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The genus Bradyrhizobium has been considered to be a taxonomically difficult group. In this study, phylogenetics and evolution-
ary genetics analyses were used to investigate divergence levels among Bradyrhizobium strains nodulating soybeans in China.
Eleven genospecies were identified by sequence analysis of three phylogenetic and taxonomic markers (SMc00019, thrA, and
truA). This was also supported by analyses of eight genes outside the symbiosis island (“off-island” genes; SMc00019, thrA, truA,
fabB, glyA, phyR, exoN, and hsfA). However, seven genes inside the symbiosis island (“island” genes; nifA, nifH, nodC, nodV,
fixA, trpD, and rhcC2) showed contrasting lower levels of nucleotide diversity and recombination rates than did off-island genes.
Island genes had significantly incongruent gene phylogenies compared to the species tree. Four phylogenetic clusters were ob-
served in island genes, and the epidemic cluster IV (harbored by Bradyrhizobium japonicum, Bradyrhizobium diazoefficiens,
Bradyrhizobium huanghuaihaiense, Bradyrhizobium liaoningense, Bradyrhizobium daqingense, Bradyrhizobium sp. I, Brady-
rhizobium sp. III, and Bradyrhizobium sp. IV) was not found in Bradyrhizobium yuanmingense, Bradyrhizobium sp. II, or Bra-
dyrhizobium elkanii. The gene flow level of island genes among genospecies is discussed in the context of the divergence level of
off-island genes.

Soybeans (Glycine max L.) were first domesticated in China and
then introduced into different parts of the planet (1), now with

an annual harvest area of 100 million hectares around the world
(FAO, 2011). Ninety percent of their production comes from the
United States, Brazil, Argentina, China, and India (FAO, 2007 to
2011). One of the key features of soybean is its ability to form
symbiotic nitrogen-fixing nodules with diverse rhizobial species
(2, 3), implying its important role in sustainable agriculture. It has
been recurrently reported that Bradyrhizobium japonicum, Brady-
rhizobium elkanii, Bradyrhizobium liaoningense, Bradyrhizobium
yuanmingense, and Sinorhizobium fredii could nodulate soybeans
(2–5). Recently, Bradyrhizobium huanghuaihaiense, Bradyrhizo-
bium daqingense, Sinorhizobium sojae, and several unnamed spe-
cies were also found to be effective microsymbionts of soybeans
(2, 3, 6–8). Strain USDA110 represents a widely distributed type
formerly known as B. japonicum Ia, but it has recently been pro-
posed as a member of the new species Bradyrhizobium diazoeffi-
ciens (9).

Recent studies not only suggested differences in the biogeo-
graphic distribution of rhizobial species nodulating soybeans but
also demonstrated a biased selection of rhizobial species by differ-
ent genotypes of soybeans (2, 4, 10, 11). Consistent with these
findings, comparative genomics of rhizobia revealed that the phyl-
etic distribution of rhizobial functional genes involved in environ-
mental adaptations and symbiotic interactions generally agrees
with the phylogeny of rhizobial species (7). Therefore, it is impor-
tant to distinguish different rhizobial species and even subdivi-
sions of each species. The genus Bradyrhizobium has been consid-
ered to be a taxonomically difficult group (12, 13). In contrast to
the highly conserved rrs sequences in Bradyrhizobium, sequence
analyses of housekeeping genes (atpD, recA, glnII, gyrB, rpoB,

dnaK, etc.) have been found to be very useful in this scenario,
especially when these genes were concatenated (5, 6, 8, 14–16).
Although the phylogeny of the concatenated housekeeping genes
was usually considered to represent the species tree, these house-
keeping loci showed high rates of intergenic recombination and a
limited gap between interspecies and intraspecies sequence simi-
larities (15, 16). Recent developments in rhizobial genomics al-
lowed us to construct a well-resolved, reliable species tree for rhi-
zobia (7, 17). Then, three core genes, SMc00019, truA, and thrA,
both alone and in combination, were found to be able to produce
phylogenies supporting this predetermined species tree (17).
Moreover, these core genes provide a gap of 2% for intraspecies/
interspecies average nucleotide identity (ANI) for rhizobia, in-
cluding Bradyrhizobium (17), implying their potential role as use-
ful markers in taxonomy, phylogeny, and population genetics. In
most studies on the phylogenetics and evolutionary genetics of
housekeeping genes in Bradyrhizobium, no symbiosis genes were
analyzed, or only nifH and/or nodC on the symbiosis island (5,
14–16, 18). On the other hand, studies on the evolution of nodu-
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lation and nitrogen fixation genes were mainly focused on phylo-
genetics of these symbiosis genes (19–21).

