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Distribution  of  rhizobial  species  is affected  by geographical  isolation  and  selected  by leguminous  hosts,
however,  little is  known  about  the  molecular  evolution  of  rhizobia  nodulating  the  same  legume in dif-
ferent  eco-environments.  In  present  study,  the microevolution  of Bradyrhizobium  associated  with  the
leguminous  grass  Kummerowia  grown  in exurban  areas  and  cultivated  in urban  areas  in  China  was  inves-
tigated.  Total  14  genospecies,  including  seven  new  groups,  were  identified  based  on  a concatenated
sequence  analysis  of  taxonomic  markers  (SMc00019,  truA  and  thrA)  for  94  representative  strains.  Results
demonstrated  that lower  levels  of  nucleotide  diversity  were  found in  the  strains  isolated  from  urban  areas
compared  with  those  isolated  from  exurban  areas,  based  on  the  evolutional  analyses  of  three  house-
keeping  genes  (atpD,  glnII  and  recA),  two  symbiosis-related  genes  (nodC  and  nifH),  and  the  taxonomic
markers.  Moreover,  compared  with  urban  areas,  gene  exchange  and  recombination  occurred  more  fre-
rban segregation quently among  the  genospecies  isolated  from  exurban  areas,  regardless  of  the  geographical  distribution.
Finally,  the evolutionary  lineage  of Bradyrhizobium  strains  isolated  from  urban  areas  was  independent
of  that  of the  strains  isolated  from  exurban  areas.  In summary,  the  evolutionary  history  of Kummerowia
bradyrhizobia  may  have  been  gradually  segregated  to  different  evolutionary  lineages,  irrespective  of
distinct  biogeography.

© 2018  Elsevier  GmbH.  All  rights  reserved.
ntroduction

Kummerowia stipulacea (Korean clover) and Kummerowia stri-
ta (Japanese clover) are legume grasses widely distributed along
he roadside, hillside and lakeside as well as in other exurban
reas habitats in China and other countries [22]. Because of its
igh oestrogenic activity and production of flavonoids, which are
sed for menopausal dysfunction treatment, anti-HIV and antitu-
or  medicine, herbal K. striata has been deliberately cultivated

34,39]. Furthermore, Kummerowia has been grown as a flowering

rass in university campuses in urban areas. Symbiotic nitrogen
xation of Kummerowia with rhizobia plays an important role

n the healthy growth of the plant without the requirement of

∗ Corresponding author.
E-mail address: chenwf@cau.edu.cn (W.  Chen).

ttps://doi.org/10.1016/j.syapm.2018.10.003
723-2020/© 2018 Elsevier GmbH. All rights reserved.
fertilisers. Rhizobial strains of Kummerowia have been recorded
previously [19], and slow-growing strains, such as Bradyrhizobium
spp., are the predominant microsymbionts in China. Some fast-
growing strains grown in the Loess Plateau have been identified
as Sinorhizobium kummerowiae [35,38], whereas some of those
grown in campus lawns have been identified as Rhizobium cauense
[20]. Furthermore, 14 reference strains (Bradyrhizobium diazo-
efficiens, Bradyrhizobium canariense,  Bradyrhizobium japonicum,
Bradyrhizobium betae, Bradyrhizobium huanghuaihaiense,  Bradyrhi-
zobium daqingense,  Bradyrhizobium liaoningense, Bradyrhizobium
yuanmingense, Bradyrhizobium iriomotense, Bradyrhizobium elkanii,
Bradyrhizobium pachyrhizi,  Bradyrhizobium jicamae and Bradyrhi-
zobium lablabi and an outgroup genospecies S. kummerowiae)  have
been employed here to identify the phylogenetic relationship of

these rhizobial strains isolated from nodules on the roots of Kum-
merowia distributed in exurban and urban areas [19].

