase and enzymes involved in phenazine biosynthesis (phzA,
phzD, phzE, phzF, phzG, and phzI) and pyrrolnitrin biosynthesis (prnA, prnB, prnC, and
prnD), which confer plants with greater resistance against diseases [37].

Table 1. Genes linked to nodulation and nitrogen fixation in BRDJ genome.

PGP Activities Gene Name Gene Annotation Chromosomal Location

Nodulation

nodW two component transcriptional regulator,
Nodulation protein W Chr1:564266-564919−

nodT NodT family protein Chr1:957928-959382+

nodS Nodulation protein S Chr3:1174329-1175027−
nodJ Nodulation protein J Chr3:1903018-1903851−
nodI Nod factor export ATP-binding protein I Chr3:1903858-1904772−
nfeD Nodulation efficiency protein NfeD Chr3:2432325-2432759−

Nitrogen Fixation

fixX Ferredoxin-like protein FixX Chr1:906003-907661−
nifQ nitrogen fixation protein NifQ Chr1:1372743-1373342−

fixB, etfA electron transfer flavoprotein alpha Chr2:2094197-2095141−

fixA, etfB subunit electron transfer flavoprotein beta
subunit Chr2:2095158-2095913−

rnfH Protein RnfH Chr3:2429820-2430143−

iscU, nifU nitrogen fixation protein NifU and related
proteins Chr3:2612558-2612965−

iscS, NFS1 cysteine desulfurase, Nitrogen Fixation 1 Chr3:2613034-2614224−
fixJ Transcriptional regulatory protein FixJ Chr3:2631016-2631654+

rnfB electron transport complex protein RnfB Chr3:2897345-2898232+

nifH 4Fe-4S iron sulfur cluster binding proteins,
NifH/frxC family Chr3:2990786-2991844−

2.6. Comparative Genomics Analysis

The B. cepacia complex includes both phytopathogenic strains and plant growth–
promoting strains. To explore their genetic differences, we compared the BRDJ genome
with that from two B. cepacia strains, ATCC 25416 and JBK9. The B. cepacia strain ATCC
25416, isolated from an onion, can induce bacterial soft rot [38], while the B. cepacia JBK9
is a newly identified PGPR strain with antifungal activity [30]. Compared to BRDJ and
JBK9, ATCC 25416 has more mobile elements in its unique gene group (Figure 4), which
may be responsible for its pathogenicity. Turning to the secondary metabolite gene clusters,
we discovered that BRDJ and JBK9 both possess additional unique non-ribosomal peptide
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synthetase (NRPS) or NRPS-like gene clusters (Figure 5). Several studies showed that
non-ribosomal peptides can chelate iron or act as bacterial inhibitors. BRDJ has one more
tRNA-dependent cyclodipeptide synthase (CDPS) gene cluster than JBK9 (Figure 5). This
gene cluster may confer a stronger resistance to fungal pathogens [39].
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Figure 4. Heatmap based on core and strain-specific clusters of orthologous groups (COGs). The
horizontal axis shows the group of shared or unique genes. The vertical axis corresponds to COG func-
tional categories. The data is normalized (number of genes with related functions in the group/total
number of genes in the group). COG functional categories: Translation, ribosomal structure and
biogenesis (J), Transcription (K), Replication, recombination and repair (L), Cell cycle control, cell
division, chromosome partitioning (D), Defense mechanisms (V), Signal transduction mechanisms
(T), Cell wall/membrane/envelope biogenesis (M), Cell motility (N), Cytoskeleton (Z), Extracellu-
lar structures (W), Intracellular trafficking, secretion, and vesicular transport (U), Posttranslational
modification, protein turnover, chaperones (O), Mobilome: prophages, transposons (X), Energy pro-
duction and conversion (C), Carbohydrate transport and metabolism (G), Amino acid transport and
metabolism (E), Nucleotide transport and metabolism (F), Coenzyme transport and metabolism (H),
Lipid transport and metabolism (I), Inorganic ion transport and metabolism (P), Secondary metabo-
lites biosynthesis, transport and catabolism (Q), General function prediction only (R), Function
unknown (S).
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indicate that the two clusters can be matched by the BLAST. The solid lines link the reference genome
to the BRDJ, and the dashed lines link the two reference genomes. The different colors correspond
to the sequence similarity. Green, 100% coverage; blue, 100% coverage by local alignment; black,
50% to 100%; red, less than 50%. The different types of gene clusters are distinguished by the
different colors. CDPS, tRNA-dependent cyclodipeptide synthase; NRPS, non-ribosomal peptide
synthetase; RiPP, ribosomally synthesized and post-translationally modified peptide; T1PKS, Type I
polyketide synthase.

2.7. Pathogenicity Test in Onions and Nematodes

B. cepacia was discovered as a pathogenic bacterium in onions [20]. In order to be
applied in agricultural production, the pathogenicity of BRDJ must be evaluated. We
chose onion and Caenorhabditis elegans as model organisms to compare the pathogenic-
ity of the BRDJ with other bacterial strains. The results showed that the pathogenicity
of the BRDJ was significantly reduced compared to the reference strain, ATCC 25416
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(Figure S3). After the inoculation of the onions, the ATCC 25416 caused significantly
larger maceration areas within 48 h than the BRDJ (Figure S3A). The fast-killing assay also
showed that the BRDJ was significantly less pathogenic than the ATCC 25416 in C. elegans
(Figure S3B), which means that the BRDJ may secrete fewer toxic molecules [40,41]. We
next used the PHI (Pathogen Host Interactions, http://www.phi-base.org/; accessed date,
22 August 2019) database for the pathogen gene analysis, and the predicted genes with a
sequence identity over 70% are listed in Table S2. Most of these genes are associated with a
virulence phenotype. Although the BRDJ showed an attenuated virulence in the onions and
C. elegans, it may be necessary to edit the pathogenicity-related genes (Table S2) to eliminate
the minimal threat it poses before its utilization as a biofertilizer in the field.

