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Abstract A study on the diversity, phylogeny, and host
specificity of soybean (Glycine max L.) and peanut (Arachis
hypogaea L.) bradyrhizobia was conducted based on the 16S
ribosomal RNA (rRNA) restriction fragment length poly-
morphisms (RFLPs), 16S rRNA sequencing, and 16S–23S
rRNA intergenetic spacer (IGS) RFLP assays. Based on 16S
rRNA RFLP assay, tested bradyrhizobia were divided into
five genotypes, which could be further clustered into five
groups by IGS RFLP assays. According to the 16S rRNA
sequencing, strains of IGS-II, IV, and V were phylogeneti-
cally related to Bradyrhizobium liaoningense, Bradyrhi-
zobium japonicum, and Bradyrhizobium elkanii, while
strains of IGS-Ic and IGS-III related to Bradyrhizobium
yuanmingense and Bradyrhizobium canariense, respectively.
All isolates could crossly nodulate Phaseolus vulgaris,
forming small white nodules. Strains of IGS-II originally
isolated from peanut could efficiently nodulate Glycine soja,
and two strains isolated from soybean could also nodulate
peanut.
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Introduction

Soybean (Glycine max L.) and peanut (Arachis hypogaea L.)
are broadly cultivated in many countries and play important
roles in the sustainable agriculture and local economy.
Associated with legume host, rhizobia is indispensable in
biological nitrogen fixation. Although fast-growing rhizobia
have been discovered, slow-growing bradyrhizobia are
predominant population in soybean and peanut rhizobia.
Strains of bradyrhizobia have miscellaneous host specificity
and outstanding ecological adaptability because they not
only inhabit in soil and rhizosphere but also can inhabit
aquatic ecosystems and nodulating Aeschynomene species
(So et al. 1994; Willems et al. 2000). They can nodulate
legumes, nonlegume Parasponia andersonii as the nitrogen
fixation endosymbionts (Barrera et al. 1997; Vinuesa et al.
1998; Pueppke and Broughton 1999; Han et al. 2005), or
even in rice as the endophytic bacteria (Chaintreuil et al.
2000).

Until present, six bradyrhizobia species have been
identified (Jordan 1982; Kuykendall et al. 1992; Xu et al.
1995; Yao et al. 2002; Rivas et al. 2004; Vinuesa et al.
2005). Among them, Bradyrhizobium japonicum, Bradyr-
hizobium elkanii, and Bradyrhizobium liaoningense have
been originally isolated from soybean. Recent investiga-
tions on soybean bradyrhizobia isolated from America (van
Berkum and Fuhrmann 2000; de Fátima Loureiro et al.
2007), tropical Africa (Abaidoo et al. 2000), Japan,
Southeast Asia (Sameshima et al. 2003), and China (Yang
et al. 2006) have demonstrated that they are more diverse
than the three species mentioned above. Reported rhizobia
nodulating on peanut are all slow-growing bradyrhizobia
and described as Bradyrhizobium spp. until now. However,
whereas some peanut bradyrhizobia have been identified,
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others are still uncharacterized (van Rossum et al. 1995;
Urtz and Elkan 1996; Zhang et al. 1999; Yang et al. 2005).

China is the origin center of soybean, and peanut is also
cultivated since more than 500 years ago. Studies on
soybean and bradyrhizobia from cropping zones of China
revealed that they hold rich diversity. B. japonicum, B.
liaoningense, and B. elkanii were identified but the
dominant groups of the isolates from typical geographical
regions were phylogenetically divergent from identified
species, and their taxonomy statues are not clear (Yang et
al. 2005, 2006). Moreover, considering the promiscuous
hosts of bradyrhizobia and the similar ecological niches in
which soybean and peanut are cultivated, it could be
speculated that there is a certain phylogenic connection
existing between each other. Systematic analysis can clarify
the taxonomy of bradyrhizobia and the groups. In addition,
the bradyrhizobia collected could be potentially used as
bacterial inoculants for the cultivation of soybean and
peanut (Anandham et al. 2007).