In this study, we aimed at providing high-resolution delinea-
tions and evolutionary genetics analyses of Bradyrhizobium strains
nodulating soybeans in China by studying seven genes (nifA, nifH,
nodC, nodV, fixA, trpD, and rhcC2) on the symbiosis island (“is-
land” genes) and eight “off-island” genes (SMc00019, thrA, truA,
fabB, glyA, phyR, exoN, and hsfA) (17, 22–32). Strains were as-
signed to genospecies based on the phylogeny and ANI values of
core genes SMc00019, truA, and thrA. Molecular diversity, mini-
mum recombination events, the topology of phylogenetic trees,
and the levels of divergence and gene flow were compared between
island genes and off-island genes.

MATERIALS AND METHODS
Bacterial strains. The 272 Bradyrhizobium strains used in this study (see
Table S1 and Fig. S1 in the supplemental material) were previously col-
lected from soybean nodules in four ecoregions of China (South China,
Huanghuaihai, Northeast China, and Xinjiang) (2, 3, 6, 8, 10, 33). These
strains were grown in TY medium at 28°C.

Primers, PCR amplifications, and sequencing. Total template DNA
was extracted from each isolate using the GUTC method described by
Terefework et al. (34). The PCR amplification of core genes SMc00019,
truA, and thrA was performed with the procedure of Zhang et al. (17). The
other 12 tested genes have been documented earlier (22–25, 28, 30, 31,
35–37) and were selected by considering their locations in the B. diazoef-
ficiens USDA110 genome (Fig. 1). Briefly, rhcC2, trpD, fixA, nifA, nifH,
nodV, and nodC are located within the symbiosis island, and hsfA, exoN,

phyR, glyA, and fabB are outside the symbiosis island (Fig. 1). These 12
genes were amplified using primers designed in this study (see Table S2 in
the supplemental material). All PCR products were commercially se-
quenced by BGI, China.

Phylogenetic analyses. Neighbor-joining trees were reconstructed
using MEGA 5 (38). PHYML software (39) in combination with
MODELTEST 3.7 (40) was used to build maximum likelihood (ML)
trees. Moreover, the Shimodaira-Hasegawa (SH) test (41) was per-
formed to investigate the global phylogenetic congruence of trees in-
ferred from different sets of sequence partitions as implemented in
PAUP (42).

Nucleotide polymorphism. DNASP V5 (43) was used to investigate
nucleotide polymorphisms of test genes by calculating statistics as follows:
the number of haplotypes (h), defined as sequence types (ST) for each
gene and for the concatenated data, and the haplotype diversity (Hd) (44);
the nucleotide diversity, �, defined as the average number of nucleotide
differences per site between two sequences (44); and �S, the nucleotide
diversity for synonymous substitutions (dS), and �N, the nucleotide di-
versity for nonsynonymous substitutions (dN) (45).

Evolutionary genetics analyses. The program CLUSTAL W inte-
grated in MEGA 5 was used to align sequences (38). The “No. of differ-
ences” method integrated in MEGA 5 was used for calculating the pairwise
distance between sequences of a single gene, from which ANI values were
obtained using Excel (17). Dxy, the average nucleotide divergence be-
tween groups, and Nm, the number of migrants, were estimated by using
DNASP (43, 44, 46). Minimal recombination events (Rm) at each locus or
for the concatenated sequences were calculated and compared with the
values expected under coalescence simulations based on 1,000 genealogy
replications with DNASP (43, 47). CLONALFRAME was used to calculate
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FIG 1 Locations of the genes used in this study on the genome of Bradyrhizobium diazoefficiens USDA110.

Zhang et al.

3182 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


�/� (the relative frequency of the occurrence of recombination compared
with point mutation in the history of the lineage) and r/m (the relative
impact of recombination compared with point mutation in the genetic
diversification of the lineage) as described earlier (48, 49).

Nucleotide sequence accession numbers. The 1,336 nucleotide se-
quences obtained in this study were deposited in the GenBank database
under accession numbers KF472331 to KF473463, KJ551550 to KJ551556,
KF988139 to KF988159, and KF988162 to KF988336 (Table 1).