https://doi.org/10.1016/j.syapm.2018.10.003
http://www.sciencedirect.com/science/journal/07232020
http://www.elsevier.com/locate/syapm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.syapm.2018.10.003&domain=pdf
mailto:chenwf@cau.edu.cn
https://doi.org/10.1016/j.syapm.2018.10.003
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The biodiversity of the rhizobial strains of Kummerowia asso-
iated with biogeographic patterns has also been recently studied
19]; however, the genetic communication underlying their long-
erm evolutionary histories has not yet been elucidated. An
mportant requirement is to systematically distinguish the rhizo-
ial species and also the subdivisions of each species based on
axonomic markers, particularly when multi-genes are concate-
ated. Natural selection and genetic drift based on mutation, gene
ow, rearrangement and recombination of the genome of these
hizobia in the microevolution process could then contribute to
he understanding of the mechanisms of biodiversity generation
nd preservation. Rhizobial strains associated with Kummerowia
solated both from exurban and urban areas in the present study

ight be the best material to explore this microevolutionary mech-
nism. Recent studies have reported that the three taxonomic
arkers SMc00019,  truA and thrA are useful for constructing phy-

ogenetic trees with a gap of 2% for the similarity percentage of
ntraspecies/interspecies average nucleotide identity (ANI). This

ill support the predetermined species, thereby corresponding to
 taxonomy system based on the rhizobial genomes [40]. However,
he three housekeeping genes atpD, glnII and recA, which were often
mployed to differentiate species of rhizobia collected from differ-
nt ecoregions [14,7], have not been previously compared with the
axonomic markers SMc00019,  truA and thrA [30].

Here, evolutionary analyses of Bradyrhizobium strains nodulat-
ng Kummerowia collected from exurban and urban areas in China

ere performed by studying SMc00019,  truA and thrA as taxo-
omic markers, atpD, glnII and recA (three housekeeping genes)
s environmental condition adapters and nodC and nifH (two criti-
al symbiosis-related genes) as host legume selectors. Biodiversity,
enetic divergence, gene flow, recombination and evolutionary
ineages were compared among the Kummerowia bradyrhizobia
solated from exurban and urban areas.

aterials and methods

hizobial strains

A total of 283 rhizobial isolates obtained from the root nodules
f Kummerowia were collected from 28 sites (Supplementary Fig.
1) in south (covering southern, southwest, central and east China,
9 isolates, 6 provinces) and north (covering northern, northeast
nd northwest China, 184 isolates, 2 provinces) [19,8]. Geograph-
cally, these sites can be divided into two segregated ecoregions
orresponding to exurban and urban areas, with 130 isolates and
53 isolates, respectively. These strains were previously preserved

n the Culture Collection of Beijing Agricultural University (CCBAU)
n tryptone-yeast extract medium [27] supplemented with 20%
lycerol. Thirteen reference strains were used to determine the
hylogenetic positions of the following Kummerowia bradyrhizo-
ia: B. betae LMG  21987T, B. canariense BTA-1T, B. daqingense CCBAU
5774T, B. elkanii USDA 76T, B. huanghuaihaiense CCBAU 23303T,
. iriomotense LMG 24129T, B. japonicum USDA 6T, B. diazoeffi-
iens USDA 110T, B. jicamae PAC68T, B. lablabi CCBAU 23086T, B.
iaoningense USDA 3622T, B. pachyrhizi PAC48T and B. yuanmingense
CBAU 10071T. And S. kummerowiae CCBAU 71714T was employed
s an outgroup genospecies to construct the phylogenetic trees. All
hese strains were grown in YMA  medium at 28 ◦C.

ene amplification and sequencing
The total template DNA of these strains was extracted using the
ethod described by Terefework et al. [32]. The primer sequences

nd PCR protocols used for the amplification of SMc00019,  truA,
hrA, atpD, glnII, recA, nodC and nifH have been described previ-
crobiology 42 (2019) 223–231

ously [40,14,41]. The PCR products were purified and commercially
sequenced using an ABI 3730xl sequenator (Beijing, China). All
obtained sequences were manually checked using Chromas Pro
software (V.1.7.6; Technelysium).

