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Symbiotic N,-fixing bradyrhizobia nodulate various leguminous plants
and possess a large symbiosis island (SI) encoding symbiotic functions in
their genomes. We obtained 30 rhizobial isolates from root nodules of the
tribe Desmodicae of native leguminous plants in northern Japan. Based on
their 16S rRNA gene sequences, most isolates (24/30=80%) phylogenetically
belonged to Bradyrhizobium. Two isolates (LCT1 and LCT2) from
Lespedeza cuneata were placed phylogenetically with Bradyrhizobium
diazoefficiens USDA1107, a well-studied soybean (Glycine max [L.] Merr.)
symbiont. Genomic comparisons revealed different SIs in the Met-tRNA
and Val-tRNA genes on the respective genomes. In contrast, core genomic
regions outside the SI regions showed strong collinearity between strains
LCT2 and USDA110. Phenotypically, LCT2 formed N,-fixing root nodules
on L. cuneata, an original host plant, but not on soybean, whereas USDA110
formed N,-fixing root nodules on soybean, but not on L. cuneata. Therefore,
the SI variants were expected to contain the genes responsible for this host
specificity. Genes relevant to the type III secretion system (T3SS) showed
less homology between LCT2 and USDA110 than nod genes encoding Nod
factor biosynthesis. Host plant inoculations with T3SS mutants suggested
the involvement of T3SS effectors in differential host specificity. Therefore,
the acquisition of distinct SI variants may confer strong host specificity
through symbiotic interactions between Bradyrhizobium and host legumes.
We discuss the possible pathway of symbiotic bradyrhizobial evolution and
its application to the mitigation of greenhouse gas emissions.
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Biological nitrogen fixation by rhizobia in symbiotic
association with legumes plays a central role in sustainable
agriculture because atmospheric dinitrogen is reduced to
ammonia, which is then assimilated by plants (Bohlool et
al., 1992). Most rhizobia possess nodulation (nod) genes,
required for the synthesis and secretion of Nod factors, and
nif genes, responsible for nitrogen fixation. Nod factors,
which are lipochitooligosaccharides with diverse structures,
are major factors affecting host specificity (Dénari¢ and
Cullimore, 1993; Spaink, 1995). These symbiosis genes are
located on a large symbiotic plasmid or within chromosomal
regions termed symbiosis islands (SIs) (Banfalvi et al.,
1981; Sullivan and Ronson, 1998). Rhizobia carrying Sls
are considered to have originated from non-rhizobial bac-
teria via the horizontal acquisition of symbiosis genes,
mediated by integrative and conjugative elements inserted
into tRNA loci (Sullivan and Ronson, 1998; Haskett et al.,

2016; Ling et al., 2016). This view supports the hypothesis
that the frequent horizontal transfer of symbiosis genes
among rhizobia has shaped their evolutionary history
(Remigi et al., 2016; Andrews et al., 2018).

Bradyrhizobium is a major genus of nitrogen-fixing bac-
teria that form nodules on legumes (Hungria et al., 2015).
Although it has been primarily recognized as the soybean
symbiont, members of this genus have also been isolated
from a wide range of tropical and temperate legumes
(Andrews and Andrews, 2017; Ormefo-Orrillo and
Martinez-Romero, 2019). In addition to these nodulating
strains, non-rhizobial Bradyrhizobium are frequently
detected in soils (Vanlnsberghe et al., 2015; Jones et al.,
2016) and in the roots of non-leguminous plants
(Schneijderberg et al.,, 2018; Wasai-Hara et al., 2020),
indicating their broad ecological distribution. Notably, some
soybean symbionts, such as Bradyrhizobium diazoefficiens
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and Bradyrhizobium ottawaense, reduce nitrous oxide (N,O)
and, thus, mitigate greenhouse gas emissions from soybean
crops (Akiyama et al., 2016; Wasai-Hara et al., 2023).

The genomes of soybean-associated Bradyrhizobium spe-
cies, such as B. diazoefficiens, Bradyrhizobium japonicum,
and B. ottawaense typically harbor SIs (Kaneko et al.,
2002, 2011; Wasai-Hara et al., 2020). These SI regions con-
tain not only nod and nif clusters, but also rhc genes
encoding structural components of the type III secretion
system (T3SS) and its regulator, tts/ (Gottfert et al., 2000;
Kaneko et al., 2002, 2011; Wasai-Hara et al., 2020). Several
effector proteins secreted via the T3SS modulate host
immune responses, thereby restricting or expanding the host
range (Deakin and Broughton, 2009; Miwa and Okazaki,
2017; Sugawara et al., 2018; Fukunaga et al., 2025). Con-
sistent with their mobile origin, SIs in the genus typically
display a lower GC content than the genomic backbone and
are inserted into specific tRNA loci (Kaneko et al., 2002).
Therefore, ancestral non-symbiotic Bradyrhizobium strains
may have acquired SIs through horizontal gene transfer and
subsequently evolved into rhizobia.

Studies on Bradyrhizobium populations in wild legumes,
including the tribe Desmodieae, in North America revealed
that the phylogeny of housekeeping genes is inconsistent
with that of symbiosis-related genes, suggesting that the
diversification of Bradyrhizobium lineages involved exten-
sive lateral gene transfer and the host-driven selection of
distinct SI variants (Parker, 2012; Parker et al, 2015;
Andrews et al, 2018). Despite these insights, direct
genomic evidence for these processes is still lacking, and
the genetic factors affecting host specificity remain unclear.