For this reason, we have conducted a study on
diversity, phylogeny, and host specificity of soybean and
peanut bradyrhizobia isolated from different geographical
regions of China by using restriction fragment length
polymorphisms (RFLP) analysis of 16S and 16S–23S
ribosomal RNA (rRNA), internally transcribed spacer
polymerase chain reaction (PCR)–RFLP, and 16S rRNA
sequencing.

Materials and methods

Bacterial strains and DNA extraction

Plant sample collection and rhizobia isolation were con-
ducted mainly according to the procedures described by
Vincent (1970). Plants were collected from 12 long-time
soybean and peanut cropping regions, Dedu (E 126.17, N
48.50), Baoqin (E 132.17, N 46.33), Zhengzhou (E 113.42,
N 34.44), Shijiazhuang (E 114.28, N 38.02), Guangxi
(E 108. 20, N 22.48), Wuming (E 108.27, N 23.17),
Hongan (E 114.61, N 31.29), Jingzou (E 112.17, N 30.16),
Henan (E 113.42, N 34.44), Anhiu (E 117.27, N 31.86),
Wuchang (E 114.33, N 30.35), and Shandong (E 117.00, N
36.38). Root nodules randomly picked up from plants were
surface sterilized in 2% sodium hypochlorite, crushed, and
streaked on yeast extract mannitol agar medium plates.
Individual isolates were established from a single colony.
The nodulation capacity of isolated strains was confirmed
by plant nodulation test on their original cultivar. Twenty-
four slow-growing strains from soybean and 23 from
peanut were randomly selected for the analysis described
below. The strains were tested and their geographical
origins are listed in Table 1.

Strains cultured in yeast extract mannitol liquid medium
at 28°C for 48h were harvested. The pellets were washed
twice with Tris–ethylenediaminetetraacetic acid (EDTA)
buffer (Tris 10mM, EDTA 1mM, NaCl 50mM, pH 8.0) and
then total DNA was extracted by the hexadecyltrimethyl
ammonium bromide method (Wilson et al. 1989).

PCR–RFLP of 16S rRNA gene

Primers fD1 (5′-CCCGGGATCCAAGCTTAAGGAGGT
GATCCAGCC-3′) and rD1 (5′-CCGAATTCGTCGACAA
CAGAGTTTGATCCTGGCTCAG-3′) corresponding to
16S rRNA gene positions 8–27 and 1524–1540 of
Escherichia coli, respectively, were used for PCR amplifi-
cation using Thermocycler controller (M J Research Inc.)
with the following procedure: 94°C 4min for initial
denaturation, 32 cycles of 94°C 1min, 56°C 1min, and
72°C 2min, 72°C 6min for the last prolongation. One-
hundred-microliter volume contained 1 × buffer, 2.5mM
MgCl2, 0.2mM deoxyribonucleotide triphosphate, primer
fD1 0.5μM, primer rD1 0.5μM, 2U Taq DNA polymerase,
and 20ng total DNA as template. Five units of restriction
endonucleases, DdeI, HaeIII, HhaI, HinfI, MspI, and RsaI
(Promega) were used separately to digest 100-ng PCR
product separately. The restriction fingerprints were
recorded by Gel Image System (Kodak, Inc.) after
separating the DNA fragments on 3% (w/v) agarose gels
at 80–85mV for approximately 2.5h.

16S rRNA gene sequencing and evolutionary analysis

PCR products of 16S rRNA gene of representative strains
were purified and cloned into the pGEM-T vector
(Promega). T7 promoter primer (5′-TAA TAC GAC TCA
CTA TAG GG-3′), SP6 promoter primer (5′-CAT ACG
ATT TAG GTG ACA CTA TAG-3′), and a series of
medium primers were used to sequence the double strands
of 16S rRNA gene by ABI3730 DNA sequence analyzer.