3. Discussion

In this study, we isolated and characterized the B. cepacia strain BRDJ with plant
growth–promoting properties from the roots of DXWR. The genome analysis uncovered
nodulation- and nitrogen fixation–related genes in the BRDJ strain (Table 1). The atmo-
spheric nitrogen is reduced to ammonia via a biological nitrogen fixation, thus providing
nitrogen nutrition to plants. The efficient use of biological nitrogen fixation can reduce the
amount of chemical ammonia fertilizer in agricultural production, thus offering a solution
to water eutrophication and making agriculture more sustainable [42]. The PGPRs produce
nitrogenase that can fix nitrogen from the air for both themselves and the plants, resulting
in improved nitrogen nutrition for crops and, thus, higher yields. Burkholderia can nodu-
late with most legumes in the genus Mimosa [43]. A phylogenetic analysis reveals that the
Burkholderia–Mimosa symbiosis may be more ancient than we think [44]. The nitrogen-fixing
PGPRs such as BRDJ may aid plant growth under low-nitrogen conditions. The BRDJ
genome contains multiple copies of the phosphate transporter genes, which contribute to
better phosphate nutrition for the wild rice growing in phosphate-poor soils [45]. Although
plants take up most of their phosphorus from the soil, much of this phosphate is in an
insoluble form that is not readily bioavailable. While chemical fertilizers provide soluble
phosphates, they also increase the likelihood that metal cations in the soil will combine
with the phosphate to form insoluble salts, thus causing soil consolidation. The use of
PGPRs as a biofertilizer will help improve the phosphate nutrient conditions by releasing
these insoluble phosphate salts [46]. Iron is the second most abundant metal element in
the Earth′s crust and is essential for plant growth, but is not readily bioavailable due to
low solubility, especially for the highly oxidized ferric salt. Siderophores can accelerate
the dissolution of insoluble ferric salt [47]. The BRDJ genome harbors genes related to the
biosynthesis of siderophores, such as pyochelin and pyoverdine (Table S1), suggesting that
crops such as rice may absorb these forms of chelated iron via microbial siderophores.

Most PGPRs not only convert insoluble nutrients for plant utilization, but also produce
long-acting regulatory substances that improve the nutrient absorption and stress resistance
of plants. The BRDJ genome has a gene encoding a 1-aminocyclopropane-1-carboxylic
acid (ACC) deaminase on chromosome 2 (Table S1). ACC is the biosynthetic precursor of
ethylene, whose levels are determined by those of the ACC. ACC deaminase is an ethylene
catabolism enzyme, as it converts the ACC to α-ketobutyric acid and ammonia, thereby
indirectly regulating the ethylene biosynthesis. ACC deaminase–producing rhizobacteria
can lower the ethylene production by degrading the ACC, thereby increasing the plant
drought tolerance and delaying the plant senescence and death [48]. When plants are under
constant stress, the ACC secreted by the plant cells is degraded by the ACC deaminase–
producing bacteria, thus relieving the inhibitory effects of ethylene on the plant growth.
Aside from the ethylene, the BRDJ may directly synthesize the IAA to regulate plant growth,
as many PGPRs do.

Many microorganisms can promote rice growth in nature. However, during rice
domestication, the genes associated with the pathogen-related PGPRs might be subjected
to negative selection, resulting in cultivated rice varieties that display a lower probability
of establishing an interaction with pathogenic microbes [49]. The Bcc includes several

http://www.phi-base.org/
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opportunistic pathogens that are usually resistant to many antibiotics, making them difficult
to treat once they have infected the lungs [50]. B. cepacia BRDJ, which we isolated from
the roots of DXWR, may represent such an example. Compared to the non-pathogenic
bacterium Mesorhizobium loti strain MAFF303099, the BRDJ conferred a more limited growth-
promoting effect to the rice cultivar ZZ35 (Figure 1B), suggesting that this rice cultivar
may have lost genes associated with the phytopathogen-related PGPRs. In the inoculation
experiments, we determined that two rice lines carrying a DXWR-derived chromosome
segment, in an otherwise ZZ35 background fragment, exhibit a stronger growth-promoting
effect than in the ZZ35; notably, the plant strains carrying the OsCERK1DY variant from
the DXWR showed stronger acetylene reduction activity after the inoculation with the
MAFF303099 (Figure 1D). The OsCERK1DY allele enhanced the arbuscular mycorrhizal
fungi (AMF) symbiosis and increased the resistance against rice blast [7]. Although there is
evidence that Arabidopsis (Arabidopsis thaliana) CERK1 is involved in bacterial perception
through the lysM-motifs [51,52], whether the OsCERK1DY can enhance the effects of the
PGPRs needs to be investigated.

We noticed subtle differences upon the inoculation of indica and japonica rice with the
BRDJ, as this strain did not effectively promote the growth of the indica rice (HZ, ZS97B)
under the 100% nitrogen conditions. Indica and japonica rice are associated with distinct
microbiomes, suggesting that the domestication of both species was accompanied by a
preferential selection for specific microbial communities. The Indica roots are more enriched
in the microbial taxa associated with the nitrogen cycle than the japonica rice roots, resulting
in a more active nitrogen transformation environment, and this phenomenon is closely
related to the nitrate transporter NRT1.1B [53]. Microbial taxa in the root system of indica
rice would allow the indica rice to have a higher nitrogen fertilizer use efficiency [53].
We also established in our pot experiments that the growth-promoting bacterial strain
BRDJ is less effective in the indica rice cultivars experiencing the 100% nitrogen conditions,
possibly because indica rice has a more efficient nitrogen utilization than japonica rice,
thereby masking the nitrogen supplementation provided by the bacteria. Another possible
explanation is that a higher level of cooperation exists between the BRDJ and japonica rice,
to which the DXWR is more genetically related than indica rice [35]. Wild rice is the host of
a wide range of endophytic bacteria, as in its seeds. Most of these bacteria showed plant
growth–promoting ability, improving the agronomic traits (root length, shoot length, dry
mass, and chlorophyll contents) of the rice seedlings.

In addition to the PGPRs, members of the Bcc have been reported to act as animal
or plant pathogens. Two representative examples are the sequenced strains of B. cepacia,
ATCC 25416 and JBK9. ATCC 25416 was isolated from rotting onions and is a pathogenic
bacterium that can cause damage to onions or human epithelial cells [38,54]. Compared
to the ATCC 25416, the BRDJ showed a significantly attenuated pathogenicity in onions
(Figure S3A). A majority of the predicted pathogenicity-related genes are associated with
a virulence reduction (Table S2). JBK9 was obtained from the rhizosphere of cultivated
crops and exhibits a biocontrol and plant growth–promoting capacity. Indeed, a JBK9
culture is effective in controlling against the Phytophthora blight in red peppers (Capsicum
annuum) by producing pyrrolnitrin. A comparative genomic analysis showed that the
ATCC 25416 genome possesses more unique mobile elements than the BRDJ or JBK9. The
mobilome consists of mobile genetic elements such as transposons, bacteriophages, and
self-splicing introns [55]. We propose that these mobile genetic elements were the intrinsic
driver of the B. cepacia evolution toward phytopathogenicity. These active elements may
disrupt some crucial genes in the ATCC 25416 genome, increasing the need to acquire
nutrients from the host to such an extent that it kills the host, rather than establishing a
beneficial relationship. This hypothesis is supported by a comparison of ATCC 25416–
specific clusters of orthologous groups (COGs) with the BRDJ and JBK9. The BRDJ-specific
and JBK9-specific COGs contain a larger proportion of genes associated with the transport
and metabolism of carbohydrates, amino acids, and coenzymes (Figure 4). This inference
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may also apply to other bacteria with diverged lifestyles such as Salmonella, Aeromonas, and
Paracoccus [56–59].