We herein aimed to provide genomic evidence for exten-
sive lateral gene transfer in Bradyrhizobium and for the
selection of distinct SI lineages by different legumes. To
achieve this, we investigated the diversity of indigenous
Bradyrhizobium strains associated with members of the tribe
Desmodieae in northern Japan. We then selected strains that
were phylogenetically close to B. diazoefficiens USDA1107,
a type strain of the soybean symbiont, and analyzed their
genome structures, including Sls, as well as their symbiotic
phenotypes on both their native hosts and soybean. We then
discussed the potential application of these bradyrhizobial
isolates in mitigating greenhouse gas emissions from the
rhizospheres of legumes other than soybean.

Materials and Methods

Bacterial growth conditions

Bradyrhizobium strains were grown aerobically at 30°C in HM
salt medium (Cole and Elkan, 1973) (supplemented with 0.1% ara-
binose and 0.025% [w/v] yeast extract) and TY medium (Beringer,
1974). Agar was added to 1.5% when solid medium was required.
Escherichia coli strains were grown at 37°C in Luria—Bertani
medium (Miller, 1992). The following antibiotics were added: for
Bradyrhizobium strains, kanamycin at 100 mg L', spectinomycin
at 100 mg L' and streptomycin at 100 mg L™, or polymyxin B at
50 mg L; for E. coli, spectinomycin at 25 mg L' and strepto-
mycin at 25 mg L' or kanamycin at 50 mg L.
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Isolation of indigenous rhizobia from nodules of wild plants in the
tribe Desmodieae

Indigenous rhizobial strains were isolated from the nodules that
formed on wild-growing Desmodium paniculatum, Hylodesmum
oldhamii, Hylodesmum podocarpum (subsp. podocarpum and
subsp. oxyphyllum var. japonicum), Kummerowia stipulacea,
Lespedeza cuneata (var. cuneata), and Lespedeza thunbergii
(subsp. thunbergii f. thunbergii). These plant roots were collected
from three different parts of Miyagi Prefecture, Japan (Table S1).
The nodules that formed on the roots were washed thoroughly with
tap water and then detached from the roots using sterilized forceps.
The nodules were dipped in 70% ethanol for 5 s and then surface
sterilized in 1% (w/v) sodium hypochlorite for 5 min. Nodules
were washed several times with sterile water and transferred one
each into 1.5-mL tubes containing 100 puL of TY liquid medium.
Each nodule was homogenized with a sterile toothpick and the sus-
pension was streaked onto TY agar plates. After being incubated at
30°C for 3 to 7 days, single colonies that appeared from each
nodule were transferred onto a new TY plate for purification.

Phylogenetic analysis of rhizobial isolates

A full-growth bacterial culture (1 mL) was centrifuged, and the
bacterial cells obtained were suspended in 20 pL of sterile water.
We then added 25 pL of BL buffer (40 mM Tris, ]| mM EDTA-Na,
1% Tween 20, and 0.5% Nonidet P-40, pH 8.0) and 5 pL of protei-
nase K (1 mg mL™) to the cell suspension. Suspensions were incu-
bated at 60°C for 20 min and then at 95°C for 5 min. After
centrifugation (20,000xg, 4°C, 1 min), the supernatants were used
as PCR templates. The 16S rRNA gene in the genome of each iso-
late was amplified by PCR with the oligonucleotide primers 27f
and 1492r (Table S2). The PCR product was purified with
Agencourt AMPure XP (Beckman Coulter). The nucleotide
sequence of the fragment was examined on a 3730xl DNA
Analyzer with a BigDye Terminator Cycle Sequencing Reaction
Kit (Thermo Fisher Scientific) and the primers 27f and 1492r
(Table S2). The sequences obtained were assembled in Genetyx-
MAC v. 18.0.3 software (Genetyx). The sequences were aligned by
CLUSTALW, and a phylogenetic tree was constructed using the
maximum-likelihood algorithm in MEGA X software (Kumar et
al., 2018). The sequences of 16S rRNA have been deposited in the
DDBJ/EMBL/GenBank databases under accession numbers
LC890488 to LC890517 (Table S1).

Plant inoculation assay and acetylene reduction assay

Seeds of the soybean cultivar (Glycine max [L.] Merr.) ‘Enrei’
and L. cuneata (obtained from Snow Brand Seed) were surface
sterilized, sown in sterile vermiculite, and watered with a nitrogen-
free plant nutrient solution (Akao and Kouchi, 1989) in a 300-mL
plant box (Iwaki). Seeds were inoculated with a Bradyrhizobium
cell suspension (1x107 cells). Plants were grown in a growth cab-
inet (NK Systems)—G. max for 28 days and L. cuneata for 42 days
—with a photoperiod of 16-h light and 8-h dark at 25°C. To assess
acetylene reduction activity, acetylene gas was injected at 10%
(v/v) in a sealed vial containing the root system. The ethylene con-
centration of the headspace gas was measured with a Shimadzu
GC-18A (Shimadzu) gas chromatograph equipped with a flame
ionization detector and Porapak R column (GL Sciences).

