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Abstract

Aims Rhizobia associated with white clover (Trifolium
repens) grown in alkaline soils of China have never been
investigated. This is the first survey to report of their
genetic and biogeographical diversity.

Methods Nodule bacteria were isolated from white clo-
ver grown in alkaline soils (pH 8.18-8.99) in North and
East China and were characterized by multilocus se-
quence analysis (MLSA) of the housekeeping genes
(atpD, recA, and ginll), and phylogenies of 16S rRNA
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gene and symbiotic genes nodC and nifH. The biogeo-
graphic distribution of rhizobial species was analyzed in
relation to the soil factors.

Results A total of 83 new strains could be affiliated to
Rhizobium that shared 100 % sequence similarity of 16S
rRNA gene with R. leguminosarum, R. acidisoli,
R. anhuiense, R. indigoferae, R. sophorae, and
R. laguerreae. Three genospecies were further distin-
guished based on the housekeeping gene analysis among
these new strains: R. anhuiense, R. leguminosarum, and a
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hypothetical novel Rhizobium genospecies. Highly con-
served symbiotic genes corresponding to those of
symbiovar #rifolii in R. leguminosarum were observed
among all the new strains. Unique rhizobial communities
associated with white clover were detected in the tested
alkaline soils, and soil characteristics such as pH and
nutrient levels were estimated as the determinant factors.
Conclusions White clover established symbiosis with
three Rhizobium genospecies harboring similar symbi-
otic genes in alkaline soils in China. Biogeographic
pattern exists in clover rhizobia that was determined
by the soil pH and nutrient levels.

Keywords White clover- Rhizobia - Diversity -
Symbiotic genes - Alkaline soils

Introduction

Clover (Trifolium) species have been documented as
hosts for symbiotic nitrogen-fixing bacteria, so called
rhizobia. Despite their wide geographic distribution,
Rhizobium strains mainly corresponding to
R. leguminosarum sv. trifolii (Jordan 1984) have been
isolated from root nodules of the clover plants (Duodu
et al. 2007; Kumar et al. 2014; Marek-Kozaczuk et al.
2013; Ramirez-Bahena et al. 2009; Seguin et al. 2001;
Shamseldin et al. 2014; Tesfaye and Holl 1999).
Therefore, clover has been considered as a highly specific
host towards the rhizobial symbionts. Here, we studied
white clover, not considered by the works cited above.
White clover (Trifolium repens L.) is a legume wide-
ly distributed all over the world, cultured as ornamental
or foliage plant or wild plant in the grasslands. In China,
white clover has been widely planted as an ornamental
plant in cities or as foliage in pastoral areas based upon
its adaptation to diverse environments. Grown in the
tropical and subtropical regions of South China, where
soils are usually acidic and both iron- and aluminum-
rich, white clover was reported to be nodulated by seven
genospecies belonging to Bradyrhizobium, Rhizobium,
and Sinorhizobium, with R. leguminosarum as the ma-
jority (Liu et al. 2007). These results suggested that the
clover rhizobia might have diversified in Chinese soils
to adapt to the local conditions, as it was described for
rhizobia associated with soybean (Han et al. 2009;
Zhang et al. 2011). However, this hypothesis needed to
be verified with further studies on the clover rhizobia
isolated from different zones or soil types.
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Unfortunately, soil physicalchemical characteristics
have not been considered in most of the previous studies
on clover rhizobia, although these characters are the
most important structuring factor for distribution and
diversification of rhizobia.

Unlike acidic soils, alkaline soils, rich in calcium, are
common in the northern region and occasionally preva-
lent in the eastern (subtropical) region of China. So far,
no report is available on systematic characterization of
clover rhizobia in the alkaline soils of China. Therefore,
the present study was undertaken to increase knowledge
on the clover-rhizobial symbiont interactions in regard
to soil conditions, and to understand the diversity and
geographic distribution of clover rhizobia. Specifically,
rhizobia nodulating white clover grown in alkaline soils
of the subtropical region (Henan Province and Shanghai
City) were isolated and characterized to estimate their
phylogenetic diversity and geographic distribution.

Materials and methods
Isolation of rhizobia

Root nodules of clover plants were collected in
December 2014 from six gardens in three cities: four
gardens in Zhengzhou City (Xiliuhu at E 113° 34’
56.78 -N 34° 46' 44 , Zhengzhou University at E 113°
31" 49.17 -N 34° 49' 4 | Jinshui at E 113° 39’ 5 -N 34°
48’23, and Ruizhi at E 113° 33" 4 -N 34° 47’ 44 ), one
in Ruzhou City (Meishan Park at E 112° 49" 33 -N 34°
10’36 ), and one in Shanghai City (Zhongshan Park at E
121°24'53 -N 31° 13’ 25)). Five plants were sampled at
each site by a cross-strategy, and two to three pink and
healthy nodules were selected randomly from each plant
to isolate the rhizobia with standard procedures on yeast
extract mannitol agar (YMA) (Vincent 1970). The rhi-
zobial isolates were purified by successive repeated
streaking on the same medium. In all cases, the isolates
were incubated at 28 °C and stored in YMA slants at
4 °C for further use and in YM broth supplied with
glycerol (25 % w/v) at —80 °C for long-term storage.