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

The rice seeds (O. sativa L. cv. Zhongzao 35, Zhonghua 11, Huizhan, Sasanishiki, and
Zhenshan 97B) were surface-sterilized in 2.5% sodium hypochlorite for 30 min, and then
washed three times with sterilized water. After germination in sterilized water for 3 d, the
plants were transferred to pots with a corresponding substrate. For Figure 1, the rice plants
were cultivated in sterilized field soil. For Figure 2, the rice plants were cultivated in a 2:1
mixture of vermiculite and perlite and grown in a greenhouse of 16 h light/8 h dark cycles
at 28 ◦C. The Hoagland solution with a corresponding concentration of nitrogen was added
to the pots twice a week.

4.2. Isolation of Rhizobacterium Strains

The samples of Dongxiang wild rice roots were collected from the Dongxiang wild rice
ex situ nursery in Nanchang, Jiangxi Province (115◦56′ E, 28◦34′ N). Healthy plants were
randomly selected for the sampling, and the plants and the inter-root soil attached to their
roots were taken back to the laboratory in sterile bags. The roots were gently shaken in
sterile water to remove the larger soil particles and plant residues adhering to the roots. The
roots were rinsed three times with sterile water and ground thoroughly using a sterilized
mortar. The homogenate was diluted in a gradient, after which 0.1 mL of the dilution was
spread onto plates containing Burk′s nitrogen-free solid medium (composition/L: sucrose,
20.0 g; K2HPO4, 0.64 g; KH2PO4, 0.16 g; MgSO4·7H2O, 0.20 g; NaCl, 0.20 g; CaSO4·2H2O,
0.05 g; Na2MoO4·2H2O, 0.0025 g; FeSO4·7H2O, 0.015 g; and agar, 15 g) and incubated at
28 ◦C for 2 weeks. The plates were then examined to identify the different types of colonies.

4.3. Inoculation Experiments in Rice

The rice seeds were surface-sterilized as follows: the seeds were rinsed three times in
sterile distilled water, followed by rinsing in 70% (v/v) ethanol for 5 min. The seeds were
then rinsed in sterile distilled water and then washed in 2.5% sodium hypochlorite (w/v)
for 30 min. After draining the ethanol, the seeds were rinsed three times with sterile water.
Finally, the seeds were placed on wet sterile filter paper for germination. The germinated
seedlings were transplanted to a sterile vermiculite and perlite mixture (1:1, w/w) for
25 days. The growth chamber was set to 28 ◦C with a photoperiod of 14 h light/10 h
dark. The subsequent treatments were carried out using the BRDJ. The BRDJ cultures were
inoculated in a YEB medium and incubated at 28 ◦C with shaking at 180 rpm. The bacterial
cultures were resuspended in sterile distilled water to a final OD600 of 0.8 and used to
inoculate the rice plants.

4.4. Nitrogenase Activity Assay

The nitrogenase activity was measured by the acetylene-reduction method. The
rice roots co-cultured with the BRDJ were placed in glass vials sealed with rubber plugs.
Each bottle contained five root samples, with three biological replicates per variety. Two
milliliters of acetylene were injected into each bottle. All the bottles were then incubated
at 28 ◦C for two days. The ethylene production was measured using a GC-4000A gas
chromatograph (East & West Analytical Instruments, Beijing, China). For the compara-
tive growth experiment, three strains containing Escherichia coli DH5α, Mesorhizobium loti
MAFF303099 and Burkholderia cepacia BRDJ were precultured in a YEB medium, centrifuged
at 4000× g for 5 min and resuspended in sterilized water until the OD600 reached 0.7, and
3 µL of the corresponding suspensions were dropped on Burk′s nitrogen-free solid medium
with or without 1mM ammonium sulfate.
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4.5. Whole-Genome Sequencing

The genomic DNA was extracted with the SDS method [60]. The quality of the
extracted DNA was determined by agarose gel electrophoresis and quantified on a Qubit®

2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA). The sequencing libraries for
the single-molecule real-time (SMRT) sequencing were constructed with an insert size of
10 kb using the SMRTbellTM Template Kit, version 1.0 (Pacific Biosciences, Menlo Park,
CA, USA), according to the manufacturer’s instructions. Briefly, the genomic DNA was
fragmented and concentrated, followed by an end-repair and blunt ligation. The resulting
SMRTbell Templates were purified with 0.45X AMPure PB Beads (Agencourt, Beverly, MA,
USA), size-selected using the BluePippin System (Sage Science, Beverly, MA, USA). Finally,
the library concentration was assessed on a Qubit® 2.0 Fluorometer (Thermo Scientific,
Waltham, MA, USA) and the insert fragment determined on an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA).

For sequencing on the Illumina NovaSeq platform (Illumina, Foster City, CA, USA),
1 µg of the genomic DNA per sample was used as the input material for the DNA sample
preparations. The sequencing libraries were generated using the NEBNext® Ultra™ DNA
Library Prep Kit for Illumina (NEB, Ipswich, MA, USA), following the manufacturer’s
recommendations. Index codes were added to assign sequences to each sample. Briefly, the
DNA samples were fragmented by sonication to a size of 350 bp, then the DNA fragments
were end-polished, A-tailed, and ligated with the full-length adaptor for the Illumina
sequencing with further PCR amplification. The PCR products were then purified (AMPure
XP system) and the libraries were analyzed for the size distribution on an Agilent2100
Bioanalyzer and quantified using quantitative PCR.

The whole genome of the BRDJ was sequenced using the PacBio Sequel platform
and Illumina NovaSeq as 150-bp paired-end reads at Beijing Novogene Bioinformatics
Technology Co., Ltd.

4.6. Genome Assembly

The low-quality reads (<500 bp) were filtered to obtain clean data. Using the automatic
error correction function of the SMRT portal, the long reads were selected (more than
6000 bp) as the seed sequence, and the shorter reads were aligned to the seed sequence by
BLASR to improve the accuracy of the seed sequence and generate a preliminary assembly.
In the variant Caller module of the SMRT Link software, the arrow algorithm was used to
correct and count the variant sites in the preliminary assembly. The corrected assembly,
which was used as the reference sequence, was used as the reference to align the Illumina
reads by BWA [61]. The Illumina reads were filtered with a base minimum mass value of
20, a minimum read depth of 4, and a maximum read depth of 1000.