Paraffin embedding, sectioning, and toluidine-blue staining of
nodules

After 10 min of vacuum infiltration, nodules were fixed in 4%
paraformaldehyde and 1% glutaraldehyde in 50 mM sodium phos-
phate buffer (pH 7.2) for 4 h on ice. They were then dehydrated
through an ethanol-butanol series (30-100% ethanol, followed by
increasing concentrations of tertiary butanol, ending with overnight
in 100% tertiary butanol) and embedded in paraffin. Eight-
micrometer-thick sections were cut on a rotary microtome,
mounted on slides, and dried. After deparaffinization in xylene and
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rehydration through a graded ethanol series (100%, 90%, 80%,
70%, 50%, 30%, 15%, and 0% ethanol for 1 min each), the sec-
tions were stained with 0.025% toluidine blue O for 10 min, rinsed
with distilled water, dehydrated through an ethanol series (30%,
50%, 70%, and 100% ethanol for 5 min each), cleared in xylene,
and mounted in resinous medium. Sections were observed under a
light microscope (BX51; Olympus).

Elucidation of the LCT2 complete genome sequence

The complete genome sequence of LCT2, an isolate from L.
cuneata, was obtained by assembling PacBio long-read data, and
sequence errors in the assembly were polished using short reads
generated on the Illumina MiSeq platform (Illumina). Genomic
DNA for PacBio sequencing (Pacific Biosciences) was extracted
by following the procedures described by Minamisawa et al.
(1992). DNA was sheared to 15-20 kb using a g-TUBE (Covaris),
and a SMRTbell library was prepared with the PacBio DNA
Template Preparation Kit v1.0. Sequencing and long-read
assembly were performed by Macrogen Japan on the PacBio RS II
platform in the circular consensus sequencing (CCS) mode using
SMRT Cell 8Pac v3 and DNA Polymerase Binding Kit P6.
Genomic DNA for Illumina sequencing was extracted using an
Illustra Bacteria genomicPrep Mini Spin Kit (GE Healthcare UK).
DNA was processed with a Nextera DNA Sample Preparation
Kit (Illumina) to generate a shotgun library with unique index
adapters and sequenced on a MiSeq system (Illumina), yielding
~250-bp paired-end reads. The MiSeq reads of strain LCT2 were
processed by filtering based on the k-mer frequency function of
ShortReadManager software (Ohtsubo et al., 2022). The frequen-
cies of all 21-mers were calculated from read segments with scores
of >15, and 21-mers appearing fewer than three times were dis-
carded. The filtered reads were assembled de novo in Newbler
software (Roche Diagnostics). The resulting contigs were used as
query sequences for BLAST homology searches against the
PacBio assembly. Among the contigs showing homology, repeti-
tive sequences and contigs with 100% identity were excluded. The
remaining contigs were used to polish the circularized PacBio
genome assembly. The finished sequence was validated by
FinishChecker (Ohtsubo et al., 2022). The genome sequence was
annotated via the NCBI Prokaryotic Genome Annotation Pipeline
(Tatusova et al., 2016). A circular map of the genome was drawn
by the CGView server (Grant and Stothard, 2008). The genome
sequence of LCT2 has been deposited in the DDBJ/EMBL/
GenBank databases under the accession numbers CP034431 and
CP034432.

Genome comparison

Homology between the LCT2 genome and the soybean sym-
biont genome was calculated using Average Nucleotide Identity
(orthoANIu) in OrthoANIu (Yoon et al., 2017). We calculated the
digital DNA-DNA hybridization (dDDH) score using Genome-to-
Genome Distance Calculator 2.1 (formula 2) (Meier-Kolthoff et
al., 2013). Dot plots and gene cluster maps for genome compari-
sons were generated in GenomeMatcher (Ohtsubo et al., 2008).
The presence and sequence identity of the nod and T3SS genes
(rhc and fts) in the LCT2 genome were assessed by a BLAST-
based homology analysis against the corresponding genes in the
USDAI110" genome. To predict T3SS effector genes (nop) in
LCT2, homology was assessed against known T3SS effectors from
USDA110". The amino acid sequences of nop in USDA110" were
obtained with reference to Zehner et al. (2008), Kimbrel et al. (2013),
and Tsukui ef al. (2013). BLASTP searches used the parameters -¢
0.001, -v 1000, and -b 1000, and regions with >50% query cov-
erage and sequence identity were identified. The positions of
coding sequences showing significant homology within 10 kb
downstream of ##s-box-like sequences were confirmed, and these
sequences were considered to be putative nop genes in LCT2. To
identify #ts-box-like sequences in LCT2, we used DNA Pattern
Find (http://www.bioinformatics.org/sms2/dna_pattern.html), with
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the consensus sequence reported by Zehner et al. (2008) as the
query.

