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Agromonas oligotrophica (Bradyrhizobium oligotrophicum) S58T is a nitrogen-fixing oligotrophic bacterium isolated from
paddy field soil that is able to grow in extra-low-nutrient environments. Here, the complete genome sequence of S58 was deter-
mined. The S58 genome was found to comprise a circular chromosome of 8,264,165 bp with an average GC content of 65.1%
lacking nodABC genes and the typical symbiosis island. The genome showed a high level of similarity to the genomes of Brady-
rhizobium sp. ORS278 and Bradyrhizobium sp. BTAi1, including nitrogen fixation and photosynthesis gene clusters, which nod-
ulate an aquatic legume plant, Aeschynomene indica, in a Nod factor-independent manner. Although nonsymbiotic (brady)rhi-
zobia are significant components of rhizobial populations in soil, we found that most genes important for nodule development
(ndv) and symbiotic nitrogen fixation (nif and fix) with A. indica were well conserved between the ORS278 and S58 genomes.
Therefore, we performed inoculation experiments with five A. oligotrophica strains (S58, S42, S55, S72, and S80). Surprisingly,
all five strains of A. oligotrophica formed effective nitrogen-fixing nodules on the roots and/or stems of A. indica, with differen-
tiated bacteroids. Nonsymbiotic (brady)rhizobia are known to be significant components of rhizobial populations without a
symbiosis island or symbiotic plasmids in soil, but the present results indicate that soil-dwelling A. oligotrophica generally pos-
sesses the ability to establish symbiosis with A. indica. Phylogenetic analyses suggest that Nod factor-independent symbiosis
with A. indica is a common trait of nodABC- and symbiosis island-lacking strains within the members of the photosynthetic
Bradyrhizobium clade, including A. oligotrophica.

Agromonas oligotrophica (Bradyrhizobium oligotrophicum) S58T

is a nitrogen-fixing oligotrophic bacterium that was isolated
from paddy field soil (1). In 1983, a type strain of A. oligotrophica
was proposed, based on comparisons of morphological and phys-
iological characteristics with S58 (1), and this proposal was sub-
sequently validated (2). In 2012, Ramírez-Bahena et al. (3), how-
ever, suggested a reclassification of Agromonas oligotrophica into
Bradyrhizobium oligotrophicum, on the basis of phylogenetic anal-
ysis of housekeeping genes, phenotypic characterization, and
DNA-DNA hybridization. Cells of A. oligotrophica proliferate by
budding and are able to grow in extraoligotrophic environments
such as 10,000-fold-diluted nutrient broth, and they are very sen-
sitive to the supply of organic compounds (1). Agromonas oligo-
trophica likely plays an important role in the decomposition of
organic matter and the recycling of other nutrients in paddy field
soil (4). Agromonas oligotrophica is also abundant in the roots of
rice, with 108 to 109 cells g�1 dry matter, but it is not known
whether it can provide fixed nitrogen to the host plant (5). Many
other soil oligotrophic bacteria in close proximity to A. oligo-
trophica S58 on model colony-forming curves have been isolated
from paddy field soil by using a diluted nutrient broth (1).

Agromonas oligotrophica S58 is phylogenetically close to Brady-
rhizobium sp. ORS278 and BTAi1 (6). These strains nodulate the
stem and root of an aquatic legume, Aeschynomene indica, al-
though they lack the canonical nodABC genes required for synthe-
sis of the core structures of Nod factors (NF) on a symbiosis island
or a symbiosis plasmid (7, 8). This NF-independent nodulation
system is hypothesized to be primitive, because infection with the
NF-independent symbiont occurs through epidermal fissures

generated by the emergence of lateral roots (7, 8). Random Tn5
mutagenesis of Bradyrhizobium sp. ORS278 identified some genes
relevant to nodule development and symbiotic nitrogen fixation,
but no complete nodulation-deficient mutants have been identi-
fied (7, 9). Thus, the NF-independent nodulation mechanism re-
mains to be elucidated. However, it has been hypothesized that a
purine derivative, such as cytokinin, might play a role in triggering
nodule formation instead of a Nod factor (7, 10).

Generally, symbiotic gene clusters of (brady)rhizobia are ac-
quired horizontally as a symbiosis island or a symbiotic plasmid,
as is strongly suggested by the genome structures of Bradyrhizo-
bium japonicum USDA110 (31) and USDA6T (11) and of
Mesorhizobium loti MAFF303099 (12). Nonsymbiotic (brady)rhi-
zobia lacking the symbiotic gene clusters are often found among
these species, including Bradyrhizobium sp. strain S23321 (13),
and rhizobia have been isolated from the rhizosphere of Lotus
corniculatus (14). Recent ecological studies (15, 16) have revealed
that host legumes select symbiosis islands among Bradyrhizobium
populations, which suggests that lateral transfer of the symbiosis
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genes into nonsymbiotic bradyrhizobia in soil is an evolutionary
process producing legume symbionts.