The sequences were aligned using the Clustal W
Multiple Alignment program of BioEdit Sequence Align-
ment Editor Software package (North Carolina State
University). Aligned sequences were analyzed using the
Molecular Evolutionary Genetics Analysis 2 software,
version 2.1, which was further used to produce bootstrap
dendrogram reflecting the distance between test repre-
sentatives and reference strains by neighbor-joining
method according to the model of Kimura (1980) 2-
parameter.

16S–23S rRNA IGS PCR–RFLP

Primer of pHr (5′-TGCGGCTGGATCACCTCCTT-3′)
corresponding to positions 1518–1541 of 16S rRNA gene
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Table 1 Strains used in this study

Strains Host plant Geographical origin 16S rRNA genotypea Accession No. IGS genotype

DD1, DD2 Glycine max Dedu, Northeast China IV ND 21
DD3 Glycine max Dedu, Northeast China IV AY996780 21
BQ1, BQ2 Glycine max Baoqin, Northeast China IV ND 22
BQ3 Glycine max Baoqin, Northeast China IV DQ133343 22
HYK1, HYK2 Glycine max Huyuankou, North China IV ND 23
SJZD1 Glycine max Shijiazhuang, North China I ND 8
SJZD2 Glycine max Shijiazhuang, North China IV ND 23
SJZD3 Glycine max Shijiazhuang, North China IV ND 24
GX1, GX2 Glycine max Guangxi, South China I ND 8
GX3 Glycine max Guangxi, South China I ND 6
GXD1 Glycine max Guangxi, South China I DQ133341 6
GXD2 Glycine max Guangxi, South China I ND 7
WM1 Glycine max Wuming, South China I ND 7
WM2 Glycine max Wuming, South China I ND 8
HAS4, HAS6 Glycine max Hongan, Central China I ND 26
HAS2 Glycine max Hongan, Central China VII ND 27
HAS7 Glycine max Hongan, Central China VII ND 28
HAS5 Glycine max Hongan, Central China VII AY996781 28
JZ1 Arachis hypogaea Jingzou, Hubei, China I AF530465 1
JZ2 Arachis hypogaea Jingzou, Hubei, China I ND 5
JZ3 Arachis hypogaea Jingzou, Hubei, China I ND 2
JZ4 Arachis hypogaea Jingzou, Hubei, China I ND 1
HN2 Arachis hypogaea Henan, North China I ND 4
AH3 Arachis hypogaea Anhiu, East China I ND 3
HA1 Arachis hypogaea Hongan, Central China II AF530468 19
HA2, HA3 Arachis hypogaea Hongan, Central China II ND 19
HA4 Arachis hypogaea Hongan, Central China II ND 20
HN1 Arachis hypogaea Henan, North China V ND 9
HN3, HN4 Arachis hypogaea Henan, North China V ND 10
AH1 Arachis hypogaea Anhiu, East China V ND 11
AH2 Arachis hypogaea Anhiu, East China V ND 12
AH4 Arachis hypogaea Anhiu, East China V ND 13
WC1, WC2 Arachis hypogaea Wuchang, Hubei, China V ND 14
WC3 Arachis hypogaea Wuchang, Hubei, China V ND 15
WC4 Arachis hypogaea Wuchang, Hubei, China V AF530466 16
SD1 Arachis hypogaea Shandong, North China V ND 17
SD4, SD6 Arachis hypogaea Shandong, North China V ND 18
SD5 Arachis hypogaea Shandong, North China V AF530467 18
Bradyrhizobium japonicum ND
USDA6T Glycine max Japan III U69638 25
USDA110 Glycine max US I Z35330 25
USDA122 Glycine max US I AF208503 25
Bradyrhizobium elkanii
USDA76T Glycine max US VII U35000 29
USDA46 Glycine max US VII AF293379 29
USDA86 Glycine max US VII AF208516 30
Bradyrhizobium liaoningense
2281T Glycine max China I AF208513 ND
Bradyrhizobium yuanmingense
CCBAU10071T Lespedeza China VI AF193818 ND
Bradyrhizobium betae
PL7HG1T Beta vulgaris Spain ND AY372184 ND
Bradyrhizobium canariense
BTA-1T Papilionoideae Morocco ND AY577427 ND
Rhizobium etli
CFN42T Phaseolus vulgaris Mexico ND ND
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and p23SRO1 (5′-GGCTGCTTCTAAGCCAAC-3′)
corresponding to positions 1069–1052 of 23S rRNA gene
of E. coli were used for PCR amplification. PCR was
carried out in a 100-μl reaction volume and the amplifica-
tion procedure was as described previously (Deya et al.
1995). An aliquot of 100-ng PCR products were digested
with 5U restriction endonucleases, HaeIII, HhaI, HinfI, and
MspI (Promega) in each reaction. The RFLP patterns were
recorded as described above.