Construction of T3SS-deficient mutants

The rheJ encoding a T3SS structural component mutant of
USDA110" (110Qrhe]) was constructed as described by Tsukui er
al. (2013). In brief, a 2.0-kb Q cassette derived from pHP45Q
(Prentki and Krisch, 1984) was inserted into a Mlul site within
pSE11 (Tsukui et al., 2013), which is the pK18mob vector (Schéfer
et al., 1994) carrying 3.7-kb rhcJ and its flanking region of
USDA110". The resulting plasmid was transferred by triparental
mating with the mobilizing strain E. coli HB101 harboring the
pRK2013 helper plasmid (Figurski and Helinski, 1979). Sp/Sm/Px-
resistant conjugants were selected, and double-crossover mutants
were selected by PCR.

To construct the LCT2 rheJ mutant (LCT2QrhcJ), we con-
structed a mobilizable rhcJ inactivation plasmid (pYKrhcJ): using
LCT2 genomic DNA as a template, we amplified upstream and
downstream regions of the rhcJ gene with the primers rhe)J F1/
rheJ R1 and rhe] F3/rhe] R3, respectively (Table S2). The Sp/Sm
resistance gene (aadA) was simultaneously amplified from the
plasmid pHP45Q with the primers rheJ F2 and rheJ R2. A mix-
ture of these three PCR products was then separated by PCR with
the primers rheJ F1 and rheJ R3, resulting in a 3.0-kb DNA frag-
ment in which aad4 was inserted into rhcJ. The fragment was
digested with HindIII and ligated into the HindllI site of pK18mob
(Schifer et al., 1994), yielding pYKrhcJ. Plasmid transfer into
LCT2 and selection of the double-crossover mutant were per-
formed as described above. The plasmid was transferred by tripar-
ental mating as described above. Sp/Sm/Px-resistant conjugants
were selected, and double-crossover mutants were selected by
PCR.

Measurement of N,O consumption

N,O consumption activity by Bradyrhizobium sp. LCT2 cells
was measured using a gas chromatograph, as previously described
(Wasai-Hara et al., 2023). Cells were cultured under anaerobic
conditions in sealed vials using 1% N,O as the sole electron
acceptor. The decrease in the concentration of N,O in the head-
space over time was monitored using a gas chromatograph
equipped with a thermal conductivity detector (TCD). Optical den-
sity at 660 nm (ODy4,) was measured immediately before and after
the N,O consumption assay, and the average of these two measure-
ments was used to normalize activity. N,O reduction activity was
calculated from the linear decrease in the concentration of N,O
over time and expressed in units such as nmol N,O h™' ODy, .

N,O-respiring growth experiments

In growth experiments conducted under N,O-respiring condi-
tions, cells were inoculated into 35-mL glass tubes containing
5 mL of HM medium supplemented with trace metals (HMM;
Sameshima-Saito et al., 2004) at an initial ODg, of approximately
0.01. The tubes were sealed tightly with rubber stoppers, and the
gas phase was evacuated and replaced with a mixed atmosphere of
30% N,O in N, gas for five cycles using a vacuum line system
(Sameshima-Saito et al., 2004). As a negative control, parallel
sample tubes were prepared where the gas phase was replaced
solely with N, gas. Cells were grown at 30°C with reciprocal
shaking at 200 rpm. Growth was measured daily by recording
ODgq-

Results

Diversity and phylogeny of indigenous rhizobia isolated
from Desmodieae plants

To investigate the diversity of rhizobia symbiotically
interacting with leguminous plants in the tribe Desmodieae,
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we isolated bacteria from the interior of root nodules that
formed on D. paniculatum, H. oldhamii, H. podocarpum, K.
stipulacea, L. cuneata, and L. thunbergii. Thirty isolates
were obtained: 3 from D. paniculatum, 2 from H. oldhamii,
6 from H. podocarpum, 1 from K. stipulacea, 6 from L.
cuneata, and 12 from L. thunbergii (Table S1).

An analysis of 16S rRNA gene sequences revealed that
24 of the 30 isolates were the most closely related to the
genus Bradyrhizobium, indicating that Desmodieae plants
primarily form symbiotic relationships with Bradyrhizobium
(Fig. 1). The remaining isolates were closely related to
Rhizobium giardinii and Pseudomonas chlororaphis. Most
isolates from H. oldhamii, H. podocarpum, and L.
thunbergii were highly homologous to Bradyrhizobium
embrapense (Fig. 1, Table S1). The isolates from D.
paniculatum (DPN1 to DPN3) were clustered within a clade
containing Bradyrhizobium elkanii and Bradyrhizobium
pachyrhizi. In contrast, the isolates from L. cuneata were
distributed across two clades (Fig. 1). Four of the six strains
were homologous to R. giardinii H1527, whereas strains
LCT1 and LCT2 were identical to B. diazoefficiens
USDAI1107, a known soybean symbiont. Notably, strain
LcCT4 (Parker, 2012), isolated from L. cuneata grown in
North America, was also phylogenetically consistent with
USDAT1107 (Fig. 1).

KonNNo et al.

Symbiotic phenotype of Bradyrhizobium isolates

To clarify the host specificity of LCT2 in comparison
with that of USDA1107, we inoculated both strains onto
soybean ‘Enrei’ and L. cuneata. Soybean plants inoculated
with LCT2 showed reduced growth and leaf yellowing in
nitrogen-free medium, unlike those inoculated with
USDAI110T (Fig. 2A). USDA110T induced the formation of
large pink nodules (effective nodules), whereas LCT2
induced only small white nodules (ineffective nodules) (Fig.
2B and C). Nitrogen-fixing activity was consistently
detected in soybean roots inoculated with USDA110T, but
not in those inoculated with LCT2 (Fig. 2D).