Phylogenetic analyses

The nucleotide sequences for all these genes were aligned and
neighbour-joining (NJ) phylogenetic trees were constructed using
CLUSTAL W integrated in MEGA5 [31] with a Kimura 2-parameter
model. Genospecies were identified according to the similarity per-
centage of intraspecies ANI value (>96%) and interspecies ANI value
(<94%) boundaries based on taxonomic markers (SMc00019,  truA
and thrA) for different species [40]. Next, the degree of tree-like
structures for the alleles of each locus and concatenated sequences
were assessed to reveal potentially incompatible signals in the
evolutionary history with split phylogenetic networks (1000 boot-
straps) using the SPLITSTREE 4.0 programme [12]. PHYML [5] was
used in combination with MODELTEST 3.7 [24] for maximum like-
lihood (ML) tree construction, and the Shimodaira–Hasegawa test
[26] was  then performed to assess the topological consistency of
trees inferred from different sets of sequence partitions as imple-
mented in the PAUP* 4.0b1 programme [29]. Recombination effects
observed among these populations during the phylogenetic his-
tory were judged using CLONALFRAME for five independent runs
(500,000 burn-in iterations plus 1,000,000 sampling iterations for
each run) based on three separate concatenated sequences [3].

Nucleotide polymorphism and population genetics analyses

Nucleotide polymorphisms, including the number of haplotypes
(h), haplotype diversity (Hd), nucleotide diversity (�),  number of
synonymous substitutions per synonymous site (�S), number of
non-synonymous substitutions per non-synonymous site (�N) and
�N/�S ratio, were calculated using DNASP v5 software [18,21]. The
average nucleotide divergence (Dxy) and number of migrants (Nm)
were also calculated using DNASP v5 [18,21] to infer the genetic
divergence and gene flow among these populations. Three different
NeighborNet trees were also constructed to analyse the gene flow
and genetic exchange among these rhizobial strains isolated from
different ecoregions based on the taxonomic markers, housekeep-
ing and symbiosis-related genes. CLONALFRAME was employed to
calculate the two  following recombination rate statistics: r/m (the
relative impact of recombination compared with that of the point
mutation in the genetic diversification of the lineage) and �/� (the
relative frequency of the occurrence of recombination compared
with that of the point mutation in the history of the lineage) [3].
The DNASP software was  used to calculate the minimal recombi-
nation events (Rm) for persuasively estimating the recombination
within the populations and between the exurban and urban eco-
logical environments [11]. Admixture levels of the bradyrhizobial
genospecies inherited from the K ‘ancestral’ subpopulations were
estimated using STRUCTURE with the admixture LOCPRIOR model
[10,13].

Nucleotide sequence accession numbers

The 752 nucleotide sequences obtained in this study were
deposited in the GenBank database (accession numbers presented

in Supplementary Table S4). The other remaining 78 nucleotide
sequences of the 13 type strains used in the phylogenetic trees were
directly obtained directly from the GenBank database (Supplemen-
tary Table S5).
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Fig. 1. Neighbor-Joining (NJ) tree constructed based upon the concatenated sequences of three taxonomic markers. Three genes SMc00019,  truA and thrA were used as
t ints. T
e he sc
t le.).

R

P

s

axonomic markers. Bootstrap values greater than 70% are indicated at the branch po
xurban  and urban areas were highlighted with red and blue colours, respectively. T
o  colour in this figure legend, the reader is referred to the web  version of this artic

esults
hylogenies of Bradyrhizobium nodulate Kummerowia in China

A total of 94 representative strains were selected from earlier
tudies of Kummerowia rhizobia (strain information shown in Table
ype (superscript T) strains underlined are used for references. Strains isolated from
ale bar represents 1% nucleotide substitutions. (For interpretation of the references