4.7. Genome Component Prediction

The following genome components were predicted: coding genes, repetitive se-
quences, noncoding RNA, genomic islands, transposons, prophages, and clustered reg-
ularly interspaced short palindromic repeat (CRISPR) sequences. The bacterial coding
sequences were retrieved with the GeneMarkS program [62]. The interspersed repetitive
sequences were predicted using RepeatMasker (http://www.repeatmasker.org/, accessed
on 21 August 2019). The tandem repeats were analyzed with the Tandem repeats finder
(https://tandem.bu.edu/trf/trf.html, accessed on 21 August 2019). The transfer RNA
(tRNA) genes were predicted by the tRNAscan-SE [63]. The ribosomal RNA (rRNA) genes
were identified with the rRNAmmer [64]. The small nuclear RNAs (snRNAs) were pre-
dicted by the BLAST against the Rfam database [65]. The IslandPath-DIMOB program was
used to predict the genomic islands [66], while transposon PSI was used to predict the
transposons based on homology by the BLAST. The PHAST was used for the prophage
predictions (http://phast.wishartlab.com/, accessed on 22 August 2019).

http://www.repeatmasker.org/
https://tandem.bu.edu/trf/trf.html
http://phast.wishartlab.com/
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4.8. Gene Function Prediction

The gene functions were predicted using relevant databases: the GO (Gene Ontology,
http://geneontology.org/, accessed on 22 August 2019), KEGG (Kyoto Encyclopedia
of Genes and Genomes, https://www.genome.jp/kegg/, accessed on 22 August 2019),
COG (Clusters of Orthologous Groups, https://www.ncbi.nlm.nih.gov/research/cog/,
accessed on 22 August 2019), NR (Non-Redundant Protein Database, https://www.ncbi.
nlm.nih.gov/refseq/about/nonredundantproteins/, accessed on 22 August 2019), TCDB
(Transporter Classification Database, https://tcdb.org/, accessed on 22 August 2019), PHI
(Pathogen Host Interactions, http://www.phi-base.org/, accessed on 22 August 2019) and
Swiss-Prot (https://www.sib.swiss/swiss-prot, accessed on 22 August 2019). A whole-
genome BLAST search (E-value below 1e–5, with a minimal alignment of at least 40% over
the length of the query) was performed against the above six databases. The secretory
proteins were predicted by the Signal Peptide database (http://www.signalpeptide.de/,
accessed on 22 August 2019), and the prediction of the Type I-VII proteins secreted by the
pathogenic bacteria were based on the EffectiveT3 software (https://effectors.csb.univie.
ac.at/method/effectivet3, accessed on 22 August 2019). The secondary metabolism gene
clusters were analyzed with the antiSMASH algorithm [67]. The carbohydrate-active
enzymes were predicted against the Carbohydrate-Active enZYmes Database [68].

4.9. Comparative Genomics Analysis

The comparative genomic analysis included the genome synteny, core and strain-
specific genes, phylogenetic analysis of gene families, SNP (single nucleotide polymor-
phism), InDel (insertion and deletion) and SV (structural variation) annotations, and
genome visualization. The genomic alignments between the sample genome and reference
genomes (or more than two sample genomes) were performed using the MUMmer [69] and
LASTZ (http://www.bx.psu.edu/~rsharris/lastz/, accessed on 21 March 2022) tools. The
genomic synteny was assessed based on the alignment results. The core genes and specific
genes were analyzed by the CD-HIT rapid clustering of similar proteins software [70], with
a threshold of a 50% pairwise identity and 0.7 length difference cutoff in the amino acid
sequences. Venn diagrams were then drawn to show the relationships across the samples.
The polymorphisms (SNPs, InDels, and SVs) were detected from the genome alignments
with the MUMmer and LASTZ. The circular plots were created in the Circos [71]. The
phylogenetic tree was constructed with the Mega X [72].

4.10. Pathogenicity Test on Onion and Nematode

Healthy yellow globe onions (Allium cepa L.) were washed several times with sterile
water and surface-sterilized with 75% ethanol, then cut by a sterile knife. A deep hole of
about 5 mm was made with a 10 µL pipette tip on each slice, and a 10 µL culture of the
corresponding strain was inoculated. The inoculated slices were placed in a sterile box
incubated at 28 ◦C for 48 h.

Caenorhabditis elegans strain N2 nematodes were fed on an NG medium (0.3% NaCl,
0.25% peptone, 2% agar, 5 µg/mL cholesterol, 1 mM CaCl2, 1 mM MgSO4, 25 mM K2HPO4,
pH 6.0) using E. coli OP50 as the food source at 22 ◦C. The overnight bacterial cultures were
resuspended in sterile distilled water to a final OD600 of 1. A 10 µL bacterial suspension
was spread on a PGS medium (1% peptone, 1% NaCl, 1% glucose, 0.15 M sorbitol, 1.7%
Agar) and incubated at 28 ◦C for 24 h to form a bacterial lawn. Then, 40–60 synchronized
L4 larvae were prepared as described in [40,41] and transferred to the PGS medium. The
nematode numbers were scored every 12 h or 24 h. Each experiment was performed with
three to four replicates.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/ijms231810769/s1.
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ACC 1-aminocyclopropane-1-carboxylic acid
AS Ammonium sulfate
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RiPP Ribosomally synthesized and post-translationally modified peptide
T1PKS Type I polyketide synthase
YEB Yeast Extract Beef

References
1. Luo, W.; Yang, Y.; Fang, F.; Li, W.; Hu, F.; Zhang, J.; Chen, D.; Yu, L. Chronology of ancient Dongxiang wild rice (Oryza rufipogon

Griff.), and the morphologies of grains, double-peaked phytoliths, and starch, in the middle Yangtze river region, China. Rev.
Palaeobot. Palynol. 2017, 244, 140–147. [CrossRef]

2. Mao, D.; Yu, L.; Chen, D.; Li, L.; Zhu, Y.; Xiao, Y.; Zhang, D.; Chen, C. Multiple cold resistance loci confer the high cold tolerance
adaptation of Dongxiang wild rice (Oryza rufipogon) to its high-latitude habitat. Theor. Appl. Genet. 2015, 128, 1359–1371.
[CrossRef] [PubMed]

3. Gao, L.; Chen, W.; Jiang, W.; Ge, S.; Hong, D.; Wang, X. Genetic erosion in northern marginal population of the common wild rice
Oryza rufipogon Griff. and its conservation, revealed by the change of population genetic cstructure. Hereditas 2000, 133, 47–53.
[CrossRef] [PubMed]

4. Wang, X.; Lei, J.; Kong, H.; Guo, Y.; Li, M.; Yu, L.; Yu, C.; Guo, A. Flowering characteristics of Dongxiang common wild rice in
Nanchang ex-situ environment. Chin. J. Trop. Crops 2010, 31, 1063–1067.