RESULTS AND DISCUSSION
Eleven genospecies of Bradyrhizobium nodulate soybeans in
China. China is considered to be the domestication center of
soybeans and harbors the highest known diversity of rhizobia
nodulating soybeans (1–6, 8, 10, 18, 33). However, only a few
strains of this rhizobial germplasm were included in an earlier
evolutionary genetics study of Bradyrhizobium nodulating soy-
beans (5). In this study, 272 strains from our earlier studies of
soybean rhizobia in four ecoregions of China (see Fig. S1 and
Table S1 in the supplemental material) and type strains of related
Bradyrhizobium species were subjected to sequence analyses of
thrA, a useful phylogenetic and taxonomic marker for rhizobia
(17). Based on an intraspecies boundary of 96% ANI (17), and
phylogenetic relationships among strains, 9 genospecies were
identified: B. japonicum (50 strains), B. diazoefficiens (46 strains),
B. elkanii (12 strains), B. yuanmingense (27 strains), B. liaonin-
gense (31 strains), B. daqingense (26 strains), B. huanghuaihaiense
(32 strains), Bradyrhizobium sp. I (1 strain), and Bradyrhizobium
sp. III (41 strains). For strains with identical thrA sequences, rep-
resentatives were selected for sequencing the other 14 test genes by
considering their geographic origin. Finally, the PCR products of
15 tested loci were successfully obtained for 76 out of 81 represen-
tative strains. Therefore, these 76 strains were used in further anal-
yses (see Table S3 in the supplemental material).

In the ANI analysis of the SMc00019-truA-thrA concatenate,
72/76 test strains were grouped into the same nine species ac-
cording to the 96% intraspecies boundary (17). They are B.
japonicum (containing 22 isolates), B. diazoefficiens (11 isolates),
B. daqingense (3 isolates), B. elkanii (10 isolates), B. huang-
huaihaiense (3 isolates), B. liaoningense (4 isolates), B. yuanmin-
gense (10 isolates), Bradyrhizobium sp. III (8 isolates), and Brady-
rhizobium sp. I (CCBAU 43298). CCBAU 33098, 33099, and

33109 showed a maximum ANI value of 95.6% with the other test
genospecies in the SMc00019-truA-thrA concatenate and were
consequently considered distinct and named Bradyrhizobium sp.
II. CCBAU 25537 had a maximum ANI value of 93.8% with the
other genospecies and was named Bradyrhizobium sp. IV. The
assignments to the known Bradyrhizobium species were also sup-
ported by the well-resolved maximum likelihood tree of the
SMc00019-truA-thrA concatenate for the tested strains and related
type strains of the corresponding Bradyrhizobium species (see Fig.
S2 in the supplemental material), as well as that of all the off-island
core genes (Fig. 2a). Out of the 76 strains, 66 were classified into
the same species as described in previous studies (2, 3, 10, 33).
Eight out of 10 of the strains with a discrepancy in species assign-
ment had previously been classified using only restriction frag-
ment length polymorphism of the 16S-23S rRNA gene intergenic
spacer region (IGS-RFLP) or BOX-A1R primer-based repetitive
extragenic palindromic PCR (BOX-PCR) clustering. In an earlier
study (3), CCBAU 05716 might have been improperly classified
into B. japonicum considering its relatively low similarity values
with other species in atpD-glnII-recA sequences (�93.4%).
CCBAU 33109 was previously identified as B. yuanmingense based
on its sequence similarity values of atpD (97.8%), glnII (95.8%),
and recA (97.1%) with the type strain CCBAU 10071T of B. yuan-
mingense (10) but was defined as Bradyrhizobium sp. II in this
study by using SMc00019-truA-thrA sequences (ANI �95.64%
with other species). So, the sequence-based classification has a
great advantage over electrophoresis patterns in terms of data
sharing and reinvestigations. Among these Bradyrhizobium spe-
cies nodulating soybeans, B. japonicum, B. diazoefficiens, and B.
elkanii were widely distributed around the world, whereas B. lia-
oningense, B. daqingense, and B. huanghuaihaiense were so far
mainly reported in Asia (2–6, 8–10, 18, 33, 50). Although B. yu-
anmingense nodulating various legumes has been found in several
continents, the biovar nodulating soybeans has so far been found
only in Asia (2, 3, 5, 50). The observed high diversity of soybean-
nodulating Bradyrhizobium in Asia is consistent with the presence
of wild soybeans and the long history of soybean cultivation in this
region (51, 52).