S1) based on the sequence analyses of the gene thrA, which is one of
the useful phylogenetic and taxonomic markers (not shown). The

topological structures of the NJ and ML  phylogenetic trees showed
no significant difference. In view of the NJ phylogenetic tree, a total
of seven genospecies were identified as B. diazoefficiens (20 strains),
B. japonicum (two strains), B. huanghuaihaiense (one strains), B.
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Fig. 2. Neighbor-Joining (NJ) tree constructed based upon the concatenated sequences of symbiosis-related genes. Two symbiosis-related genes (nodC and nifH) were used.
Bootstrap values greater than 70% are indicated at the branch points. Sou. or Nor. indicates that the strains were isolated from southern or northern ecoregions of China,
r ns iso
r or no
s e read

l
(
i
A
w

espectively. Type (superscript T) strains underlined are used for references. Strai
espectively. Sou. or Nor. indicates that the strains were isolated from southern 

ubstitutions. (For interpretation of the references to colour in this figure legend, th

iaoningense (11 strains), B. yuanmingense (six strains), B. elkanii
four strains) and B. pachyrhizi (three strains), according to the sim-

larity percentage of interspecies (<94%) and intraspecies (>96%)
NI value boundaries. And this values of another seven genospecies
ere identified as new genospecies (designated as Bradyrhizobium
lated from exurban and urban areas were highlighted with red and blue colours,
rthern ecoregions of China, respectively. The scale bar represents 1% nucleotide
er is referred to the web version of this article.).

sp. I–VII). The topological structures of the taxonomic markers
and the housekeeping genes were consistent for most strains,

although very few variations could not be well grouped in their own
genospecies (Fig. 1 and Supplementary Fig. S2). However, the phy-
logenetic tree was  reconstructed for the concatenated sequences
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Table  1
Nucleotide polymorphism for the three kinds of genes in Kummerowia bradyrhizobia.

Area (no. of strains) Length (bp) S Eta h/Hd � �S �N �N /�S

Concatenated taxonomic makers
Exurban (74) 1212 396 512 47/0.977 0.09254 0.34082 0.03668 0.10762
Urban (20) 1212 284 331 10/0.884 0.07103 0.28939 0.02100 0.07257
Nor.  (27) 1212 129 138 5/0.905 0.05198 0.20628 0.01025 0.04969
Sou.  (67) 1212 395 507 43/0.973 0.09496 0.34800 0.03857 0.11083

Concatenated housekeeping genes
Exurban (74) 1371 300 366 50/0.982 0.05494 0.20289 0.01580 0.07787
Urban (20) 1371 183 199 11/0.916 0.03816 0.15589 0.00568 0.03644
Nor.  (27) 1371 83 88 5/0.905 0.03022 0.10819 0.00752 0.06951
Sou.  (67) 1371 300 366 46/0.979 0.05637 0.20834 0.01632 0.07833

Concatenated symbiosis-related genes
Exurban (74) 1083 320 403 24/0.839 0.05702 0.26290 0.00936 0.03560
Urban (20) 1083 217 236 15/0.974 0.02827 0.14134 0.00698 0.04938
Nor.  (27) 1083 2 2 3/0.524 0.00070 0.00278 0 0
Sou.  (67) 1083 320 402 23/0.860 0.06155 0.28488 0.01013 0.03556

N mber of mutations. h, haplotype number; Hd,  haplotype diversity; �, average number of
n  synonymous substitutions; �N , nucleotide diversity for nonsynonymous substitutions.
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Table 2
Genetic divergence (presented as Dxy) and gene flow (presented as Nm) in the
Kummerowia bradyrhizobia from exurban and urban areas.