Originally, we hypothesized that A. oligotrophica would be a
nonsymbiotic bradyrhizobium, because it was isolated from field
soils (1, 2). If this hypothesis were true, then a genome compari-
son between symbiotic (e.g., ORS278) and nonsymbiotic (S58)
bradyrhizobia would allow us to identify the gene repertory rele-
vant to symbiotic interactions with A. indica (8). In the present
study, we therefore determined the complete genome sequence of
A. oligotrophica S58 and compared it with known bradyrhizobial
genome sequences, and then we examined phenotypes of A. oligo-
trophica and its close relatives symbiotic on A. indica.

MATERIALS AND METHODS
Bacterial strains, media, and DNA preparation. The bacterial strains and
plasmids studied are listed in Table 1. Agromonas oligotrophica and Bra-
dyrhizobium spp. were cultured to the stationary phase at 30°C in HM salt
medium (17) containing 0.1% arabinose and 0.025% yeast extract. The
cells were harvested by centrifugation, and total DNA of S58 was prepared
by using a blood genomic DNA extraction Maxiprep system (Viogene,

Sunnyvale, CA). Total DNA of strains other than S58 was prepared as
previously described (18).

Escherichia coli was grown at 37°C in Luria-Bertani medium (19). An-
tibiotics were added to the medium at the following concentrations: for B.
japonicum, 100 �g tetracycline (Tc) ml�1, 100 �g spectinomycin (Sp)
ml�1, 100 �g streptomycin (Sm) ml�1, 100 �g kanamycin (Km) ml�1,
and 100 �g polymyxin B (Pm) ml�1; for E. coli, 50 �g Tc ml�1, 50 �g Sp
ml�1, 50 �g Sm ml�1, 50 �g Km ml�1, and 50 �g ampicillin (Ap) ml�1.

Tagging with DsRed and GusA. Agromonas oligotrophica S58 was
tagged with pmTn5SSgusA20 (Table 1) and pBjGroEL4::dsRed2 (see Fig.
S1 in the supplemental material) by triparental mating on HM agar plates
and using pRK2013 as a helper plasmid (48). Transconjugants were se-
lected by using HM agar plates containing 100 �g Sp ml�1, 100 �g Sm
ml�1, and 50 �g Pm ml�1.

Southern hybridization analysis for detecting pufBALM. Total DNA
from each strain was digested with BamHI and then electrophoresed on a
0.8% agarose gel in Tris-acetate-EDTA buffer. DNA from the gel was
transferred onto a nylon membrane (Biodyne-B; Japan Pall Co. Ltd., To-
kyo, Japan). The pufBALM gene was amplified by PCR from total DNA of
Rhodopseudomonas palustris CGA009 using the primer pair 5=-CTTCGT
GACCAGCTTCTTCC and 5=-GTTGTTGGTCCAGTCCAGGT and 30

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Source or reference

Agromonas oligotrophica strains
S58T Wild-type strain derived from paddy soil 1
S58::dsRed This study
S58::gusA This study
S42 Wild-type strain derived from paddy soil 1
S55 Wild-type strain derived from paddy soil 1
S72 Wild-type strain derived from paddy soil 1
S80 Wild-type strain derived from paddy soil 1

Bradyrhizobium sp. strains
ORS278 Wild-type strain derived from stem nodule of A. indica 7
BTAi1 Wild-type strain derived from stem nodule of A. sensitiva 7
G14130 Slow-growing oligotrophic bacterium derived from grassland soil 32
HWK12 2,4-D-degrading bacterium derived from Hawaiian soil 44
HW13 2,4-D-degrading bacterium derived from Hawaiian soil 44

Bradyrhizobium japonicum strains
USDA110 Soybean bradyrhizobium 31
USDA122 Soybean bradyrhizobium 6, 45
USDA6 Soybean bradyrhizobium; type strain of B. japonicum 11
NC4 Soybean bradyrhizobium 6
NC6 Soybean bradyrhizobium 6
NK2 Soybean bradyrhizobium 6
T7 Soybean bradyrhizobium 6
T9 Soybean bradyrhizobium 6

Bradyrhizobium elkanii strain
USDA76 Soybean bradyrhizobium; type strain of B. elkanii 45

Rhodopseudomonas palustris strain
CGA009 Photosynthetic bacterium 46

Escherichia coli strain
DH5� recA; cloning strain Toyobo Inc.

Plasmids
pmTn5SSgusA20 Plasmid used for transposon insertion; gusA, Apr, Smr, Spr 47
pBjGroEL4::dsRed2 Plasmid used for transposon insertion; dsRed, Apr, Smr, Spr See Fig. S1 in the supplemental material
pRK2013 ColE replicon carrying RK2 transfer genes; Kmr 48
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cycles of 94°C for 30 s, 55°C for 1 min, and 72°C for 2 min followed by
incubation for 7 min at 72°C. A PCR fragment (1.9 kb) of the pufBALM
gene was labeled with a digoxigenin (DIG) labeling and detection kit
(Roche Diagnostics, Indianapolis, IN) for use as a probe. DNA hybridiza-
tion was carried out as described previously (21) except at a hybridization
temperature of 55°C.