5. Zhang, F.T.; Xu, T.; Mao, L.Y.; Yan, S.Y.; Chen, X.W.; Wu, Z.F.; Chen, R.; Luo, X.D.; Xie, J.K.; Gao, S. Genome-wide analysis of
Dongxiang wild rice (Oryza rufipogon Griff.) to investigate lost/acquired genes during rice domestication. BMC Plant Biol. 2016,
16, 103. [CrossRef]

6. Qi, W.D.; Chen, H.P.; Yang, Z.Z.; Hu, B.L.; Luo, X.D.; Ai, B.; Luo, Y.; Huang, Y.; Xie, J.K.; Zhang, F.T. Systematic characterization of
long non-coding RNAs and their responses to drought stress in Dongxiang wild rice. Rice Sci. 2020, 27, 21–31.

7. Huang, R.; Li, Z.; Mao, C.; Zhang, H.; Sun, Z.; Li, H.; Huang, C.; Feng, Y.; Shen, X.; Bucher, M.; et al. Natural variation at OsCERK1
regulates arbuscular mycorrhizal symbiosis in rice. New Phytol. 2020, 225, 1762–1776. [CrossRef]

8. Trivedi, P.; Leach, J.E.; Tringe, S.G.; Sa, T.; Singh, B.K. Plant–microbiome interactions: From community assembly to plant health.
Nat. Rev. Microbiol. 2020, 18, 607–621. [CrossRef]

9. Hanson, P.J.; Edwards, N.T.; Garten, C.T.; Andrews, J.A. Separating root and soil microbial contributions to soil respiration: A
review of methods and observations. Biogeochemistry 2000, 48, 115–146. [CrossRef]

http://doi.org/10.1016/j.revpalbo.2017.05.008
http://doi.org/10.1007/s00122-015-2511-3
http://www.ncbi.nlm.nih.gov/pubmed/25862679
http://doi.org/10.1111/j.1601-5223.2000.00047.x
http://www.ncbi.nlm.nih.gov/pubmed/11206853
http://doi.org/10.1186/s12870-016-0788-2
http://doi.org/10.1111/nph.16158
http://doi.org/10.1038/s41579-020-0412-1
http://doi.org/10.1023/A:1006244819642


Int. J. Mol. Sci. 2022, 23, 10769 16 of 18

10. Hinsinger, P. Bioavailability of soil inorganic P in the rhizosphere as affected by root-induced chemical changes: A review. Plant
Soil 2001, 237, 173–195. [CrossRef]

11. Berendsen, R.L.; Pieterse, C.M.J.; Bakker, P. The rhizosphere microbiome and plant health. Trends Plant Sci. 2012, 17, 478–486.
[CrossRef] [PubMed]

12. Vejan, P.; Abdullah, R.; Khadiran, T.; Ismail, S.; Boyce, A.N. Role of plant growth promoting rhizobacteria in agricultural
sustainability-a review. Molecules 2016, 21, 573. [CrossRef]

13. Bharti, N.; Pandey, S.S.; Barnawal, D.; Patel, V.K.; Kalra, A. Plant growth promoting rhizobacteria Dietzia natronolimnaea modulates
the expression of stress responsive genes providing protection of wheat from salinity stress. Sci. Rep. 2016, 6, 34768. [CrossRef]
[PubMed]

14. Kuan, K.B.; Othman, R.; Rahim, K.A.; Shamsuddin, Z.H. Plant growth-promoting rhizobacteria inoculation to enhance vegetative
growth, nitrogen fixation and nitrogen remobilisation of maize under greenhouse conditions. PLoS ONE 2016, 11, e0152478.
[CrossRef]

15. Zhu, R.M.; Cao, Y.T.; Li, G.Z.; Guo, Y.; Ma, L.J.; Bu, N.; Hao, L. Paraburkholderia sp. GD17 improves rice seedling tolerance to
salinity. Plant Soil 2021, 467, 373–389. [CrossRef]

16. Haque, M.M.; Mosharaf, M.K.; Khatun, M.; Haque, M.A.; Biswas, M.S.; Islam, M.S.; Islam, M.M.; Shozib, H.B.; Miah, M.M.U.;
Molla, A.; et al. Biofilm producing rhizobacteria with multiple plant growth-promoting traits promote growth of tomato under
water-deficit stress. Front. Microbiol. 2020, 11, 542053. [CrossRef] [PubMed]

17. Gutiérrez-Mañero, F.J.; Ramos-Solano, B.; Probanza, A.; Mehouachi, J.; Tadeo, F.R.; Talon, M. The plant-growth-promoting
rhizobacteria Bacillus pumilus and Bacillus licheniformis produce high amounts of physiologically active gibberellins. Physiol. Plant.
2001, 111, 206–211. [CrossRef]

18. Remans, R.; Beebe, S.; Blair, M.; Manrique, G.; Tovar, E.; Rao, I.; Croonenborghs, A.; Torres-Gutierrez, R.; El-Howeity, M.; Michiels,
J.; et al. Physiological and genetic analysis of root responsiveness to auxin-producing plant growth-promoting bacteria in common
bean (Phaseolus vulgaris L.). Plant Soil 2008, 302, 149–161. [CrossRef]

19. Pieterse, C.M.J.; Zamioudis, C.; Berendsen, R.L.; Weller, D.M.; Van Wees, S.C.M.; Bakker, P. Induced systemic resistance by
beneficial microbes. Annu. Rev. Phytopathol. 2014, 52, 347–375. [CrossRef]

20. Burkholder, W.H. Sour skin, a bacterial rot of onion bulbs. Phytopathology 1950, 40, 115–117.
21. Yabuuchi, E.; Kosako, Y.; Oyaizu, H.; Yano, I.; Hotta, H.; Hashimoto, Y.; Ezaki, T.; Arakawa, M. Proposal of Burkholderia gen.

nov. and Transfer of Seven Species of the Genus Pseudomonas Homology Group II to the New Genus, with the Type Species
Burkholderia cepacia (Palleroni and Holmes 1981) comb. nov. Microbiol. Immunol. 1992, 36, 1251–1275. [CrossRef] [PubMed]

22. Parte, A.C.; Sardà Carbasse, J.; Meier-Kolthoff, J.P.; Reimer, L.C.; Göker, M. List of Prokaryotic names with Standing in Nomencla-
ture (LPSN) moves to the DSMZ. Int. J. Syst. Evol. Microbiol. 2020, 70, 5607–5612. [CrossRef] [PubMed]