Molecular diversity of island and off-island genes. In contrast
to some strains such as BTAi1 and ORS278, which use a Nod-

TABLE 1 Accession numbers of sequences obtained in this study

Gene Accession numbers Gene function Reference

SMc00019 KF473160–KF473235 Conserved hypothetical protein 17
truA KF473388–KF473463 tRNA pseudouridine synthase A 17
thrA KF473236–KF473311, KF988139–KF988159,

KF988162–KF988336
Homoserine dehydrogenase 17

hsfA KF472552–KF472627 Host-specific nitrogen fixation 22
exoN KF472331–KF472406 UTP-glucose-1-phosphate uridylyltransferase 65
phyR KF473008–KF473083 Two-component response regulator 23
glyA KF472476–KF472551 Glycine hydroxymethyltransferase 24
fabB KF472856–KF472931 Beta-ketoacyl acyl carrier protein synthase 27
rhcC2 KF473084–KF473159 Type III secretion system component 32
trpD KF473312–KF473387 Anthranilate phosphoribosyltransferase 55
fixA KF472407–KF472475, KJ551550–KJ551556 Electron transfer flavoprotein FixA 25
nifA KF472628–KF472703 Transcriptional regulator for nitrogen fixation genes 28
nifH KF472704–KF472779 Nitrogenase Fe protein 25
nodV KF472932–KF473007 Two-component regulator 30
nodC KF472780–KF472855 N-Acetylglucosaminyltransferase 29
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Model selected: GTR+I+G
Gamma shape: 0.9987
Proportion of invariant: 0.5535
Rate parameters:
A <-> C: 1.2168;
A <-> G: 5.3554;
A <-> T: 1.1352;
C <-> G: 2.9799;
C <-> T: 9.5761;
G <-> T: 1.0000;
Nucleotide frequencies:
f(A): 0.1739;
f(C): 0.3596;
f(G): 0.3206;
f(T): 0.1459;

Model selected: GTR+I+G
Gamma shape: 0.5506
Proportion of invariant: 0
Rate parameters:
A <-> C: 1.2480;
A <-> G: 3.7040;
A <-> T: 0.9198;
C <-> G: 1.5954;
C <-> T: 4.2931;
G <-> T: 1.0000;
Nucleotide frequencies:
f(A): 0.2029;
f(C): 0.2841;
f(G): 0.3045;
f(T): 0.2085;

Bradyrhizobium sp. I

Bradyrhizobium sp. IV

FIG 2 ML tree of off-island genes (a) and island genes (b). Off-island genes: SMc00019, truA, thrA, hsfA, exoN, phyR, glyA, and fabB. Island genes: nifA, nifH,
nodC, nodV, fixA, rhcC2, and trpD. In panel b, cluster III includes B. yuanmingense and B. daqingense CCBAU 15772, and cluster IV contains the remaining species
except B. elkanii and Bradyrhizobium sp. II. Scale bars indicate 4% substitutions per site.

Zhang et al.

3184 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


independent pathway to form a symbiosis with Aeschynomene
species (53), most Bradyrhizobium strains use the Nod-dependent
strategy and are characterized by the genomic feature that key
symbiotic functions are encoded by genes localized in a symbiosis
island region (26, 27). However, our understanding of the diver-
sity of genes in this island is limited to nifH, nifD, and several
nod/nol/noe genes, such as nodA, nodC, nodY, nodK, nodZ, nolL,
and noeI (14, 18–20, 54). In this study, island genes nifA, nifH,
nodC, nodV, fixA, rhcC2, and trpD were sequenced (25, 28–31, 55).
As shown in Table 2, the lowest and highest � values are 0.05006
and 0.09329 for nifH and nifA, respectively. This could be partially
explained by the large difference between their corresponding �N

values (0.0038 for nifH and 0.0617 for nifA) rather than by �S

(0.22459 for nifH and 0.22395 for nifA). In line with this observa-
tion, regulation mechanisms of nitrogen fixation differ in diverse
diazotrophs (56). Moreover, GAF domains of different NifA pro-
teins have a role in regulating NifA activity and seem to have a
diverse role in various diazotrophs (56). Therefore, in contrast to
the highly conserved nitrogenase component protein NifH, non-
synonymous changes of the regulator gene nifA could be under a
different level of selection pressure. Values of �N/�S (dN/dS) for
nifA (0.275) and trpD (0.319) are above 0.25, whereas the values
for the other test genes are below this boundary, with the value of
nifH being the lowest (0.017). This further suggested stronger pu-
rifying selection acting on nifH than on nifA. Since the off-island
copy of trpD has been shown to be essential for tryptophan bio-
synthesis (57, 58), the sequenced island copy of trpD in this study
might have been subject to relaxed negative selection for new
functionalization.