Phylogeny. A phylogenetic analysis was performed by comparing the
16S rRNA gene sequences (genome coordinates 3,187,406 to 3,188,898
and 7,419,987 to 7,421,479 bp) and the internal transcribed spacer (ITS)
sequences between the 16S and 23S rRNA genes (coordinates 3,188,899 to
3,189,972 and 7,418,915 to 7,419,986 bp) of the S58 genome with the
corresponding sequences of other Bradyrhizobiaceae (see Table S1 in
the supplemental material). The sequences were aligned by using the
CLUSTAL W program, and neighbor-joining trees were constructed by
using MEGA version 5.02 software (20). One thousand bootstrap repli-
cates were used to generate a consensus tree.

Genome sequencing and assembly and gap closing. The genome se-
quence of A. oligotrophica S58 was determined by the whole-genome shot-
gun strategy by using Sanger and 454 pyrosequencing. For Sanger se-
quencing with a 3730xl sequencer (Applied Biosystems, Foster City, CA),
about 20 �g of DNA was sheared with a HydroShear (Gene Machines, San
Carlos, CA) for a short-insert genomic library; another 80 �g was sheared
for construction of a long-insert library. DNA fragments of 3 kb (for the
short-insert library) and 10 kb (for the long-insert library) were subcloned
into the plasmid pTS1 vector (Nippon Gene, Tokyo, Japan) to construct
shotgun libraries. Template DNA was prepared by amplifying the inserted
DNA of each clone by PCR of an aliquot of the bacterial culture. We
generated 53,760 reads by sequencing both ends of the clones, giving
3.9-fold genome coverage from the Sanger sequencing. For pyrosequenc-
ing with a GS FLX Titanium system (Roche Applied Science, Mannheim,
Germany), 5 �g of genomic DNA was sheared by nebulization to obtain
fragments ranging from 300 to 800 bp. Template DNA was prepared
according to the supplier’s protocol. The pyrosequencing data, giving
11.9-fold genome coverage, were assembled by using Newbler assembly
software, and 524 contigs were generated. The GS FLX contig sequence
data were then imported as “pseudoreads” of the Sanger data into a Phred/
Phrap/Consed system (22–24). The hybrid assembly of the Sanger and 454
pyrosequencing data eventually generated 34 contigs. Gap closing and rese-
quencing of low-quality regions of the assembled data were performed by
PCR, primer walking, and direct sequencing of appropriate plasmid clones.
The finished sequence was estimated by the Phrap software to have an error
rate of less than 1 per 10,000 bases (Phrap score � 40).

Gene assignment and annotation. tRNA regions were predicted by
using the tRNA scan-SE 1.23 program (25). Protein-coding regions were
predicted by using MetaGeneAnnotator software with default parameters
(26). The functions of predicted protein-coding regions were annotated
through comparisons with the NCBI nr database.

Genome comparison. Putative orthologous genes between A. oligo-
trophica S58 and two photosynthetic bradyrhizobial strains (Bradyrhizo-
bium ORS278 and BTAi1) were identified by using bidirectional BLASTp
comparisons with an E value cutoff of 10�20. Orthologous relationships
are depicted by a Venn diagram. In addition, whole-genome comparisons
between S58 and Bradyrhizobium ORS278 and BTAi1 were performed by
using GenomeMatcher v.1.68 (27) with default parameters.

Nodulation tests on A. indica. Seeds of A. indica were immersed and
shacked in concentrated sulfuric acid for 25 min, washed three times with
sterile distilled water, and then immersed in sterile distilled water over-
night. The seeds were then immersed in 0.5% (vol/vol) sodium hypochlo-
rite for 1 min and washed 10 times with sterile distilled water. Finally, the
seeds were placed in sterilized plates containing tissue paper wetted with
sterile distilled water for 2 days at 30°C in the dark and then transplanted
to a Leonard jar (CUL-JAR300; Asahi Glass Co., Ltd., Tokyo, Japan) con-
taining sterile vermiculite and nitrogen-free nutrient solution (28). After
transplantation, the seedlings were inoculated with bacteria at 1 � 108

cells per plant. The inocula were grown to the stationary phase in HM

broth medium containing 0.1% arabinose and 0.025% yeast extract at
30°C with shaking at 300 rpm. They were then centrifuged, washed twice
with sterile distilled water, and resuspended in sterile distilled water (1 �
108 cells ml�1). Plants were grown in a growth chamber (Biotron LH-300;
Nippon Medical & Chemical Instrument, Tokyo, Japan) for 31 days (A.
indica) at 25°C under conditions of a 16-h/8-h light/dark cycle. The tested
strains of A. oligotrophica are listed in Table 1. Bradyrhizobium sp. ORS278
and Bradyrhizobium sp. BTAi1 were used as positive controls.