Genes Dxy Nm

Concatenated taxonomic markers 0.16549c 0.49
Concatenated housekeeping genes 0.08524c 0.6
Concatenated symbiosis-related genes 0.15288d 0.19

Note: Number of gene flow (Nm) and average nucleotide divergence between groups
(Dxy) are shown in the upper and lower triangular of the table.
Statistical difference letter is marked as superscript after each number in the lower
ote: S, segregating sites or number of polymorphic (segregating) sites; Eta, total nu
ucleotide differences per site between two  sequences; �S , nucleotide diversity for

f the symbiotic genes of these strains, which were intermingled
egardless of whether they were isolated from southern or northern
hina (Fig. 2). Interestingly, the strains with low levels of bio-
iversity isolated from urban areas were grouped together and
istributed into three new genospecies, with the exception of strain
. yuanmingense CCBAU 101063. In contrast, high biodiversity was
bserved in strains isolated from exurban areas, which were dis-
ributed into seven previously identified and four new genospecies.

ucleotide diversity inferred from different genes and ecological
nvironments

Nucleotide polymorphisms of the 94 representative strains for
he three kinds of genes (taxonomic markers, housekeeping and
ymbiosis-related genes) were calculated and the various param-
ters are listed in Supplementary Table S3. The sequence type and
aplotype diversity (Hd) of symbiosis-related genes were obviously

ower than those of the other genes. The nucleotide diversity (�)
alues showed little difference among the three taxonomic mark-
rs or housekeeping genes. However, the largest deviation of the

 value (0.11886 for nodC and 0.06646 for nifH) was found for
ymbiosis-related genes (Supplementary Table S3); this was due
o the large difference between their corresponding �N (0.03299
or nodC and 0.00656 for nifH), and not their �S values (0.35672 for
odC and 0.34485 for nifH), as shown in Supplementary Table S3.
n addition, the strains isolated from urban areas had lower �, �N

nd �S values compared with those isolated from exurban areas
or all the test genes (Table 1). And the highest � values were pre-
ented in exurban areas (0.09254) and southern China (0.09496)
or the three taxonomic markers and the lowest � values were pre-
ented in urban areas (0.02827) and northern China (0.00070) for
he symbiosis-related genes (Table 1).

The �N/�S values showed large differences (0.019 for nifH to
.1819 for SMc00019)  for the test genes (Table S3). The �N/�S values
ere higher in exurban than urban areas for the taxonomic markers

nd housekeeping genes; however, the �N/�S values were lower for
he symbiosis-related genes. The �N/�S values were also higher for
trains in southern China than for those in northern China for all
he genes (Table 1).

ene flow and genetic divergence among Bradyrhizobium of

ummerowia in two segregated ecoregions

Genetic exchange and gene flow occurred more frequently
mong 94 representative strains in the NeighborNet trees of the
triangular of the table: b, 0.01 < P < 0.05; c, 0.001 < P < 0.01; d, 0.0001 < P < 0.01; e,
non-significant.

taxonomic markers (Fig. 3a) and symbiosis-related genes (Fig. 3b)
than those of the housekeeping genes (Supplementary Fig. S3). Fur-
thermore, the gene flow among strains isolated both from southern
and northern China was frequent but seldom occurred between the
strains from exurban and urban areas for the three kinds of test
genes (Fig. 3 and S3).

The K value of 4 was chosen for each of the three kinds of
concatenated genes with 100,000 burn-in and 1,000,000 sampling
iterations in STRUCTURE analyses and the strains were passively
arranged in order on the basis of genetic exchange (Fig. 4). Four
lineages (I–IV) showing clear and similar structure patterns were
observed in lineage I and II for the taxonomic markers and house-
keeping genes, and in lineage III and IV for taxonomic markers
and symbiosis-related genes, respectively. In addition, the gene
flow between lineages I and II occurred frequently for the taxo-
nomic markers and housekeeping genes. In contrast, all the isolates
obtained from urban areas were located in one of the lineages that
seldom intermingled with the isolates from exurban areas for all
kinds of genes.