Clustering analysis

The band patterns of RFLP fingerprints were converted
into a two-dimensional binary matrix through a binary
scoring system (1 for the presence of a band and 0 for the
absence). Then, the similarity of strains tested was
evaluated by simple matching coefficient. With the
assistance of the NTSYS software package (Applied
Biostatistic Inc.), a dendrogram was constructed from the
distance matrix by the means of Unweighted Pair Group
Method with Arithmetic mean (UPGMA) algorithm, and
the Mantel test (Mantel 1967) was also conducted for
linear correlation between geographic origin and genetic
distance.

Host specificity test

Seeds of Glycine soja, A. hypogaea, Phaseolus vulgaris,
and Vicia sativa were surface sterilized in a 2% sodium
hypochlorite solution for 3min and washed with sterile
water six times. After germination, three seedlings were
transplanted into Leonard jars with vermiculite–perlite
substrate and nitrogen-free low-nutrient solution for nodu-
lation assays. Suspensions of strains tested were inoculated
into the plant roots, respectively. B. japonicum USDA6, B.
elkanii USDA76, Rhizobium leguminosarum USDA2370,
and Rhizobium etli CFN42 were used as the control. Plants
were grown in greenhouse for 28 days. The symbiotic
efficiency of the nodules was estimated from the pink color
of nodules and significant differences in plant growth
compared with the control plants.

Results

16S rRNA PCR–RFLP patterns

A dendrogram was generated based on the combined 16S
rRNA restriction patterns by UPGMA algorithm (Fig. 1).

Table 1 (continued)

Strains Host plant Geographical origin 16S rRNA genotypea Accession No. IGS genotype

Rhizobium leguminosarum
USDA2370T Phaseolus vulgaris US ND ND
Sinorhizobium fredii
USDA205T Glycine max China ND ND

ND Not determined
a The 16S rRNA genotypes represent combination of restriction patterns obtained from the endonucleases used.

Fig. 1 Dendrogram generated
from the 16S rRNA RFLP
patterns of soybean isolates and
reference bradyrhizobia grouped
by UPGMA. Parenthesized are
the numbers of strain having the
same 16S rRNA genotype
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Strains tested and reference strains were clustered into
seven genotypes (Table 1). Genotype I consisted of GXD1
isolated from soybean, JZ1 isolated from peanut, B.
japonicum, and B. liaoningense. Strains of genotype II
was solely isolated from peanut (HA1) in Hongan, China.
B. japonicum USDA110 was solely clustered into genotype
III. Soybean strain (BQ3 and DD3) isolated from North and
Northeast China clustered into genotype IV. The RFLP
patterns showed that this group was genetically different
from B. japonicum, B. liaoningense, and B. elkanii.
Genotype V comprised strains isolated from peanut (SD5
and WC4) and clustered with Bradyrhizobium yuanmin-
gense CCBAU10071, which belongs to genotype VI. Three
strains isolate from soybean (HAS5) and B. elkanii belongs
to genotype VII.