In contrast, LCT2 induced effective nodules in L.
cuneata, resulting in detectable nitrogen-fixing activity and
growth promotion (Fig. 2E, F, G, and H). Conversely, L.
cuneata inoculated with USDA110T only developed white
nodules without nitrogen-fixing activity. Microscopic obser-
vations revealed rhizobial infection within the nodule cells
of LCT2-induced nodules, but not in USDA110"-induced
nodules (Fig. 2F). These results indicate that, despite being
phylogenetically closely related, LCT2 and USDAI110T
exhibit contrasting host specificity between soybean and L.
cuneata.
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Phylogenetic tree of rhizobial isolates based on 16S rRNA gene sequences. Numbers at nodes are the percentages of 1,000 bootstrap

replications supporting that partition (values >70% are shown). Isolation sources are indicated by colored circles. The scale bar shows the number
of base substitutions per nucleotide. *LcCT4 is an isolate from Lespedeza cuneata grown in North America by Parker (2012).
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Symbiotic phenotypes of Glycine max and Lespedeza cuneata inoculated with Bradyrhizobium strain USDA110 or LCT2. A, Shoots of

soybean (G. max ‘Enrei’) 28 days after inoculations with the indicated strains. Scale bar, 5 cm. B, Nodules on soybean plants inoculated with
USDAI110 or LCT2. Scale bars, 0.2 cm. C, Number of nodules that formed on roots 28 days after the rhizobial inoculation. Bars show the
averaged numbers of (gray) effective nodules and (white) ineffective nodules. Error bars show SEM (n=6). D, Acetylene reduction activity of 28-
day-old soybean roots inoculated with the indicated strains. Error bars show SEM (n=3). E, Shoots of L. cuneata 42 days after the inoculation with
the indicated strains. Scale bar, 5 cm. F, Nodules (left) and thin sections (right) of L. cuneata inoculated with the indicated strains. Scale bars,
0.5 mm. G, Number of nodules that formed on roots 42 days after the rhizobial inoculation. Bars show the average numbers of (gray) effective and
(white) ineffective nodules. Error bars show SEM (n=30). H, Acetylene reduction activity of 42-day-old L. cuneata roots inoculated with the

indicated strains. Error bars show SEM (n=3).

Table 1. General features of genomes of Bradyrhizobium sp. LCT2 and Bradyrhizobium diazoefficiens
USDAI110"

Bradyrhizobium sp. LCT2 B. diazoefficiens USDA110"
Chromosome pLCT2 Chromosome

Accession no. CP034432 CP034431 NC 004463

Size (bp) 9,434,376 218,234 9,105,828

G+C content (%) 63.9 61.4 64.1

No. of protein-coding genes 8,272 178 8,317

No. of tRNA genes 51 0 50

No. of rRNA gene operons 1 0 1

Genome structure of Bradyrhizobium sp. LCT2

To investigate the genetic factors causing this difference
in host specificity, we elucidated the complete genome
sequence of LCT2. Assembly of the sequence reads
revealed that the LCT2 genome consisted of a chromosome
(9.4 Mb) and plasmid (pLCT2, 218 kb; Table 1, Fig. 3A).
The total genome size of LCT2 was 9,652,610 bp—~547 kb
larger than that of USDA110T (Table 1). The G+C content
(%) and the numbers of protein-coding genes and of tRNA
genes and rRNA operons on the chromosome were similar
to those of USDA110T (Table 1).

5/11

S1 in the LCT2 genome

The USDA110T genome has two SIs, Sym A (680 kb) and
Sym B (3.5 kb), with a low GC content (Kaneko et al.,
2002; Fig. 3B). It has been postulated that an ancient, larger
SI was inserted into the Val-tRNA region (75 bp) and was
then split into two by a large-scale genome rearrangement.
In the LCT2 genome, two large regions with a low GC con-
tent harboring symbiosis-related gene clusters (nod, nif, and
T3SS) were identified (Fig. 3A). A Met-tRNA gene (77 bp)
was detected at one end of one region (designated Sym p),
and a short duplicate sequence of Met-RNA (52 bp) was
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Fig. 3. Genome structures of Bradyrhizobium sp. LCT2 and Bradyrhizobium diazoefficiens USDA110". A, B, Circular representations of the
replicons of (A) Bradyrhizobium sp. LCT2 and (B) B. diazoefficiens USDA110" (not drawn to scale). The outermost and second-outermost circles
represent predicted protein-coding genes in the clockwise and counterclockwise orientations, respectively. The innermost and second-innermost
circles show the GC skew (green indicates positive values and magenta indicates negative values) and GC content, respectively. The GC content
circle shows the deviation from the average GC content of the entire sequence. The markings outside the outermost circle represent genome
positions. The positions of nif, nod, and type III secretion system (T3SS) gene clusters and of the Met-tRNA and Val-tRNA genes are shown
outside the outermost circle. The positions of the symbiosis islands (designated as Sym a and § for LCT2, and Sym A and B for USDA110) are
shown on the circles. C, Percentage identity plot of a linear pairwise comparison of the genomic regions including Met-tRNA and its duplicate.
The genomic regions were compared by BLASTN. Numbers in parentheses indicate the ranges of genomic positions on the chromosomes used in
this comparison. Colors indicate percentage nucleotide identities. Pointed rectangles indicate the coding sequences, and green boxes show intact
Met-tRNA. D, Alignment of the nucleotide sequences of Met-tRNA and its flanking regions in LCT2 and USDA110". Numbers indicate
nucleotide positions in the LCT2 or USDA110T genome. Boxes in the alignment indicate (green) the intact Met-tRNA sequence and (red) its short
duplicate.