23. Depoorter, E.; Bull, M.J.; Peeters, C.; Coenye, T.; Vandamme, P.; Mahenthiralingam, E. Burkholderia: An update on taxonomy and
biotechnological potential as antibiotic producers. Appl. Microbiol. Biotechnol. 2016, 100, 5215–5229. [CrossRef] [PubMed]

24. Suárez-Moreno, Z.R.; Caballero-Mellado, J.; Coutinho, B.G.; Mendonça-Previato, L.; James, E.K.; Venturi, V. Common features of
environmental and potentially beneficial plant-associated Burkholderia. Microb. Ecol. 2012, 63, 249–266. [CrossRef]

25. Ganesh, P.S.; Vishnupriya, S.; Vadivelu, J.; Mariappan, V.; Vellasamy, K.M.; Shankar, E.M. Intracellular survival and innate
immune evasion of Burkholderia cepacia: Improved understanding of quorum sensing-controlled virulence factors, biofilm, and
inhibitors. Microbiol. Immunol. 2020, 64, 87–98. [CrossRef]

26. Noureddini, H.; Gao, X.; Philkana, R.S. Immobilized Pseudomonas cepacia lipase for biodiesel fuel production from soybean oil.
Bioresour. Technol. 2005, 96, 769–777. [CrossRef]

27. Tabacchioni, S.; Bevivino, A.; Dalmastri, C.; Chiarini, L. Burkholderia cepacia complex in the rhizosphere: A minireview. Ann.
Microbiol. 2002, 52, 103–117.

28. Matthaiou, D.K.; Chasou, E.; Atmatzidis, S.; Tsolkas, P. A case of bacteremia due to Burkholderia cepacia in a patient without cystic
fibrosis. Respir. Med. CME 2011, 4, 144–145. [CrossRef]

29. Zhao, K.; Penttinen, P.; Zhang, X.; Ao, X.; Liu, M.; Yu, X.; Chen, Q. Maize rhizosphere in Sichuan, China, hosts plant growth
promoting Burkholderia cepacia with phosphate solubilizing and antifungal abilities. Microbiol. Res. 2014, 169, 76–82. [CrossRef]

30. Jung, B.K.; Hong, S.-J.; Park, G.-S.; Kim, M.-C.; Shin, J.-H. Isolation of Burkholderia cepacia JBK9 with plant growth-promoting
activity while producing pyrrolnitrin antagonistic to plant fungal diseases. Appl. Biol. Chem. 2018, 61, 173–180. [CrossRef]

31. Matthews, S.; Suhaimi, M. Selection of suitable growth medium for free-living diazotrophs isolated from compost. J. Trop. Agric.
Food Sci. 2010, 38, 211–219.

32. Sawana, A.; Adeolu, M.; Gupta, R.S. Molecular signatures and phylogenomic analysis of the genus Burkholderia: Proposal for
division of this genus into the emended genus Burkholderia containing pathogenic organisms and a new genus Paraburkholderia
gen. nov. harboring environmental species. Front. Genet. 2014, 5, 429. [CrossRef]

33. Payne, G.W.; Vandamme, P.; Morgan, S.H.; Lipuma, J.J.; Coenye, T.; Weightman, A.J.; Jones, T.H.; Mahenthiralingam, E.
Development of a recA gene-based identification approach for the entire Burkholderia genus. Appl. Environ. Microbiol. 2005, 71,
3917–3927. [CrossRef] [PubMed]

34. Hardy, R.W.; Holsten, R.D.; Jackson, E.K.; Burns, R.C. The acetylene-ethylene assay for N2 fixation: Laboratory and field
evaluation. Plant Physiol. 1968, 43, 1185–1207. [CrossRef] [PubMed]

http://doi.org/10.1023/A:1013351617532
http://doi.org/10.1016/j.tplants.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22564542
http://doi.org/10.3390/molecules21050573
http://doi.org/10.1038/srep34768
http://www.ncbi.nlm.nih.gov/pubmed/27708387
http://doi.org/10.1371/journal.pone.0152478
http://doi.org/10.1007/s11104-021-05108-3
http://doi.org/10.3389/fmicb.2020.542053
http://www.ncbi.nlm.nih.gov/pubmed/33324354
http://doi.org/10.1034/j.1399-3054.2001.1110211.x
http://doi.org/10.1007/s11104-007-9462-7
http://doi.org/10.1146/annurev-phyto-082712-102340
http://doi.org/10.1111/j.1348-0421.1992.tb02129.x
http://www.ncbi.nlm.nih.gov/pubmed/1283774
http://doi.org/10.1099/ijsem.0.004332
http://www.ncbi.nlm.nih.gov/pubmed/32701423
http://doi.org/10.1007/s00253-016-7520-x
http://www.ncbi.nlm.nih.gov/pubmed/27115756
http://doi.org/10.1007/s00248-011-9929-1
http://doi.org/10.1111/1348-0421.12762
http://doi.org/10.1016/j.biortech.2004.05.029
http://doi.org/10.1016/j.rmedc.2010.11.002
http://doi.org/10.1016/j.micres.2013.07.003
http://doi.org/10.1007/s13765-018-0345-9
http://doi.org/10.3389/fgene.2014.00429
http://doi.org/10.1128/AEM.71.7.3917-3927.2005
http://www.ncbi.nlm.nih.gov/pubmed/16000805
http://doi.org/10.1104/pp.43.8.1185
http://www.ncbi.nlm.nih.gov/pubmed/16656902


Int. J. Mol. Sci. 2022, 23, 10769 17 of 18

35. Xie, J.; Agrama, H.A.; Kong, D.; Zhuang, J.; Hu, B.; Wan, Y.; Yan, W. Genetic diversity associated with conservation of endangered
Dongxiang wild rice (Oryza rufipogon). Genet. Resour. Crop Evol. 2009, 57, 597–609. [CrossRef]

36. Keswani, C.; Singh, S.P.; Cueto, L.; García-Estrada, C.; Mezaache-Aichour, S.; Glare, T.R.; Borriss, R.; Singh, S.P.; Blázquez, M.A.;
Sansinenea, E. Auxins of microbial origin and their use in agriculture. Appl. Microbiol. Biotechnol. 2020, 104, 8549–8565. [CrossRef]

37. Babalola, O.O. Beneficial bacteria of agricultural importance. Biotechnol. Lett. 2010, 32, 1559–1570. [CrossRef]
38. Aguilar, C.; Bertani, I.; Venturi, V. Quorum-sensing system and stationary-phase sigma factor (rpoS) of the onion pathogen

Burkholderia cepacia genomovar I type strain, ATCC 25416. Appl. Environ. Microbiol. 2003, 69, 1739–1747. [CrossRef]
39. Gondry, M.; Sauguet, L.; Belin, P.; Thai, R.; Amouroux, R.; Tellier, C.; Tuphile, K.; Jacquet, M.; Braud, S.; Courçon, M.; et al.