As shown in Tables 2 and 3, the highest genetic distances (Dxy)
were detected and the p-values for the Dxy comparison pairs were
statistically significant (p < 0.05) between exurban and urban areas
for the taxonomic markers, housekeeping and symbiosis-related
genes (0.16549, 0.08524 and 0.15288, respectively) and between
southern and northern China (0.04931 and 0.03823 for the tax-
onomic markers and housekeeping genes, respectively). However,
no significant difference was found for the symbiosis-related genes
(0.03823) between the pairs of isolates obtained from southern
and northern China (p < 0.05). Moreover, the Dxy values between

exurban and urban areas (0.16549, 0.08524 and 0.15288 for the
taxonomic markers, housekeeping and symbiosis-related genes,
respectively) were much higher than the mean � value (0.08179,
0.04655 and 0.04265 for the taxonomic markers, housekeeping
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Fig. 3. The Neighbor-Nets generated using SplitsTree4 with the Hamming distance option. The trees are constructed based on taxonomic markers (a) and symbiosis-related
gene  sequences. (b) Strains isolated from exurban and urban areas were highlighted with red and blue colours, respectively. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web  version of this article.).

Fig. 4. STRUCTURE analyses of Kummerowia-associated Bradyrhizobium populations from different areas. Concatenated taxonomic markers, (a) housekeeping genes (b) and
symbiosis-related genes (c) were analyzed. The inferred ancestries are sequentially designated as I, II, III and IV shown in bars and filled with different grayness or dots. The
horizontal axis represents current Bradyrhizobium individuals (in the same order in all panels), and the bar for each individual is filled according to the inferred proportions
of  single-nucleotide alleles that were derived from each of the ancestry. The vertical axis represents the percentage of the strains. Sou. or Nor. indicates that the strains were
isolated from southern or northern ecoregions of China respectively.
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Table  3
Recombination analysis by DNASP and CLONALFRAME.

Genes Length (bp) Rm r/m �/�

Concatenated taxonomic markers 1212 118 1.39 0.29
Exurban 1212 102 0.72 0.12
Urban 1212 40 0.62 0.07

Concatenated housekeeping genes 1371 93 2.52 0.67
Exurban 1371 85 2.30 0.54
Urban 1371 18 0.39 0.062

Concatenated symbiosis-related genes 1083 82 0.17 0.01
Exurban 1083 61 0.047 0.0029
Urban 1083 10 0.012 0.00017

Note: Rm,  observed minimum number of recombination events; r/m, the relative
impact of recombination compared with that of point mutation in the genetic
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southern and northern China. Furthermore, artificial cultivation
iversification of the lineage; �/�, the relative frequency of the occurrence of recom-
ination compared with that of point mutation in the history of the lineage.

nd symbiosis-related genes, respectively) (Table 2). Nevertheless,
he Dxy values between southern and northern China (0.08296,
.04931 and 0.03823 for the taxonomic markers, housekeeping and
ymbiosis-related genes respectively) were close to the mean �
alues (0.07347, 0.04330 and 0.03113 for the taxonomic markers,
ousekeeping and symbiosis-related genes, respectively; Table S6).

ecombination and evolutionary lineages of Bradyrhizobium of
ummerowia in two segregated ecoregions

A total of 118, 93 and 82 putative recombination events (Rm)
ere inferred for the concatenated taxonomic markers, house-

eeping and symbiosis-related genes, respectively, with DNASP
oftware (Table 3). The symbiosis-related genes had the lower Rm
alue than other genes and lower levels of recombination rates in
volutionary history.

Recombination rates in evolutionary history were further
ssessed by calculating the r/m and �/� ratios using the CLON-
LFRAME programme. Compared with the occurrence of point
utations, the relative frequency of the occurrence of recombina-

ion (�/�) was less than 1.0 for all the test genes in the history of the
ineage (Table 3). However, compared with that of the point muta-
ion (r/m), the relative impact of the recombination was greater
han 1.0 for the taxonomic markers and housekeeping genes but
ot for the symbiosis-related genes. In addition, the Rm,  �/� and
/m values of Kummerowia bradyrhizobia isolated from urban areas
ere much lower than those isolated from exurban areas for all of

he test genes.
Compared with SMc00019, truA and thrA, the topological struc-

ures were significantly incongruent with the phylogeny of the
nferred species for all the test genes except for thrA (p < 0.05), as
evealed by the Shimodaira–Hasegaewa test performed using the
odeltest 3.7 programme integrated in PAUP software (Table S7).