Light microscopy. For microscopic observation of root nodules, A.
indica was inoculated with 1 � 108 cells of DsRed- or gusA-tagged S58. At
16 days after inoculation (DAI), 40-�m-thick sections of root nodules
were prepared with a Vibratome sectioning system (Vibratome 3000;
Vibratome Co., St. Louis, MO) and observed with a confocal laser scan-
ning microscope (LSM 710; Carl Zeiss, Jena, Germany). The emission
signals were collected on two channels: channel 1 (555 to 700 nm) was
used to visualize the DsRed emission, and channel 2 (410 to 550 nm) was
used for visualization of the plant autofluorescence. To test S58 coloniza-
tion on root surfaces, A. indica inoculated with gusA-tagged S58 was sam-
pled at 7 DAI. The nodulated roots were immersed in a GUS assay solu-
tion (50 mg liter�1 of 5-bromo-4-chloro-3-indolyl-�-D-glucuronic acid
[X-Gluc], 2 g liter�1 of SDS, 20% methanol, 20 mM sodium phosphate
buffer, pH 7.0) in vacuo for 30 min and incubated at 30°C overnight. GUS
expression was observed under a stereoscopic microscope (SZX12; Olym-
pus Corporation, Tokyo, Japan). For stem nodule observation, the cul-
tured cells of gusA-tagged S58 were adjusted to an optical density of 1.0 at
660 nm with sterilized water. The cells were carefully painted onto the
stem of A. indica by using a sterilized brush (ZBS1-8; Pentel Co., Ltd.,
Tokyo, Japan) 14 days after transplanting. The sectioning, GUS staining,
and stereomicroscopic observation of the stem nodules (27 DAI) were
performed as described above.

TEM observation. Root nodules of A. indica inoculated with S58 (33
DAI) were cut into 1-mm3 cubes and fixed with 1% glutaraldehyde in 100
mM sodium phosphate buffer (pH 7.0) overnight, postfixed in 5%
osmium tetroxide for 1 h at room temperature, dehydrated in a graded
acetone series (60% to 100%), and embedded in resin consisting of 6.6 g
Epon 812 (TAAB Laboratories Equipment Ltd., Aldermaston, England), 3
g dodecenyl succinic anhydride, 4 g methyl nadic anhydride, and 0.17 g
2,4,6-tri(dimethylaminomethyl)phenol. Ultrathin sections were pre-
pared by using a microtome and mounted on collodion carbon-coated
copper grids. The sections were examined with a transmission electron
microscope (TEM) (JEOL 1210; JEOL Ltd., Tokyo, Japan).

Rice inoculation experiments. Seeds of Oryza sativa cv. Nipponbare
were surface sterilized with 70% ethanol for 1 min, immersed in 2.4%
(wt/vol) sodium hypochlorite solution for 15 min, and then rinsed three
times with sterilized distilled water (for 15 min each time). The seeds were
transferred onto sterile 0.8% water agar plates and germinated overnight
at 30°C in the dark. Two-day-old seedlings were aseptically transferred to
perforated 1.5-ml microtubes (131-415C; Watson Co., Ltd., Tokyo, Ja-
pan) hanging at the liquid surface in 27-ml glass test tubes (TEST18NP;
Asahi Glass Co., Ltd.) containing 25 ml of nitrogen-free nutrient solution
(29) inoculated with gusA-tagged S58 (final concentration, 109 cells
ml�1). The seedlings were grown for 12 days in a growth chamber
(Biotron LH-300) at 25°C under conditions of a 16-h/8-h light/dark cycle.
Root samples were GUS stained and observed as described above.

Nucleotide sequence accession number. The complete nucleotide se-
quence of A. oligotrophica S58 was submitted to DDBJ under accession
number AP012603.

RESULTS AND DISCUSSION
Phylogeny of strain S58. To examine the phylogenetic relation-
ships between S58 and other members of the Bradyrhizobiaceae
(Table 1), a phylogenetic tree was constructed based on 16S rRNA
sequences (Fig. 1A). Two copies of the 16S rRNA gene in S58 were
clustered within a group of photosynthetic bradyrhizobia, includ-
ing ORS278 and BTAi1, which are A. indica symbionts (Fig. 1A).
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To increase the phylogenetic resolution, the ITS region was also
analyzed (Fig. 1B). Again, two copies of the S58 ITS region were
clustered with those of photosynthetic bradyrhizobia, separately
from those of Bradyrhizobium japonicum strains. These results
suggest that the S58 genome may resemble the genomes of the A.
indica symbionts ORS278 and BTAi1.