Compared to off-island genes SMc00019, truA, thrA, hsfA,
exoN, phyR, glyA, and fabB (17, 22–24), those island genes showed
significantly lower average values of h (t test, P � 0.0001), Hd (P �
0.0002), and �S (P � 0.0027) but no significant differences in � or

�N (t test, � � 0.05). To avoid the potential effect of the variations
among different species on the estimation of the statistics of mo-
lecular diversity, off-island and island genes within each species
were also compared. Five species with more than eight strains were
analyzed here: B. japonicum (22 strains), B. diazoefficiens (11
strains), B. yuanmingense (10 strains), Bradyrhizobium sp. III (8
strains), and B. elkanii (10 strains). As shown in Table 3, � of
off-island genes ranges from 0.00499 to 0.01993. In line with ear-
lier studies on soybean rhizobia from Myanmar, India, Nepal,
Vietnam, and eastern North America (5, 18), B. diazoefficiens (� �
0.00669) was found to be among the species with a relatively low
level of diversity. Moreover, island genes showed obviously lower
�, �S, and �N than off-island genes in all these five species. In-
triguingly, the ratio between off-island � and island � varies from
2.46 in B. yuanmingense, through 3.46 in Bradyrhizobium sp. III,
8.92 in B. diazoefficiens, and 24.91 in B. japonicum, to 332.6 in B.
elkanii. Similar off-island/island ratios were found for �S and �N.
Since off-island nucleotide diversity in B. elkanii (� � 0.01663) is
comparable to that of B. japonicum (� � 0.01794) and B. yuan-
mingense (� � 0.01993), and clearly higher than that of B. diazoef-
ficiens (� � 0.00669) and Bradyrhizobium sp. III (� � 0.00499),
the extremely low diversity of island genes in B. elkanii is unlikely
to be caused by sampling bias. Instead, these observations suggest
a distinct evolutionary history of island genes in B. elkanii. The
overall lower diversity of island genes than of off-island genes for
soybean Bradyrhizobium might be due to the selection pressure
from the legume host. However, different legume genera/species
may select island sequence variants, and this would lead to a
higher diversity of island genes than of off-island genes, as re-
ported for Bradyrhizobium sampled from 14 legume genera (54).

In addition to point mutation, recombination is also a source
of genetic diversity (59). Recent evolutionary genetics studies have
shown that recombination could make a contribution compara-

TABLE 2 Molecular diversity for genetic markers

Gene (length, bp) No. of seg. sitesa h/Hdb �c �S
d �N

e

Off-island genes
SMc00019 (367) 108 25/0.952 0.08583 0.29780 0.03567
truA (512) 185 29/0.962 0.10237 0.33936 0.04514
thrA (479) 147 32/0.966 0.08754 0.35149 0.01980
hsfA (437) 138 28/0.956 0.08583 0.26083 0.04514
exoN (571) 150 34/0.969 0.06925 0.22485 0.03087
phyR (422) 109 29/0.957 0.07090 0.29060 0.01183
glyA (631) 160 32/0.969 0.06666 0.23850 0.02106
fabB (572) 195 31/0.968 0.10664 0.36170 0.04172
Avg 149 30/0.962 0.08437 0.29564 0.03140

Island genes
rhcC2 (598) 159 15/0.762 0.08314 0.26753 0.0335
trpD (622) 204 19/0.831 0.08242 0.18165 0.05786
fixA (579) 147 11/0.678 0.07184 0.20960 0.03068
nifA (585) 186 14/0.586 0.09329 0.22395 0.06165
nifH (620) 115 13/0.659 0.05006 0.22459 0.00380
nodV (647) 145 10/0.627 0.06514 0.20456 0.02974
nodC (568) 132 9/0.555 0.05746 0.18179 0.02090
Avg 155 13/0.671 0.07190 0.21338 0.03401

a seg. sites, segregating sites.
b Haplotype number (h) and haplotype diversity (Hd).
c �, average number of nucleotide differences per site between two sequences.
d �S, nucleotide diversity for synonymous substitutions (dS).
e �N, nucleotide diversity for nonsynonymous substitutions (dN).
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ble to or greater than that of mutation in creating diversity of
rhizobia (7, 18, 49). This phenomenon was further supported, in
this study, by the r/m values of 1.12 � 0.03 (average � standard
error of the mean [SEM]) and 1.65 � 0.13 for off-island and island
genes, respectively. However, �/� was 0.096 � 0.009 (average �
SEM) for island genes, which is less than half of the value for
off-island genes (�/� � 0.21 � 0.005), indicating a lower fre-
quency of recombination in island genes than in off-island genes.
This is consistent with the significantly lower average number of
recombination events (Rm) per island gene (Rm � 13.7) than the
comparable figure for off-island genes (Rm � 30.5; t test, P �
0.00015; see Table S4 in the supplemental material). When we
look at the Rm values for B. japonicum, B. diazoefficiens, B. yuan-
mingense, Bradyrhizobium sp. III, or B. elkanii (Table 4), Rm cal-
culated with island genes is always lower than that obtained with
off-island genes for the same species. For the off-island genes, the
observed Rm values for B. japonicum, B. yuanmingense, and B.
elkanii lie outside the 95% interval (upper limit) of values ob-
tained with coalescence simulations with an intermediate level of