iscussion

Kummerowia, a legume, usually grows wildly in nature; how-
ver, human have recently started cultivating it. Bradyrhizobium
s the main symbiotic species of Kummerowia; it has high nitro-
en fixation abilities. Bradyrhizobium can form nodules on the roots
f Kummerowia in the soil. We  systematically analysed the evolu-
ionary relationship of Bradyrhizobium based on three taxonomic

arkers, three housekeeping genes and two symbiosis-related
enes. The results showed that low levels of biodiversity, infrequent

ene exchange, infrequent recombination and independent evolu-
ionary lineage of Bradyrhizobium strains nodulating Kummerowia
radually evolved and emerged with urban segregation.
crobiology 42 (2019) 223–231 229

Low level of biodiversity for Bradyrhizobium strains nodulating
Kummerowia with urban segregation

The Bradyrhizobium strains nodulating Kummerowia obtained
and isolated in previous studies [19,8] were all covered here. The
high genetic diversity of the 14 genospecies is indicated on the phy-
logenetic tree based on three genes SMc00019,  thrA and truA, which
were also previously introduced as taxonomic markers to differ-
entiate the relationship between intraspecific and interspecific
genomes among rhizobial strains [40]. The high Hd (0.981) and �
(0.11631) values presented in Table S3 also indicate the high biodi-
versity of Kummerowia bradyrhizobia. In addition, the phylogenetic
trees of the concatenated sequences of the housekeeping genes
atpD, glnII and recA, which are also taxonomic markers [33], were
similar to those of SMc00019,  thrA and truA, which mirrored the high
genetic diversity of Kummerowia bradyrhizobia. Nonetheless, many
strains in species Bradyrhizobium sp. I and B. elkanii were separated,
and the strains B. diazoefficiens CCBAU 33037 and B. yuanmingense
CCBAU 61035 were located far away from their own groups (Fig. 1
and S2). For the symbiosis-related genes, the genetic diversity was
relatively lower and the Bradyrhizobium strains belonging to differ-
ent genospecies were embraced on the phylogenetic trees (Fig. 2);
this was inferred through the selective communication between
legumes and rhizobia. The incongruences of the phylogenetic trees
simultaneously revealed by the SH test of single genes compared
with the phylogeny of the three concatenated taxonomic markers
indicated that the evolutionary direction of each gene significantly
differed although they belong to the same genospecies.

Interestingly, many Bradyrhizobium strains isolated from exur-
ban areas, including those isolated from southern (six provinces)
and northern (one province) China, were closely located and
mingled together based on three kinds of test genes, which
was highlighted an inconsistency in the biogeographical pat-
terns studied previously for legume-nodulating Rhizobium,  Ensifer,
Burkholderia and other species [2,16,1,17]. However, an indepen-
dent group was formed by distributing the strains isolated from
urban areas, thereby indicating that the genetic relationships of
Bradyrhizobium strains were greatly affected by the local environ-
mental variables of wild or cultivated Kummerowia with human
intervention (known as urban segregation) than by geographic iso-
lation [28] and that compared with strains isolated from exurban
areas, those isolated from urban areas will be more easily involved
in convergent evolution in the future. However, the strain B. yuan-
mingense CCBAU 101063 isolated from urban areas embraced the
strains isolated from exurban areas on the phylogenetic trees for all
the test genes and was inferred as one of the few persistent native
rhizobia without radical genetic divergence. Thus, the biodiversity
of Bradyrhizobium strains being driven to lower levels might be
attributable to the legume Kummerowia, which has suffered urban
segregation and artificial cultivation by humans.