Cyclodipeptide synthases are a family of tRNA-dependent peptide bond-forming enzymes. Nat. Chem. Biol. 2009, 5, 414–420.
[CrossRef]

40. Mahajan-Miklos, S.; Tan, M.-W.; Rahme, L.G.; Ausubel, F.M. Molecular Mechanisms of Bacterial Virulence Elucidated Using a
Pseudomonas aeruginosa–Caenorhabditis elegans Pathogenesis Model. Cell 1999, 96, 47–56. [CrossRef]

41. Conery, A.L.; Larkins-Ford, J.; Ausubel, F.M.; Kirienko, N.V. High-throughput screening for novel anti-infectives using a C. elegans
pathogenesis model. Curr. Protoc. Chem. Biol. 2014, 6, 25–37. [CrossRef] [PubMed]

42. Backer, R.; Rokem, J.S.; Ilangumaran, G.; Lamont, J.; Praslickova, D.; Ricci, E.; Subramanian, S.; Smith, D.L. Plant growth-
promoting rhizobacteria: Context, mechanisms of action, and roadmap to commercialization of biostimulants for sustainable
agriculture. Front. Plant Sci. 2018, 9, 1473. [CrossRef] [PubMed]

43. Gyaneshwar, P.; Hirsch, A.M.; Moulin, L.; Chen, W.M.; Elliott, G.N.; Bontemps, C.; Estrada-de los Santos, P.; Gross, E.; dos Reis,
F.B.; Sprent, J.I.; et al. Legume-nodulating betaproteobacteria: Diversity, host range, and future prospects. Mol. Plant Microbe
Interact. 2011, 24, 1276–1288. [CrossRef] [PubMed]

44. Bontemps, C.; Elliott, G.N.; Simon, M.F.; Dos Reis, F.B.D.; Gross, E.; Lawton, R.C.; Neto, N.E.; Loureiro, M.D.; De Faria, S.M.;
Sprent, J.I.; et al. Burkholderia species are ancient symbionts of legumes. Mol. Ecol. 2010, 19, 44–52. [CrossRef]

45. Rawat, P.; Das, S.; Shankhdhar, D.; Shankhdhar, S.C. Phosphate-solubilizing microorganisms: Mechanism and their role in
phosphate solubilization and uptake. J. Soil Sci. Plant Nutr. 2021, 21, 49–68. [CrossRef]

46. Rodríguez, H.; Fraga, R. Phosphate solubilizing bacteria and their role in plant growth promotion. Biotechnol. Adv. 1999, 17,
319–339. [CrossRef]

47. Ferreira, M.J.; Silva, H.; Cunha, A. Siderophore-producing rhizobacteria as a promising tool for empowering plants to cope with
iron limitation in saline soils: A review. Pedosphere 2019, 29, 409–420. [CrossRef]

48. Naing, A.H.; Maung, T.T.; Kim, C.K. The ACC deaminase-producing plant growth-promoting bacteria: Influences of bacterial
strains and ACC deaminase activities in plant tolerance to abiotic stress. Physiol. Plant. 2021, 173, 1992–2012. [CrossRef]

49. Zhang, J.; Yao, Z.; Chen, Y.; Zhang, J.; Luo, S.; Tian, C.; Tian, L. Study of rhizosphere microbial community structures of asian
wild and cultivated rice showed that cultivated rice had decreased and enriched some functional microorganisms in the process
of domestication. Diversity 2022, 14, 67. [CrossRef]

50. Ferreira, M.R.; Gomes, S.C.; Moreira, L.M. Mucoid switch in Burkholderia cepacia complex bacteria: Triggers, molecular mechanisms
and implications in pathogenesis. Adv. Appl. Microbiol. 2019, 107, 113–140.

51. Gimenez-Ibanez, S.; Ntoukakis, V.; Rathjen, J.P. The LysM receptor kinase CERK1 mediates bacterial perception in Arabidopsis.
Plant Signal. Behav. 2009, 4, 539–541. [CrossRef] [PubMed]

52. Willmann, R.; Lajunen Heini, M.; Erbs, G.; Newman, M.-A.; Kolb, D.; Tsuda, K.; Katagiri, F.; Fliegmann, J.; Bono, J.-J.; Cullimore,
J.V.; et al. Arabidopsis lysin-motif proteins LYM1 LYM3 CERK1 mediate bacterial peptidoglycan sensing and immunity to bacterial
infection. Proc. Natl. Acad. Sci. USA 2011, 108, 19824–19829. [CrossRef] [PubMed]

53. Zhang, J.; Liu, Y.-X.; Zhang, N.; Hu, B.; Jin, T.; Xu, H.; Qin, Y.; Yan, P.; Zhang, X.; Guo, X.; et al. NRT1.1B is associated with root
microbiota composition and nitrogen use in field-grown rice. Nat. Biotechnol. 2019, 37, 676–684. [CrossRef]

54. Kim, S.Y.; Kim, S.I.; Yun, S.H.; Shin, M.; Lee, Y.C.; Lee, J.C. Proteins in outer membrane vesicles produced by Burkholderia cepacia
are responsible for pro-inflammatory responses in epithelial cells. J. Bacteriol. Virol. 2020, 50, 227–234. [CrossRef]

55. Siefert, J.L. Defining the Mobilome. In Horizontal Gene Transfer: Genomes in Flux; Gogarten, M.B., Gogarten, J.P., Olendzenski, L.,
Eds.; Humana Press: New York, NY, USA, 2009; Volume 532, pp. 13–27.

56. Lasek, R.; Szuplewska, M.; Mitura, M.; Decewicz, P.; Chmielowska, C.; Pawlot, A.; Sentkowska, D.; Czarnecki, J.; Bartosik, D.
Genome structure of the opportunistic pathogen Paracoccus yeei (Alphaproteobacteria) and identification of putative virulence
factors. Front. Microbiol. 2018, 9, 2553. [CrossRef] [PubMed]

57. Vincent, A.T.; Trudel, M.V.; Freschi, L.; Nagar, V.; Gagné-Thivierge, C.; Levesque, R.C.; Charette, S.J. Increasing genomic diversity
and evidence of constrained lifestyle evolution due to insertion sequences in Aeromonas salmonicida. BMC Genom. 2016, 17, 44.
[CrossRef]

58. Mebrhatu, M.T.; Cenens, W.; Aertsen, A. An overview of the domestication and impact of the Salmonella mobilome. Crit. Rev.
Microbiol. 2014, 40, 63–75. [CrossRef]