recombination, which is consistent with high rates of recombina-
tion within each species. B. diazoefficiens and Bradyrhizobium sp.
III showed an intermediate level of recombination compared to
the simulation data. These observed levels of recombination in
off-island genes are comparable to or higher than those reported
earlier for B. japonicum, B. diazoefficiens, B. yuanmingense, and B.
elkanii nodulating soybeans (5). The discrepancy could be due to
either the higher diversity of test strains in this study or different
sets of off-island genes used in the two studies. The Rm values
calculated from the concatenated sequences include those recom-
bination events between loci. Island loci are much closer together
than are off-island loci in this study (Fig. 1), which might lead to
biased estimation of recombination events between loci. To ex-
clude this potential bias on Rm estimation, the sum of intragenic
Rm values for off-island or island genes was calculated for each
species. The resulting values of five species range from 1 to 17 and
0 to 1 for off-island and island genes, respectively. For each spe-
cies, off-island genes always showed a higher level of recombina-
tion than did island genes.

Phylogenetic analysis of off-island and island genes. Molec-
ular diversity analyses imply a different evolutionary history for
island genes than for the off-island genes. This view was further
proved by the results of tree topology comparisons in the maxi-
mum likelihood framework (Table 5). All the gene trees of island
genes (nifA, nifH, nodC, nodV, fixA, rhcC2, and trpD) were signif-
icantly different (P � 0.001) from the species tree based on the
SMc00019-truA-thrA concatenate, whereas no significantly in-
congruent signals could be detected for the gene tree of each off-
island gene compared to the species tree (P 	 0.05). This result is
similar to earlier findings on nifH, nodA, nodC, nodY, nodK, nodZ,
nolL, and noeI (14, 18–20), where Bradyrhizobium formed a
monophyletic clade in the phylogeny of these symbiosis genes but
showed a topology that was incongruent with the reference species
tree. In the well-resolved ML tree of the concatenated off-island
genes (Fig. 2a), 11 genospecies were clearly identified. In contrast,
the tested strains formed only four clusters in the ML tree of island
genes (Fig. 2b), i.e., cluster I (B. elkanii), cluster II (Bradyrhizo-
bium sp. II), cluster III (including B. yuanmingense and B. daqin-
gense CCBAU 15772), and cluster IV, containing the remaining

TABLE 3 Molecular diversity of Bradyrhizobium nodulating soybean

Group (no. of strains) No. of seg. sitesa h/Hdb �c �S
d �N

e

Off-island genes
B. japonicum (22) 247 11/0.862 0.01794 0.06197 0.00299
B. diazoefficiens (11) 79 9/0.964 0.00669 0.02231 0.00140
B. yuanmingense (10) 214 8/0.956 0.01993 0.07080 0.00288
Bradyrhizobium sp. III (8) 44 6/0.929 0.00499 0.01530 0.00154
B. elkanii (10) 136 6/0.844 0.01663 0.05631 0.00322

Island genes
B. japonicum (22) 18 11/0.883 0.00072 0.00182 0.00038
B. diazoefficiens (11) 10 6/0.873 0.00075 0.00176 0.00041
B. yuanmingense (10) 144 8/0.956 0.00810 0.02257 0.00311
Bradyrhizobium sp. III (8) 22 5/0.786 0.00144 0.00180 0.00132
B. elkanii (10) 1 2/0.200 0.00005 0.00018 0

a seg. sites, segregating sites calculated with all genes used in this study.
b Haplotype number (h) and haplotype diversity (Hd).
c �, average number of nucleotide differences per site between two sequences.
d �S, nucleotide diversity for synonymous substitutions (dS).
e �N, nucleotide diversity for nonsynonymous substitutions (dN).