Photosynthetic genes of strain S58. A. oligotrophica S58 pro-

duced pink pigmentation on HM agar medium, suggesting that it
is a photosynthetic bacterium. Southern hybridization was per-
formed using pufBALM of Rhodopseudomonas palustris CGA009
as a probe (Table 1). pufBALM encodes light-harvesting com-
plexes (pufBA) and a reaction center (pufLM). Hybridization signals
were detected in S58 (lane 9), ORS278 (lane 11), and BTAi1 (lane 12)
(see Fig. S2 in the supplemental material). Other bradyrhizobial

FIG 1 Phylogenetic relationships of Agromonas oligotrophica S58 and other members of the Bradyrhizobiaceae determined on the basis of 16S rRNA gene
sequences (A) and internal transcribed spacer sequences (B). For all trees, Mesorhizobium loti MAFF303099 was used as an outgroup. Numbers at the nodes are
the percentages of 1,000 bootstrap replications supporting that partition. Branches corresponding to partitions reproduced in less than 50% of the bootstrap
replicates are not shown. Isolation sources are shown following strain names. Positive and negative data representing Nod factor-independent nodulation on A.
indica are marked with (�) and (�), respectively. Bradyrhizobium sp. S23321 isolates from soil lacked symbiosis (sym) island-containing nodABC genes and do
not nodulate soybean (Glycine max) and sitratro (13), whereas B. japonicum USDA110 with symbiosis islands nodulates soybean and siratro in a Nod factor-
dependent manner (13, 31). Abbreviations: PB, photosynthetic Bradyrhizobium clade; BJ, Bradyrhizobium japonicum clade. Although both soil-dwelling A.
oligotrophica S58 (PB) and Bradyrhizobium sp. S23321 (BJ) lacked symbiosis islands, S58 (PB) exclusively nodulates A. indica in a NF-independent manner.
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strains, including B. japonicum, did not show pufBALM hybridization
signals. These results suggest that strain S58 has photosynthetic genes,
and prompted us to determine the genome sequence of S58.

General descriptions of the S58 genome. The complete ge-
nome determination of A. oligotrophica S58 showed a single cir-
cular chromosome of 8,264,165 bp with an average GC content of
65.1% (Table 2). The S58 genome contained two copies of the
rRNA gene cluster, located at the coordinates 3,187,406 to
3,193,035 and 7,415,855 to 7,421,479. Fifty-one tRNA genes, cor-
responding to all 20 of the standard amino acids, are scattered
throughout the S58 genome. In total, 7,228 protein-coding genes
were predicted by using MetaGeneAnnotator software (26). A GC
skew analysis was performed to predict the locations of the origin
and terminator of DNA replication (30). Shifts of the GC skew

were observed in two regions of the genome, at coordinates 0.2
Mb and 4.4 Mb (Fig. 2, innermost circle). The putative replication
origin, determined by comparison with the genome ORS278, is
about 1,000 bp upstream from dnaA. The conserved sequence
pattern required to convert a dimer chromosome to a monomer
after aberrant DNA duplication led to the designation of dif (31).
The genome sequence of S58 revealed that dif is located at coor-
dinates 4,414,012 to 4,413,986, near one side of a GC skew shift
(Fig. 2). It is likely that DNA replication terminates in this region.

Comparative genomics among S58, ORS278, and BTAi1. The
number of protein-coding genes and the chromosome size of the
S58 genome were similar to those of BTAi1 and larger than those
of ORS278 (Table 2). A dot plot analysis comparing the S58 ge-
nome with those of ORS278 and BTAi1 showed high levels of
similarity overall, although many genomic rearrangements were
observed (see Fig. S3 in the supplemental material). A BiBlast
comparison, performed to compare the gene contents among the
three strains, revealed that 5,015 genes (48.6%) are conserved
among all three strains (Fig. 3); in the case of S58, 69.4% of its
genes (5,015/7,228) are conserved among the three strains. These
results indicate that the S58 genome is very similar to the genomes
of ORS278 and BTAi1.

Nodulation and symbiotic genes of the S58 genome. Saito et
al. (32) reported that strain S58 does not possess nodABC and does
not nodulate siratro (Macroptililium atropurpureum). nodA, nodB,
and nodC encode N-acyltransferase (EC 2.3.1), chitooligosaccharide

TABLE 2 Features of the genomes of Agromonas oligotrophica S58 and
two closely related bradyrhizobial strains, ORS278 and BTAi1

Strain

Value(s)

S58 ORS278 BTAi1

Genome size (bp) 8,264,165 7,456,587 8,493,515
G�C content (%) 65.1 65.5 64.9
No. of rRNA genes 2 2 2
No. of tRNA genes 51 50 52
No. of protein-coding genes 7,228 6,752 7,729
No. of plasmids (size in bp) 0 0 1 (228,826)