59. Pfeiffer, F.; Zamora-Lagos, M.A.; Blettinger, M.; Yeroslaviz, A.; Dahl, A.; Gruber, S.; Habermann, B.H. The complete and fully
assembled genome sequence of Aeromonas salmonicida subsp. pectinolytica and its comparative analysis with other Aeromonas
species: Investigation of the mobilome in environmental and pathogenic strains. BMC Genom. 2018, 19, 20. [CrossRef]

60. Lim, H.J.; Lee, E.H.; Yoon, Y.; Chua, B.; Son, A. Portable lysis apparatus for rapid single-step DNA extraction of Bacillus subtilis. J.
Appl. Microbiol. 2016, 120, 379–387. [CrossRef]

http://doi.org/10.1007/s10722-009-9498-z
http://doi.org/10.1007/s00253-020-10890-8
http://doi.org/10.1007/s10529-010-0347-0
http://doi.org/10.1128/AEM.69.3.1739-1747.2003
http://doi.org/10.1038/nchembio.175
http://doi.org/10.1016/S0092-8674(00)80958-7
http://doi.org/10.1002/9780470559277.ch130160
http://www.ncbi.nlm.nih.gov/pubmed/24652621
http://doi.org/10.3389/fpls.2018.01473
http://www.ncbi.nlm.nih.gov/pubmed/30405652
http://doi.org/10.1094/MPMI-06-11-0172
http://www.ncbi.nlm.nih.gov/pubmed/21830951
http://doi.org/10.1111/j.1365-294X.2009.04458.x
http://doi.org/10.1007/s42729-020-00342-7
http://doi.org/10.1016/S0734-9750(99)00014-2
http://doi.org/10.1016/S1002-0160(19)60810-6
http://doi.org/10.1111/ppl.13545
http://doi.org/10.3390/d14020067
http://doi.org/10.4161/psb.4.6.8697
http://www.ncbi.nlm.nih.gov/pubmed/19816132
http://doi.org/10.1073/pnas.1112862108
http://www.ncbi.nlm.nih.gov/pubmed/22106285
http://doi.org/10.1038/s41587-019-0104-4
http://doi.org/10.4167/jbv.2020.50.4.227
http://doi.org/10.3389/fmicb.2018.02553
http://www.ncbi.nlm.nih.gov/pubmed/30410477
http://doi.org/10.1186/s12864-016-2381-3
http://doi.org/10.3109/1040841X.2012.755949
http://doi.org/10.1186/s12864-017-4301-6
http://doi.org/10.1111/jam.13011


Int. J. Mol. Sci. 2022, 23, 10769 18 of 18

61. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

62. Besemer, J.; Lomsadze, A.; Borodovsky, M. GeneMarkS: A self-training method for prediction of gene starts in microbial genomes.
Implications for finding sequence motifs in regulatory regions. Nucleic Acids Res. 2001, 29, 2607–2618. [CrossRef]

63. Lowe, T.M.; Chan, P.P. tRNAscan-SE On-line: Integrating search and context for analysis of transfer RNA genes. Nucleic Acids Res.
2016, 44, W54–W57. [CrossRef] [PubMed]

64. Lagesen, K.; Hallin, P.; Rødland, E.A.; Stærfeldt, H.-H.; Rognes, T.; Ussery, D.W. RNAmmer: Consistent and rapid annotation of
ribosomal RNA genes. Nucleic Acids Res. 2007, 35, 3100–3108. [CrossRef]

65. Gardner, P.P.; Daub, J.; Tate, J.G.; Nawrocki, E.P.; Kolbe, D.L.; Lindgreen, S.; Wilkinson, A.C.; Finn, R.D.; Griffiths-Jones, S.; Eddy,
S.R.; et al. Rfam: Updates to the RNA families database. Nucleic Acids Res. 2009, 37, D136–D140. [CrossRef] [PubMed]

66. Bertelli, C.; Brinkman, F.S.L. Improved genomic island predictions with IslandPath-DIMOB. Bioinformatics 2018, 34, 2161–2167.
[CrossRef] [PubMed]

67. Blin, K.; Shaw, S.; Kloosterman, A.M.; Charlop-Powers, Z.; van Wezel, G.P.; Medema, M.H.; Weber, T. antiSMASH 6.0: Improving
cluster detection and comparison capabilities. Nucleic Acids Res. 2021, 49, W29–W35. [CrossRef]

68. Drula, E.; Garron, M.-L.; Dogan, S.; Lombard, V.; Henrissat, B.; Terrapon, N. The carbohydrate-active enzyme database: Functions
and literature. Nucleic Acids Res. 2022, 50, D571–D577. [CrossRef]

69. Marçais, G.; Delcher, A.L.; Phillippy, A.M.; Coston, R.; Salzberg, S.L.; Zimin, A. MUMmer4: A fast and versatile genome alignment
system. PLoS Comput. Biol. 2018, 14, e1005944. [CrossRef]

70. Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics
2006, 22, 1658–1659. [CrossRef]

71. Krzywinski, M.; Schein, J.; Birol, I.; Connors, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An information
aesthetic for comparative genomics. Genome Res. 2009, 19, 1639–1645. [CrossRef]

72. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]

http://doi.org/10.1093/bioinformatics/btp324
http://doi.org/10.1093/nar/29.12.2607
http://doi.org/10.1093/nar/gkw413
http://www.ncbi.nlm.nih.gov/pubmed/27174935
http://doi.org/10.1093/nar/gkm160
http://doi.org/10.1093/nar/gkn766
http://www.ncbi.nlm.nih.gov/pubmed/18953034
http://doi.org/10.1093/bioinformatics/bty095
http://www.ncbi.nlm.nih.gov/pubmed/29905770
http://doi.org/10.1093/nar/gkab335
http://doi.org/10.1093/nar/gkab1045
http://doi.org/10.1371/journal.pcbi.1005944
http://doi.org/10.1093/bioinformatics/btl158
http://doi.org/10.1101/gr.092759.109
http://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887

	Introduction 
	Results 
	Isolation of Rhizobacteria from DXWR 
	Identification of the Strain BRDJ 
	Plant Growth–Promoting Activity of BRDJ 
	Plant Growth–Promoting Activity of the BRDJ Strain on Different Rice Cultivars 
	Identification of Bacterial Plant Growth–Promoting Genes 
	Comparative Genomics Analysis 
	Pathogenicity Test in Onions and Nematodes 

	Discussion 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Isolation of Rhizobacterium Strains 
	Inoculation Experiments in Rice 
	Nitrogenase Activity Assay 
	Whole-Genome Sequencing 
	Genome Assembly 
	Genome Component Prediction 
	Gene Function Prediction 
	Comparative Genomics Analysis 
	Pathogenicity Test on Onion and Nematode 

	References