found at one end of the other low-GC-content region (Sym

a) (Fig. 3A, C, and D). In addition, a gene (EI171 13240)
encoding an integrase-like protein that catalyzes DNA
breakage and rejoining was identified next to the tRNA gene
segment (Fig. 3C). Although a Val-tRNA gene (75 bp) was
present at coordinate 7.83 Mb, no evidence of terminal
duplication was detected (Fig. 3A). These results suggest
that an ancient SI in LCT2 was originally inserted into a
Met-tRNA region rather than a Val-tRNA region and was
subsequently split into two regions by a large-scale genome
rearrangement.

6/

Genomic homology between LCT2 and USDA110"

A dot plot analysis revealed that the LCT2 genome had
strong collinearity overall with the USDAI110T genome,
except for a large inversion (Fig. 4A). However, weak colli-
nearity was observed between their Sls, except for the
regions containing the nod, nif, and T3SS genes (Fig. 4A, B,
and C). Whole-genome comparisons gave OrthoANIu and
dDDH values of 98.2 and 84.5%, respectively (Table 2).
The values between the genomic regions excluding the SI
(i.e., in the core genome) were 98.6% (OrthoANIu) and
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Table 2. Genome similarity between Bradyrhizobium strains
Query Reference Genome region OrthoANIu (%) dDDH (%)
LCT2 USDA110 Whole genome 98.2 84.5
Genome core 98.6 88.1
Symbiosis island 86.5 33.6
USDA 122 USDA110 Whole genome 98.7 89.4
Genome core 98.6 88.5
Symbiosis island 99.7 95.8

OrthoANIu and dDDH scores were calculated using the ANI calculator (Yoon et al., 2017) and
Genome-to-Genome Distance Calculator 2.1 (formula 2) (Meier-Kolthoff et al., 2013), respectively.

88.1% (dDDH)—similar to the values in a comparison
between USDA110T and the soybean symbiont B.
diazoefficiens USDA122 (Sugawara et al., 2017) (Table 2).
In contrast, comparisons of SI regions only revealed that the
OrthoANIu and dDDH values decreased to 86.5 and 33.6%,
respectively—markedly lower than those between the SIs of
USDA110" and USDA122 (Table 2). These results indicate
that although LCT2 and USDA110T have highly similar
core genomes, their SIs markedly differ in homology and
gene content.

Genes associated with symbiosis and denitrification in the
LCT?2 genome

The organization of the nod, nif, and T3SS gene clusters
within the SIs was generally similar between USDA110"
and LCT2, although some gene insertions and deletions
were observed (Fig. S1). Most of the nodulation genes (nod,
nol, and noe) present in the USDA110T genome were con-
served in LCT2, with the exception of nodY and noeD (Fig.
S1A, Table S3). Within the nif gene cluster, the genes
encoding nitrogenase (nifD and nifK) and nitrogenase reduc-
tase (nifH) were conserved in both LCT2 and USDA110". In
contrast, only LCT2 harbored nifV (Fig. S1B), which enc-
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odes homocitrate synthase, an enzyme essential for posi-
tioning the FeMo-cofactor in the catalytic center of
nitrogenase (Rubio and Ludden, 2008). The genes encoding
the T3SS apparatus (rhcV, rheC, rhed, rheN, and
rhcQRSTU), and tts] encoding a positive transcriptional reg-
ulator of T3SS-related genes, were conserved in the LCT2
genome (Fig. S1C). Amino acid sequence identities between
the corresponding LCT2 and USDA110T proteins ranged
from 80 to 98% (Table S4).

In the case of nop genes encoding T3SS secretory effec-
tors, 44 genes in USDA110T were compiled from previous
studies (Zehner et al., 2008; Kimbrel ef al., 2013; Tsukui et
al., 2013), and their presence in the LCT2 genome was
assessed by a BLASTP analysis. Nineteen of these genes
were absent in LCT2 (Table S5). USDAI110" carries two
copies of nopE (nopEl and nopE2) and three copies of
nopD (nopDI, nopD2, and nopD3), whereas LCT2 carries
only a single copy of each. Twenty of the 26 nop genes of
LCT2 (~77%) were located within the SI, whereas the
remaining 6 genes lay outside of the SI region. The amino
acid sequence identities of SI-encoded effectors ranged from
48 to 93%, whereas the core genome effectors (nopAE,
nopAF, nopAU, nopAV, nopAP, and nopAQ) were more
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highly conserved (98 to 100%) than those in USDA110T
(Table S5). These results indicate that although LCT2 pos-
sesses a functional T3SS, the repertoire and structure of its
secreted effectors markedly differ from those of USDA1107.