FIG 2 Circular view of whole-genome alignments of the chromosome of Agromonas oligotrophica S58. The outermost circle and the second circle show the
positions of the putative protein-coding genes in clockwise and counterclockwise directions, respectively. The third and fourth circles from the outside represent
BLASTn comparisons with Bradyrhizobium sp. BTAi1 (red) and Bradyrhizobium sp. ORS278 (green), respectively (E-value � 10�10). The innermost and
second-innermost circles show the GC (guanine-cytosine) skew (green and purple) and the GC content (black), respectively. The GC skew circle shows the
deviation from the average GC content of the entire sequence (higher-than-average GC content is shown in green; lower-than-average GC content is shown in
purple). The marking inside the innermost circle represents genome positions in megabases. The positions of the putative replication origin, putative replication
terminus, nitrogen fixation genes, and photosynthetic genes are shown outside the outermost circle. T3SS, type III secretion system.
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deacetylase (EC 3.5.1), and N-acetylglucosaminyltransferase (EC
2.4.1), respectively. These three enzymes are required for synthesis of
the basic backbone of lipochitooligosaccharides (Nod factors), which
induce rhizobial infection and nodule organogenesis in compatible
leguminous plants (33). BLAST analysis revealed that the S58 ge-
nome lacks nodABC genes, although it possesses homologous genes
corresponding to low levels of amino acid identity (23% to 31%) (see
Table S2 in the supplemental material). Several protein-coding genes
on the S58 genome showed high similarity to nodGMNPQ (67 to
97%) (see Table S2 in the supplemental material). The S58 genome
also possesses nodD1 (S58_55840), which has 69% similarity to that
of USDA110 but which is not found in the ORS278 and BTAi1 ge-
nomes. Aeschynomene indica symbionts ORS278 and BTAi1 lacking
nodABC genes should have symbiotic mechanisms other than Nod
factors to interact with their host legumes. A large-scale transposon
mutagenesis study of strain ORS278 identified 29 ndv genes that,
when mutated, resulted in severely impaired nodule development by
ORS278 (7, 9). Unexpectedly, the BiBlast comparison revealed that
most of the ndv genes (27 of the 29 genes in ORS278), including
purine biosynthesis genes (34), are conserved in the S58 genome (see
Table S3 in the supplemental material).

Nitrogen fixation gene cluster. The nitrogen fixation cluster
(fixR, nifA, sufBCDSE, nifHDKENX, nifHV, and fixABC) was
highly conserved among the S58, ORS278, and BTAi1 genomes
(see Fig. S4 in the supplemental material). In a previous mutagen-
esis study, 87 genes in ORS278 were identified as important for
symbiotic nitrogen fixation (7, 9). The BLASTp comparison anal-
yses revealed that the S58 genome conserves 84 of the 87 genes,
including genes for nitrogenase, nif gene regulation, electron
transfers, and central energy metabolisms. The S58 genome lacks
only cbbL2 (Calvin-Benson-Bassham L2) (BRADO2274) and the
genes coding for a putative ABC transporter (BRADO3096) and a
hypothetical protein (BRADO6923) (see Table S4 in the supple-
mental material). ORS278 houses two RubisCO (ribulose 1,5-bi-
sphosphate carboxylase/oxygenase) clusters called RubisCO 1
and 2 and encoded by cbbL1 and cbbS1 (BRADO1659 and
BRADO1660) and cbbL2 and cbbS2 (BRADO2274 and
BRADO2275), respectively, whereas S58 houses only one
RubisCO cluster (S58_58780 to S58_58840), which shows a high
level of similarity to RubisCO 1 on the ORS278 genome (see Fig.

S5 in the supplemental material). Gourion et al. (35) reported that
only cbbL1 is expressed in the nodules formed with ORS278.

Photosynthetic gene cluster. The photosynthetic gene cluster
of A. oligotrophica S58 was also compared with the clusters of R.
palustris CGH009 and Bradyrhizobium sp. ORS278, BTAi1, and
S23321 (see Fig. S6 in the supplemental material). Photosynthetic
gene clusters were highly conserved among S58, ORS278, and
BTAi1. Although pufBALM genes were conserved between S58
and CGH009, as indicated by the Southern hybridization result
(see Fig. S2 in the supplemental material), the similarity between
S58 and CGH009 was not as high as the similarities among S58,
ORS278, and BTAi1 (see Fig. S6 in the supplemental material).
Photosynthesis is considered to play an important role in the for-
mation of stem nodules (36). It has been proposed that during the
early steps of symbiosis, the energy provided by the photosyn-
thetic apparatus facilitates ex planta survival and infectivity,
whereas during the later steps this energy can be used by the bac-
teria to fix nitrogen (36).

The genome comparison results presented above showed that
almost all important genes for nodulation, symbiotic nitrogen fix-
ation, and photosynthesis are well conserved among S58, ORS278,
and BTAi1, raising the possibility that S58 forms stem and root
nodules on A. indica.