TABLE 4 Recombination within species

Group (no. of strains) Rm

Coalescence simulationa

Rm
avg

95% confidence
interval

P � observed
Rm

Off-island genes
B. japonicum (22) 20 3.44 1, 7 1.00
B. diazoefficiens (11) 6 4.35 1, 8 0.86
B. yuanmingense (10) 22 9.42 3, 16 1.00
Bradyrhizobium sp. III (8) 5 3.27 0, 7 0.89
B. elkanii (10) 5 0.85 0, 3 1.00

Island genes
B. japonicum (22) 0 1.07 0, 3 0.29
B. diazoefficiens (11) 0 0.058 0, 2 0.58
B. yuanmingense (10) 4 0.001 0, 0 1.0
Bradyrhizobium sp. III (8) 1 0.0 0, 0 1.0
B. elkanii (10) 0 0.008 0, 0 0.992

a Neutral coalescence simulations given the number of segregating sites with an
intermediate level of recombination.
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eight genospecies. CCBAU 15772, 15766, and 15773 were isolated
from the same sampling site (see Table S1 in the supplemental
material), but 15766 and 15772 belong to B. daqingense whereas
strain 15773 belongs to B. yuanmingense. Strain 15772 might have

obtained the typical island genes of B. yuanmingense from strain
15773, or vice versa. It was hypothesized that dissemination of
nodulation and nitrogen fixation genes within the Bradyrhizo-
bium lineage mainly occurred through vertical transmission, with
a limited role for lateral gene transfer (19, 20). In this study, the
grouping of strains belonging to cluster I, II, or III in the island
phylogeny (Fig. 2b) closely followed the off-island phylogeny (Fig.
2a). Therefore, in addition to nodulation and nitrogen fixation
genes, other genes (such as fixA, rhcC2, and trpD) in the symbiosis
island may also be mainly disseminated through vertical transmis-
sion in B. elkanii, B. yuanmingense, and Bradyrhizobium sp. II.
However, the epidemic cluster IV of island genes in eight geno-
species might be viewed as a bona fide example of lateral gene
transfer. Moreover, nifA, nifH, nodC, nodV, fixA, rhcC2, and trpD
could be disseminated together, as supported by the similar phy-
logeny among these island genes (data not shown). Congruent
phylogeny among nifH and nodulation genes was also reported in
earlier studies of Bradyrhizobium (19, 20). The transfer of island
genes into certain chromosomal backgrounds has also been ob-
served in Bradyrhizobium strains isolated from other legume gen-
era (54). A similar situation has been found with symbiosis plas-
mids in Rhizobium and Sinorhizobium species (60–62).

Genetic divergence and gene flow. As island genes are consid-
ered to be typical accessory genes, the acquisition of island genes
does not require homology to integrate into the recipient genome
(63, 64). Therefore, the evolutionary fate of such genes may be
only loosely coupled with that of species where they are found
(64). However, in the phylogenetic analyses of this study, the ep-
idemic cluster IV of island genes was not found in B. elkanii, B.
yuanmingense, and Bradyrhizobium sp. II (Fig. 2b). Could the
transmission patterns of island genes be related to the genetic

TABLE 5 SH test of gene phylogeny with the reference phylogeny based
on SMc00019, truA, and thrA

Gene 
ln La Difference in 
ln Lb Pc

Off-island genes
SMc00019 7,374.87 331.96 0.281
truA 7,333.84 290.93 0.314
thrA 7,266.93 224.02 0.373
hsfA 7,600.97 558.07 0.11
exoN 7,477.30 434.40 0.198
phyR 7,699.41 656.50 0.071
glyA 7,459.06 416.15 0.213
fabB 7,658.13 615.22 0.087
All off-island genes 7,111.34 68.48 0.404

Island genes
rhcC2 15,655.20 8,612.30 0.000*
trpD 13,532.42 6,489.51 0.000*
fixA 14,849.94 7,807.03 0.000*
nifA 15,863.37 8,820.46 0.000*
nifH 14,704.16 7,661.25 0.000*
nodV 14,933.56 7,890.65 0.000*
nodC 15,866.32 8,823.41 0.000*
All island genes 12,205.51 5,162.61 0.000*

a 
ln L, negative log-likelihood values correspond to those for the constrained
topology.
b Score differences between unconstrained and constrained trees.
c Significance of difference in 
ln L scores achieved by constrained and unconstrained
trees, as assessed by SH test. *, P � 0.05.