In addition to symbiosis-related genes, LCT2 carried a
complete set of denitrification genes, including the peri-
plasmic nitrate reductase (nap), nitrite reductase (nir), nitric
oxide reductase (nor), and nitrous oxide reductase (nos).
These genes were organized into four distinct clusters
located on chromosomal regions of the core genome outside
the SI, similar to the arrangement in USDA110T (Fig. 3A, B,
and S2). Pairwise comparisons revealed that the amino acid
sequence identities of the denitrification proteins between
LCT2 and USDAI110" were consistently >99% (Fig. S2),
indicating the strong conservation of these pathways
between the two strains. Their presence suggests that LCT2
retains the genetic capacity for the stepwise reduction of
nitrate to dinitrogen.

Role of T3SS in host specificity

To examine whether T3SS contributes to host specificity
in L. cuneata and soybean, we constructed T3SS-deficient
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mutants of USDA1107 (110Qrh¢/) and LCT2 (LCT2QrhcJ)
by disrupting the rhcJ gene, which encodes a structural
component of the T3SS. Inoculation tests on L. cuneata
revealed that plants inoculated with wild-type USDA110T
had stunted growth and formed ineffective nodules, whereas
those inoculated with 110QrhcJ grew well, had green
leaves, and developed only pink effective nodules (Fig. 5A,
B, and C). The symbiotic phenotype of L. cuneata plants
inoculated with LCT2QrhcJ was similar to that of the LCT2
wild type (Fig. 5A and C). These results show the involve-
ment of T3SS of USDA110T in inducing symbiotic incom-
patibility between USDA110" and L. cuneata.

Soybean plants inoculated with wild-type LCT2 exhibited
reduced growth and only developed ineffective nodules.
In plants inoculated with LCT2QrhcJ, the above-ground
phenotype was similar to that of the wild type (Fig. 5D).
However, a small number of effective nodules were
observed in two of the six soybean plants inoculated with
LCT2QrhcJ (Fig. SE and F). These results suggest the
partial involvement of the T3SS of LCT2 in restricting the
formation of effective nodules on soybean.
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Symbiotic phenotypes of Lespedeza cuneata and Glycine max inoculated with Bradyrhizobium strain USDA110 or LCT2, and of their

T3SS-deficient mutants. A, Shoots of L. cuneata 42 days after the inoculation with the indicated strains. Scale bar, 5 cm. B, Nodules of L. cuneata
inoculated with the indicated strains. Scale bars, 0.1 cm. C, Number of nodules that formed on roots 42 days after the rhizobial inoculation. Bars
show the averaged numbers of (gray) effective and (white) ineffective nodules. Error bars show SEM (n=30). Mean values of effective nodules
with the same letter were not significantly different by Tukey’s HSD test (P<0.05). D, Shoots of soybean (G. max ‘Enrei’) 28 days after the
inoculation with the indicated strains. Scale bar, 5 cm. E, Nodules on soybean plants inoculated with USDA110", LCT2, or LCT2QrhcJ. Scale
bars, 0.1 cm. F, Number of nodules that formed on roots 28 days after the rhizobial inoculation. Bars show the average numbers of (gray) effective

and (white) ineffective nodules. Error bars show SEM (1n=0).
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N,O consumption and respiration in Bradyrhizobium sp.
LCT2

To assess the potential for N,O respiration in
Bradyrhizobium sp. LCT2, we initially measured the con-
sumption of N,O under anaerobic conditions (Fig. S3A).
When LCT2 cells were incubated anaerobically in the pres-
ence of approximately 1% N,O as the sole electron acceptor,
the concentration of N,O in the headspace decreased to
approximately 0.7% within 30 h, confirming the consump-
tion of N,O. N,O reduction activity calculated from the slope
of this consumption curve was 699 nmol N,O h™! OD,™'.
This level of activity was similar to that previously reported
for B. diazoefficiens USDA110" (Wasai-Hara et al., 2023;
Nishida et al., 2025). Consistent with observed N,O con-
sumption, LCT2 showed significant growth when N,O was
provided as the sole terminal electron acceptor under anae-
robic conditions (Fig. S3B). Furthermore, LCT2 exhibited a
growth curve similar to that of the known denitrifying
strain, USDA110", under N,O-respiring conditions (Fig.
S3C). These results indicate that LCT2 possesses a func-
tional N,O reduction system that supports anaerobic respira-
tion and growth.

Discussion

The present results assigned the rhizobia isolated from
plants of the tribe Desmodieae native to northern Japan pre-
dominantly to the genus Bradyrhizobium. This supports the
notion that Bradyrhizobium represents the major symbiotic
partner of Desmodieae in temperate regions, and is consis-
tent with previous findings (Andrews and Andrews, 2017).