Nodulation test of S58 on A. indica. We originally expected
that A. oligotrophica S58 would be one of the nonsymbiotic bra-
dyrhizobia on A. indica, because nonsymbiotic rhizobia are com-
mon in soil environments (13–16). However, as reported above,
most genes important for nodule development, symbiotic nitro-
gen fixation, and photosynthesis are highly conserved among the
genomes of S58, ORS278, and BTAi1, which prompted us to con-
duct a nodulation experiment with strain S58 on A. indica. When
seedlings of A. indica were inoculated with A. oligotrophica S58,
apparent nodules were induced on the root and stem (Fig. 4A and
D). To verify that the nodules were induced by S58, DsRed- and
gusA-tagged S58 cells were constructed (Table 1) and used to
inoculate A. indica. The labeled S58 cells were observed in the
infected zones of root (Fig. 4B) and stem (Fig. 4E) nodules, dem-
onstrating that the nodules were induced by A. oligotrophica S58.

As in the case of ORS278 (37), infection of A. indica (cross-
inoculation [CI] group 3) with strain S58 was intercellular and
occurred via the epidermal fissures generated by the emergence of
lateral roots (Fig. 4F). TEM analysis of mature nodules induced by
S58 (33 DAI) showed that the S58 bacteroid is spherical and en-
closed by a peribacteroid membrane that originates from the
plasma membrane of the host plant (black arrowheads in Fig. 4C).
Electron-transparent areas, which were most probably poly-�-
hydroxybutyrate granules, were also observed in the bacteroid
(white arrowheads in Fig. 4C). These features are similar to those
of nodules induced by Achynomene nodule isolate ORS278 (37).

Nitrogen fixation by A. indica inoculated with strain S58 was
evident by the increased fresh weight of whole plants grown in a
nitrogen-free nutrient solution compared with that of uninocu-
lated controls (P � 0.01) (Fig. 5A and B). The symbiotic response
of S58 appeared to be similar to that of ORS278 and superior to
that of BTAi1 (Fig. 5A and B). Although S58 was isolated from
paddy field soil, it showed a high level of symbiotic nitrogen fixa-
tion on A. indica.

Nodulation tests of other soil isolates close to strain S58. To
examine whether other A. oligotrophica strains are, like strain S58,
capable of symbiotic nitrogen fixation, A. indica plants were inoc-

FIG 3 Comparative genomics analysis among Agromonas oligotrophica S58,
Bradyrhizobium sp. ORS278, and Bradyrhizobium sp. BTAi1. Each genome is
represented by a circle, and the numbers of shared and unique genes are shown
by the overlapping and nonoverlapping parts of the circles. The proportion of
total genes represented by each area of the diagram is shown in parentheses.
The total number of genes in each genome is shown in square brackets.
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ulated with A. oligotrophica strains S42, S55, S72, and S80 (Fig. 1),
all of which were isolated from paddy field soil (Table 1). Surpris-
ingly, all tested strains formed effective nodules on the roots of A.
indica (Fig. 5C), and the fresh weights of the host plants were
significantly increased by the inoculation (P � 0.01) (Fig. 5A and
B). Symbiotic nitrogen fixation occurred in A. indica inoculated
with each of the five strains of A. oligotrophica, because the growth
of the inoculated plants under nitrogen-free conditions signifi-
cantly increased compared with that of uninoculated plants (Fig.
5A and B).

Type III secretion system. To form functional nodules, some
rhizobia utilize a type III secretion system to transport bacterial
effector proteins into the cytoplasm of target eukaryotic cells (38).
In B. japonicum, the rhc genes that encode core components of a
type III secretion systems are found on a symbiotic island (11, 31).
There were homologous genes in the S58 genome showing low
(less than 60%) levels of amino acid identity (see Table S5 in the
supplemental material); these genes were probably acquired by
lateral gene transfer, because the GC content of this region of the
S58 genome is lower (Fig. 3). However, it is unclear whether these
genes play important roles in the infection of A. indica, because
they are absent in the genomes of ORS278, BTAi1, and other
strains lacking the nod genes (39).

Inoculation test of strain S58 on rice plant. The colonization
ability of strain S58 on rice was surveyed, because Kennedy (5)
reported that A. oligotrophica was abundant in rice roots. A gusA-
tagged S58 mutant was inoculated into a rice plant, Oryza sativa L.
cv. Nipponbare, to test the ability of strain S58 to form colonies in
and on the tissues of rice roots. S58 cells had colonized the root
surface and intercellular spaces by 8 DAI (Fig. 6). These results

FIG 5 Experiments using inoculation into Aeschynomene indica performed
with Agromonas oligotrophica S58, Bradyrhizobium sp. ORS278, Bradyrhizo-
bium sp. BTAi1, and other soil isolates (A. oligotrophica S42, S55, S72, and S80)
(31 DAI). Plants were grown under nitrogen-free conditions. (A) Photographs
showing plant phenotypes. (B) Whole-plant fresh weights determined from
three replicates. Statistical significance was calculated with Student’s t test for
differences between inoculated and uninoculated plant results. *, P � 0.05; **,
P � 0.01. (C) Photographs showing root nodules. non, uninoculated controls.