Infrequent gene flow and recombination among Kummerowia
Bradyrhizobium with urban segregation

The gene flow among rhizobial strains isolated from the roots
of Glycine max [41,6], Arachis hypogaea [1], Medicago sativa [9],
Caragana [14] and other legumes was  frequent for the core genes
or symbiosis-related genes, regardless of the genospecies and
geographical distribution. However, bradyrhizobial strains of Kum-
merowia isolated from urban areas in this study had less genetic
communication with the isolates from exurban areas, as revealed
by the lower Nm values between exurban and urban areas in
and urban segregation could critically lower the gene flow frequen-
cies among Kummerowia bradyrhizobia for all the test genes. This
finding is supported by previous studies that have investigated rhi-
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obia associated with Astragalus [37,36]. Moreover, due to the high
xy values between exurban and urban areas (Table 2) in south-
rn and northern China, genetic divergence among Kummerowia
radyrhizobia was strongly affected by urban segregation, rather
han by geographical distribution (Table S6).

Apart from gene flow, recombination is an important impetus
f evolutionary history, and has recently been shown to contribute
he diversity of rhizobia comparable with or greater than that of

utation. For example, the higher Rm and r/m (>1.0) values indi-
ate that recombination, and not mutation, plays a vital role in the
volutionary history of the taxonomic markers and housekeeping
enes. Nevertheless, all the �/� and r/m values calculated in urban
reas were far lower than those calculated in exurban areas, par-
icularly for symbiosis-related genes, thereby indicating a lower
requency of recombination among Kummerowia bradyrhizobia in
rban areas. This observation is consistent with the significantly

ower Rm values observed in urban areas. Therefore, recombina-
ion and genetic drift events frequently occurred among the strains
nder stronger natural selection in exurban areas [23]; however,
eutral mutation (as the critical force) occurred in urban areas
25,4].

ndependent evolutionary lineage of Kummerowia bradyrhizobia
volved with urban segregation

Rhizobial strains isolated from the root nodules of Kummerowia
n the present study consisted of four lineages (I–IV) for the
hree kinds of genes (Fig. 4a–c). For the taxonomic markers and
ymbiosis-related genes, lineages I–III were primarily distributed
n exurban areas, although the patterns between them largely dif-
ered. Lineage IV, an independent branch, was almost exclusively
ocated in urban areas, with the exception of strain CCBAU 101063.
orizontal gene transfer was also rarely observed between Kum-
erowia bradyrhizobia isolated from exurban and urban areas in

he results of the STRUCTURE analyses (Fig. 4). This indicates that
he evolutionary lineages of Kummerowia bradyrhizobia indepen-
ently evolved for the taxonomic markers and symbiosis-related
enes. Strain CCBAU 101063 might be one of the rhizobial popula-
ions that has preserved inherent efficient symbiosis and nitrogen
xation on host plants and strong viability, whereas other strains

solated from urban areas as the dominant populations in lineage
V might have had higher efficient symbiosis and nitrogen fixation
r stronger viability [15]. By contrast, lineages I–III showed very
imilar results for the taxonomic markers and housekeeping genes,
egardless of the representative strains isolated from southern or
orthern China (Fig. 4). This indicates that an independent lineage
f the rhizobia would gradually evolve in the history, primarily due
o urban segregation rather than biogeographic separation, which
as already been established to be a critical factor related to micro-
ial distribution [14,2,16].

onclusion

In conclusion, our results confirm that the diversity of rhizo-
ial strains associated with Kummerowia has drastically reduced in
rban environmental conditions, although the formation of rhizo-
ial communities is generally affected not only by biogeographic
eparation but also by their host legumes in natural wild environ-
ents. Gene exchange and recombination were frequent within the

xurban or urban areas separately but seldom occurred between

he two ecoregions based on the analyses of three types of genes.
urthermore, a single evolutionary lineage gradually formed for
he Bradyrhizobium species of cultivated Kummerowia with urban
egregation.
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