Among our isolates, Bradyrhizobium sp. LCT2 was
obtained from the nodules of wild L. cuneata. Although this
strain is phylogenetically closely related to the soybean
symbiont B. diazoefficiens USDA1107, the two strains have
contrasting host compatibilities with soybean and L. cuneata
(Fig. 1 and 2). A comparative genome analysis revealed that
although LCT2 and USDA1107 share a high degree of iden-
tity in their core genomic regions, they showed markedly
low levels of homology within their SIs and differences in
the target tRNA sites associated with horizontal transfer
(Fig. 3 and 4, Table 2). Consistent with these results, Parker
(2012) showed that host specificity in Bradyrhizobium cor-
related with the phylogeny of SI genes, but not with that of
the core genome, suggesting that the diversification of
Bradyrhizobium lineages has been driven by extensive lat-
eral gene transfer and by the selection of distinct SI variants
by different legume hosts (Parker, 2012; Parker et al., 2015).
The present results provide direct genomic evidence for the
hypothesis that Bradyrhizobium lineages acquire distinct SIs
through horizontal transfer and that legume hosts selectively
associate with specific SI variants (Fig. 6).

In terms of the molecular mechanisms underlying host
specificity, structural variations in Nod factors are known to
strongly affect host recognition (Spaink, 1995). Our genome
analysis revealed that among the nodulation genes con-
served in USDAT110T, all genes, except for nodY and noeD,
were present in LCT2 (Table S3). Although noeD has been
shown to affect nodulation in some soybean cultivars (Lohrke
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Fig. 6. Proposed model of host-driven selection for Bradyrhizobium
with distinct symbiosis islands (SIs). Schematic illustration showing
that legume hosts selectively associated with Bradyrhizobium strains
carrying soybean-type or Lespedeza cuneata-type Sls. These distinct
SIs were independently acquired by non-rhizobial Bradyrhizobium via
horizontal gene transfer at different tRNA loci (the Met-tRNA gene for
the L. cuneata symbiosis island and the Val-tRNA gene for the
soybean symbiosis island), and genome rearrangements were observed.
L. cuneata and soybean have specifically selected rhizobial partners
carrying L. cuneata-type and soybean-type Sls, respectively.

et al., 1998), neither noeD nor nodY appeared to change the
Nod factor structure. USDA110" synthesizes a Nod factor
consisting of five B-1,4-linked N-acetylglucosamine resi-
dues decorated with 2-O-methylfucose and fatty acid side
chains (Sanjuan et al., 1992), with the methylfucose moiety
being essential for nodule formation on soybean (Stacey et
al., 1994). Since nodZ, which encodes the fucosyltransferase
required for this modification (Stacey et al., 1994), is also
present in the LCT2 genome (Table S3), LCT2 may produce
Nod factors that are structurally similar to those of
USDA110". Furthermore, the formation of ineffective nod-
ules in soybean inoculated with LCT2 and in L. cuneata
inoculated with USDA110T (Fig. 2) indicates that early-
stage recognition and nodule organogenesis occurred nor-
mally. Collectively, these findings and the present results
suggest that the differences in host specificity between
LCT2 and USDA110T" are attributable not to the Nod factor
structure, but rather to alternative mechanisms, such as the
activity of T3SS effectors.

Our genomic analyses indicate that although LCT2 pos-
sesses a functional T3SS, the repertoire and structure of its
secreted effectors markedly differ from those of USDA110T
(Table SS5). Specific bradyrhizobial T3SS effectors may
trigger the host immune system during infection, leading to
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symbiotic incompatibility in some legume genotypes
(Yasuda et al., 2016; Sugawara et al., 2018; Fukunaga et al.,
2025). Consistent with this finding, the T3SS mutant of
USDAI110" (110Arhc)) formed effective nodules on L.
cuneata, whereas the T3SS mutant of LCT2 (LCT2ArhcJ)
only partially recovered compatibility with soybean,
providing direct evidence to show that T3SS effectors
restrict the host range (Fig. 5). The location of many of
these effector genes on SIs (Table S5) suggests that hosts
selectively associate with distinct SlIs carrying different
effector repertoires. Nevertheless, the specific effectors
responsible for host specificity have yet to be identified.

In addition, our analyses indicate that Bradyrhizobium
sp. LCT2 shared genome core regions including nos genes
for N,O reductase with B. diazoefficiens USDA110" (Fig.
3A, B, and S2). We further confirmed that LCT2 exhibited
similar N,O reductase activity to that of USDA110" (Fig.
S3). The legume rhizosphere often emits N,O, a greenhouse
gas inducing climate change and stratospheric ozone deple-
tion (Ravishankara et al., 2009; Sanchez and Minamisawa,
2019; Tian et al., 2020). Inoculations with B. diazoefficiens
carrying nosZ were shown to successfully reduce N,O emis-
sions from the soybean rhizosphere in Japan (Akiyama et
al., 2016), France (Hénault ef al., 2022), and South America
(Obando et al., 2022). Since L. cuneata is widely employed
for slope revegetation in Japan (Imanishi et al., 2023),
LCT2 represents a promising inoculant for mitigating N,O
emissions from its rhizosphere.

In conclusion, the present results provide strong evidence
to support non-symbiotic ancestral Bradyrhizobium strains
with similar core genomes independently acquiring distinct
SIs through horizontal transfer. Furthermore, the repertoire
of T3SS effectors appears to play a central role in mediating
this host-driven selection. The results obtained herein rein-
force the earlier conclusion (Parker, 2012) that host legumes
select their symbiotic partners based on SI variants. They
also provide mechanistic insights into host-specific
Bradyrhizobium—legume symbiotic patterns in nature, and
highlight the potential of our isolate for applications that
mitigate greenhouse gas emissions.
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