FIG 4 Aeschynomene indica nodules induced by Agromonas oligotrophica S58. (A) Root nodules observed with a stereomicroscope (41 days after inoculation [DAI]). (B)
Confocal microscopic three-dimensional (3D) image showing a cross section of a root nodule (16 DAI). The emission signal was collected on two channels: channel 1
(555 to 700 nm) was used to visualize the DsRed emission, and channel 2 (410 to 550 nm) was used for visualization of the plant tissue. (C) Transmission electron
microscopy image showing infected cells in a root nodule (33 DAI). Black and white arrowheads show peribacteroid membranes and poly-�-hydroxybutylate granules,
respectively. (D) Stem nodule observed with a stereomicroscope (27 DAI). (E) Light microscopy image of gusA-tagged S58 cells (blue) in stem nodule (27 DAI). (F) Root
systems at 14 DAI. At the sites of emergence of lateral roots, the intense blue coloration reveals dense S58 colonization of the cracks, observed by stereomicroscopy.
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suggest an endophytic life style of A. oligotrophica S58 in rice roots
in paddy fields as well as endosymbiosis with A. indica roots.

Evolutionary and ecological considerations. The establish-
ment of symbiosis between legumes and nitrogen-fixing (brady)-
rhizobial bacteria generally starts with the exchange of chemical
signals, that is, flavonoids and Nod factors, between the partners
(33). In this symbiotic system, the sets of bacterial gene clusters for
symbiosis (e.g., nod and nif) are located on a symbiotic plasmid or
in a horizontally acquired chromosomal region (symbiosis island)
(11, 12, 31). Therefore, the transfer of symbiotic gene clusters is
generally considered to turn nonrhizobia into rhizobia (i.e., non-
rhizobial strains that acquire a symbiotic gene cluster become rhi-
zobia) (10, 13). However, our results suggest that a similar transfer
may not have occurred in the case of NF-independent symbiosis
with A. indica.

Both soil-dwelling A. oligotrophica S58 and Bradyrhizobium sp.
S23321 (13) lacked a typical symbiosis island. However, A. olig-
otrophica S58 in a photosynthetic Bradyrhizobium (PB) clade ex-
clusively nodulates A. indica in a NF-independent manner (Fig.
1). In addition, van Berkum et al. (40, 41) reported that LMG
8443, which is the type strain of Bradyrhizobium denitrificans (PB
clade in Fig. 1) and was isolated from lake water in Germany, has
the ability to form nodules on A. indica. These facts strongly sug-
gest that NF-independent symbiosis with A. indica is a common
characteristic of most (maybe all) strains within this taxonomic
group (PB clade), a finding that is apparently inconsistent with the
observation that rhizobia and nonrhizobia are intermixed in the
same taxonomic group.

As for the life style of PB clade members, it is interesting that
nonleguminous rice plants accommodated A. oligotrophica S58 in
the root tissues (Fig. 6). In this regard, A. oligotrophica decom-
poses aromatic compounds, including ferulic acid, p-coumaric
acid, and p-anisic acid (1, 5, 42). In particular, ferulic acid is abun-
dant in rice straw and its decayed products as lignin-related phe-
nolics, which A. oligotrophica is able to catabolize (42). Living and
dead tissues of rice plants might support the survival of PB clade
members in the soil environments of paddy fields.

The present study results present an interesting issue with re-
gard to how soil-dwelling A. oligotrophica strains generally possess
the ability to induce effective nodules on A. indica. One possible
explanation is that key molecules for NF-independent symbiosis
play important roles in the maintenance of some basic cellular

function in A. oligotrophica. In this regard, bradyrhizobial purine
derivatives, such as cytokinin, might play a key role in triggering
nodule formation (10).

Taxonomy. NF-independent symbiosis with A. indica is a
shared characteristic of most PB clade members, including
Agromonas oligotrophica (Bradyrhizobium oligotrophicum), Bra-
dyrhizobium denitrificans LMG 8443T, and Bradyrhizobium sp.
ORS278 and BTAi1. In addition, these members have photosyn-
thetic genes, and (at least Agromonas oligotrophica and Bradyrhi-
zobium denitrificans) propagate by budding (1, 40, 41, 43). The
present study revealed that the S58 genome shows an overall high
level of similarity to the genomes of ORS278 and BTAi1 (see Fig.
S3 in the supplemental material). Elucidation of the taxonomy of
Bradyrhizobium species is in a state of flux so far. Ramírez-Bahena
et al. reported that experiments employing DNA-DNA hybridiza-
tion between A. oligotrophica S58 and B. denitrificans LMG 8443T

showed DNA-DNA relatedness as low as 46% (3), indicating that
strain S58 belongs to a species different from B. denitrificans. The
NF-independent symbiosis, cell division, and genome structure
within the genus Bradyrhizobium may become crucial traits from
a taxonomic point of view in the future.
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