TABLE 6 Genetic divergence and gene flow between populations

Variable and population

Value for populatione:

B. elkanii B. yuanmingense B. japonicum B. diazoefficiens Bradyrhizobium sp. III

Dxya

B. elkanii 0.16470 0.17608 0.17612 0.17626
B. yuanmingense 0.14851 0.11565 0.11572 0.11548
B. japonicum 0.15427 0.08286 0.00083 0.00123
B. diazoefficiens 0.14773 0.08248 0.07296 0.00121
Bradyrhizobium sp. III 0.14737 0.07691 0.07361 0.07496

ANIb

B. elkanii 0.9708/0.9997c 0.8361 0.8245 0.8242 0.8242
B. yuanmingense 0.8551 0.9678/0.9695 0.8859 0.8854 0.8857
B. japonicum 0.8485 0.9202 0.9653/0.9976 1 1
B. diazoefficiens 0.8546 0.9197 0.9431 0.9866/0.9980 0.9997
Bradyrhizobium sp. III 0.8546 0.9260 0.9280 0.9270 0.9906/0.995

Nmd

B. elkanii 0.01 0.00 0.00 0.00
B. yuanmingense 0.07 0.02 0.02 0.02
B. japonicum 0.06 0.15 4.28 4.99
B. diazoefficiens 0.04 0.10 0.10 6.07
Bradyrhizobium sp. III 0.04 0.10 0.09 0.04

a Dxy is the average nucleotide divergence between groups.
b The maximum interspecies ANI values are shown in the upper and lower triangles.
c Minimum intraspecies ANI values (off-island/island) calculated with off-island and island genes, respectively.
d Nm, number of migrants.
e The underlined values were calculated with island genes, and the other values were calculated with off-island genes.
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divergence level of off-island genes? As shown in Table 6 and Table
3, Dxy values (the average nucleotide divergence between geno-
species) are all higher than the within-genospecies divergence (�)
for off-island genes in representative species, including B. elkanii,
B. yuanmingense, B. japonicum, B. diazoefficiens, and Bradyrhizo-
bium sp. III, reflecting genetic differentiation among these geno-
species. However, Dxy values calculated for island genes among B.
japonicum, B. diazoefficiens, and Bradyrhizobium sp. III were sim-
ilar to or lower than � for each genospecies. Notably, the Dxy
values of off-island genes between B. japonicum, B. diazoefficiens,
and Bradyrhizobium sp. III were among the lowest values in this
study. Moreover, those island Dxy values higher than correspond-
ing � values showed a positive linear relationship with off-island
Dxy values (Pearson coefficient � 0.9898, P � 0.0001). When the
off-island Dxy values were lower than 0.075, island Dxy values
dropped dramatically (Table 6). Similarly, a clear gap between
intraspecies and interspecies ANI values could be observed for
those calculated with off-island genes, but no intraspecies/inter-
species ANI gaps of island genes were found among B. japonicum,
B. diazoefficiens, and Bradyrhizobium sp. III (Table 6). The rela-
tionships between island and off-island ANI values were similar to
those between island and off-island Dxy. The high level of Nm
calculated with island genes among three less divergent species in
off-island genes (B. japonicum, B. diazoefficiens, and Bradyrhizo-
bium sp. III) further supported a potential relationship between
the gene flow of island genes and the divergence of off-island genes
(Table 6). Taken together, the different levels of gene flow in island
genes among different genospecies defined by off-island genes
might imply that island genes require the correct off-island back-
ground to function. This view was also supported by earlier phy-
logenetic analyses of nodulation and nitrogen fixation genes in
Bradyrhizobium and the comparative genomics of soybean rhizo-
bia (7, 19, 20). On the other hand, the cooccurrence of these Bra-
dyrhizobium species in sympatry (see Table S3 in the supplemental
material) precludes the potential influence of geographic isolation
on the observed phenomenon.

Conclusions. Based on three useful phylogenetic and taxo-
nomic markers (SMc00019, thrA, and truA), 76 representative
Bradyrhizobium strains nodulating soybean in China were
grouped into 11 genospecies. This was confirmed by analyses of
eight off-island genes (SMc00019, thrA, truA, fabB, glyA, phyR,
exoN, and hsfA). However, island genes (nifA, nifH, nodC, nodV,
fixA, trpD, and rhcC2) showed characteristics contrasting with
those of off-island genes in terms of nucleotide diversity and the
rate of recombination. Variations in related statistics were also
observed between different island genes (such as nifA and nifH) or
between different genospecies. Although phylogenetic analyses
suggested a different evolutionary history of island genes in con-
trast to off-island genes, variations in the gene flow level of island
genes among different genospecies might imply that island genes
require the correct off-island background to function.
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