Distance analysis

A bootstrap phylogenetic dendrogram was generated by
neighbor-joining method (Fig. 2). With high confidence,
the representative strains and the reference strains were
divided into five groups. Strains JZ1 and GXD1 clustered
with B. liaoningense 2281. Similar with 16S rRNA RFLP,
strain WC4 and SD5 isolated from peanut clustered with B.
yuanmingense. Strain BQ3 and DD3 were clustered with

Bradyrhizobium canariense. Strain HA1 clustered with B.
japonicum USDA110 and USDA122. It was noticed that B.
japonicum and B. liaoningense sharing the same genotype
in 16S rRNA RFLP were divided into two groups in this
assay, thus reflecting the difference of the two procedures
on the resolution capacity. HAS5 from soybean was
clustered with the reference strains of B. elkanii.

16S–23S rRNA IGS PCR–RFLP

The 16S–23S rRNA intergenetic spacer (IGS) region
contained the intergenetic space between 16S rRNA and
23S rRNA and 1-kb size of the 5′-end sequence of 23S
rRNA. All strains tested produced a single band ranging
from 1,900 to 1,950bps, which could be partially explained
by the varying of the conserved block region in the IGS
region.

Tested strains were clustered into five groups by
considering 80% of similarity. Strains represented by JZ1
and GXD1 was separately clustered into IGS-Ia and IGS-Ib,
and strains represented by WC4 and SD5 were clustered
into IGS-Ic. Peanut strains from Hongan were solely
clustered into IGS-II, while soybean strains from same
region were clustered into IGS-IV and IGS-V. BQ3 and
DD3 were clustered into IGS-III (Fig. 3).

Fig. 2 Phylogenetic relationship between the representatives of
isolated bradyrhizobia and reference strains of Bradyrhizobium based
on aligned sequences of 16S rRNA. Kimura-2 distances were derived
from a distance matrix to construct an optimal unrooted tree using the

neighbor-joining method. Bootstrap values, expressed as a percentage
of 1,000 replications, are given at the branching. Numbers in
parentheses are the accession numbers of the sequences used. Open
line box indicate the clusters with the similarity higher than 99%
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Plant specificity test

Beside nodulating their original host, all isolates could
nodulate P. vulgaris, forming small white nodules, which
did not show nitrogen fixation. The IGS-II strains originally
isolated from peanut could efficiently nodulate G. soja,

which further demonstrated that this group was related to B.
japonicum and B. liaoningense originally isolated from
soybean (Table 2). Two IGS-Ia strains isolated from peanut
could also nodulate soybean, and two strains isolated from
soybean could also nodulate peanut. The cross nodulation
capacity between these groups reflected their tightly

Fig. 3 Dendrogram generated
from the 16S–23S IGS RFLP
patterns of the soybean bradyr-
hizobia and the references
grouped by UPGMA. The open
line indicates the 80% similarity

Table 2 Host specificity of soybean and peanut isolates clustered by IGS RFLP

Host IGS-Ia (na=6) IGS-Ib (n=8) IGS-Ic (n=14) IGS-II (n=4) IGS-III (n=10) IGS-IV (n=5) IGS-V (n=6)

G. soja +(2)b +c − + + + +
A. hypogaea + +(2) + + − − −
P. vulgaris + + + + + + +
V. sativa − − − − − − −

a The number of studied strains.
b Numerical value in parentheses is the number of the strain with positive reaction.
c “+”, all strains are nodulated, “−”, all strains are non-nodulated.
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phylogenic relationship. However, IGS-III, IV, and V
strains did not show the cross nodulation capacity between
their original hosts.

Discussion

Diversity and phylogeny of soybean and peanut
bradyrhizobia

As a heterogeneous group, bradyrhizobia is always
undergoing differentiation. In this study, tested rhizobia
isolated from 13 geographical regions could be divided
into five groups. Some strains isolated from peanut and
soybean and reference strains of B. japonicum and B.
liaoningense form a complex group. Several of them have
the cross nodulation capacity. Further assays by 16S rRNA
gene sequencing and IGS RFLP showed that this group
could be further divided into three subgroups. In addition,
these data suggest that the main bradyrhizobia population
in China is divergent from the population in Japan and
North America; a similar phenomenon was also found in
strains isolated from other regions (Abaidoo et al. 2000;
Sameshima et al. 2003).

Group III consisted of strains isolated from soybean in
North and Northeast China. Four assays coincidently
revealed that this group was phylogenetically divergent
from other soybean rhizobia groups. Phylogeny analysis
based on the 16S rRNA gene sequencing revealed that this
group was phylogenetically related to B. canariense, which
originally isolated from endemic genistoid legumes and was
regarded as sister species of B. japonicum. Strains in Group
IV were isolated from peanut. Phylogenetical analysis
revealed that this group was related to B. yuanmingense
isolated from Lespedeza.

Relationship between host plant and rhizobia

The establishment of the nodulation and nitrogen fixation
is a complicated interaction or “dialogue” between rhizobia
and legume plants. Among these procedures, the molecular
recognition between rhizobia and host plants is a critical
step in determining the host range of rhizobia (Freiberg et
al. 1997; Perry et al. 2007). Some strains showed strict
bacterial host specificity such as Mesorhizobium huakuii,
which can only nodulate the legume species Astragalus
sinicus (Cheng et al. 2006), while some rhizobia repre-
sented by strain NGR234 can nodulate a very broad host
range including nonlegume Parasponia (Pueppke and
Broughton 1999).

In this study, the cross nodulation of strains from
soybean and peanut was observed. Strains from Hongan,
China can crossly nodulate peanut and G. soja clustered

into a solo group. 16S rRNA sequencing assay revealed
that this group is still related to B. japonicum.

In addition, the predominant peanut bradyrhizobia are
related to B. yuanmingense, which is isolated from
Lespedeza. Recent study found that strains isolated from
lima bean (Phaseolus lunatus) in Peru and strains isolated
from the genus Pachyrhizus are related to B. yuanmingense
(Rodríguez-Navarro et al. 2004; Ormeño-Orrillo et al.
2006).

Relationship between the biodiversity and geographical
origin

Geographical origin is another important factor in affecting
the composition and biodiversity of indigenous rhizobia.
Strains restricted to an ecological niche generally hold
special phenotypic and genetic characteristics and delineat-
ed according to their geographical origins (Xu et al. 1995;
Vinuesa et al. 2005). The results of Mantel test between
genetic distance generated from IGS RFLP patterns and
geographical distance (r=0.612, P=0.297) indicated they
are directly related. The geographical delimitation of
rhizobia was distinctly displayed by strains isolated from
Hongan in Central China, a watershed between the humid
subtropical climate and inner-land climate. All peanut
strains isolated from this region clustered into a solo group.

Soybean bradyrhizobia mainly isolated from North and
Northeast China are related to B. canariense, which was
initially isolated from Canary Island, Morocco (Vinuesa et
al. 2005). Bradyrhizobia related to this species were
isolated from a variety of legumes such as yellow serradella
(Ornithopus compressus), lupins, and serrada in Italy,
Western Australia, and South Africa (Stepkowski et al.
2005; Safronova et al. 2007). This study first reported that
the main group of soybean bradyrhizobia in the cropping
zone of North and Northeast China was related to B.
canariense.

Soybean and peanut bradyrhizobia are not only impor-
tant rhizosphere bacteria for the plant growth and sustain-
able agriculture but also an indispensable link in rhizobia
phylogeny. The comparative study has resolved the
diversity and phylogeny status of bradyrhizobia in main
geographical regions of China. The results of this study
may be useful and be compared with those involving
bradyrhizobia isolated from other geographical regions of
the world. The strains collected may be the potential
resource for the production of inoculants to be used for
increasing yields of peanut and soybean.
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