Nodulation tests

All the obtained isolates were tested for their ability to
nodulate with white clover grown in sterilized vermicu-
lite using the standard procedures (Wei et al. 2009).
Briefly, clover seeds of white clover bought from the
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market in Zhengzhou were surface sterilized by NaClO
solution (2.5 %, w/v) for 5 min, pre-germinated on 0.8 %
water-agar at 28 °C in dark for 3 days, transplanted into a
sterile glass tube (40*300 mm) containing 25 ml of
nitrogen-free solution and sterilized vermiculates (one
seedling per tube) (Wei et al. 2009), and inoculated with
0.1 ml of log phase culture of each isolate (10° cells mI ™).
The inoculation test was carried out in triplicates, and the
inoculated plants were placed in a growth cabinet with the
cycle of 16 h with illumination at 28 °C and 8 h in dark at
18 °C, at about 50 % relative humidity. Uninoculated
seedlings were included as control. Nodulation was
checked after 45 days of growth (Wei et al. 2009).

Soil sampling and characterization

Soil (about 50 g) was sampled from the clover fields (0
to 20 cm in depth) in parallel to the nodule collection.
Air-dried soil samples were grinded and passed through
2-mm mesh screens for physical and chemical analysis.
The pH, electrical conductivity (EC), organic matter
(OM), and contents of available phosphorus (P), potas-
sium (K), and total nitrogen (N) of soil samples were
analyzed at the Department of Chemical and Material
Engineering (ZZULI), using standard methods
(AFNOR 2005; Appunu et al. 2009; Han et al. 2009;
Olsen 1954; Simonis 1996).

PCR-based restriction fragment length polymorphism
of 16S rDNA and 16S-23S rRNA intergenic spacer

Genomic DNA of each rhizobial isolate was extracted
according to Terefework et al. (2001) and was used as
template for 16S rRNA gene and intergenic spacer
(IGS) amplifications using primers P1 and P6 (Zhang
et al. 2012) and FGPS1490 (forward) and FGPS132’
(reverse) (Laguerre et al. 1996), respectively. PCR prod-
ucts (about 1449 bp for 16S rRNA gene and 900 bp for
IGS) were digested separately with each of the follow-
ing restriction endonucleases: Mspl and Haelll for both
restriction processes, Alul and Hinfl only for ARDRA,
and Hhal only for IGS restriction fragment length poly-
morphism (RFLP). Separation and visualization of ge-
nomic DNA, PCR products, and restriction fragments
were done by agarose gel electrophoresis in 0.8, 1.5, and
2.5 % (wlv), respectively (Wang et al. 1999) containing
GoldView type I nucleotide dye (Solarbio,
Lot.N0.20140820). The results were analyzed by DNR
Bio-Imaging System (MiniBIS Pro, made in Israel).

Then, the rRNA gene type of each strain was designated
according to its restriction pattern, and a grouping anal-
ysis was performed (Wang et al. 1999) with the
UPGMA method of Nei and Li (1979).

Phylogeny of 16S rRNA gene and multilocus sequence
analysis of housekeeping genes

16S rRNA gene amplicons from representative strains
for different IGS types were further sequenced accord-
ing to Zhang et al. (2012). All the new nucleotide
sequences were Blasted for similarity search and depos-
ited into GenBank database (NCBI) (accession numbers
are available in figures and supplementary materials).
Sequences were aligned with the related sequences,
including the sequences of white clover symbionts from
South China, obtained from the NCBI database using
MEGA version 6.0 software (Tamura et al. 2013).
Phylogenetic reconstructions were performed using the
NJ method (Neighbor-Joining) with 1000 bootstrap rep-
lications of each sequence (Zhang et al. 2012).
Multilocus sequence analysis (MLSA) of the house-
keeping genes atpD (encoding for ATP synthase beta
chain), recA (recombinase A), and glnil (glutamine
synthetase II) has been widely used to differentiate
rhizobial species (Martens et al. 2008; Vinuesa et al.
2005a, b). These three genes were independently ampli-
fied by using primer pairs atpD255F/atpD782R,
recA41F/recA640R, and gInll12F/gInlI689R, respec-
tively (Vinuesa et al. 2005b). The purified PCR products
were sequenced directly using the same primers. The
acquired sequences (465 bp for atpD, 479 bp for recA,
and 600 bp for g/nll) were concatenated (Vinuesa et al.
2005a, b) and aligned using ClustalW with the manually
concatenated sequences of the same housekeeping
genes from type strains of the defined Rhizobium spe-
cies obtained from NCBI database. Distance calculation
and construction of the concatenated gene tree were
performed using the NJ method and bootstrapping algo-
rithms contained in the MEGA 6.0 (Tamura et al. 2013).

Phylogenetic analysis of symbiotic genes nodC

and nifH

The symbiotic genes nodC (N-acetyglucosaminyl-
trasferase) and nifH (nitrogenase dehydrogenase gene)
have been described as good molecular markers to esti-
mate the host specificity of rhizobia (Laguerre et al.
2001). Both nodC and nifH genes of the representative
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strains were amplified by using the primer pairs nodCF/
nodCR and nifHF/nifHR, respectively (Laguerre et al.
2001). The acquired sequences were deposited in the
NCBI database and were used for alignment and recon-
struction of the phylogenetic tree with the same methods
described above for 16S rRNA genes.

Estimation of genetic diversity in different soils

To estimate the genetic diversity of white clover
rhizobia in the sampling sites, genospecies defined by
MLSA and IGS types were used to calculate the
Shannon-Wiener index (Hill et al. 2003) using the vegan
package integrated in the R statistical language (version
2.12.0; http://www.r-project.org/). Redundancy analysis
(RDA) and the canonical version of principal compo-
nent analysis (PCA) (Braak and Smilauer 2002) were
used to examine the multiple relationships between soil
factors (N, P, K content, EC values, OM and soil pH)
and genospecies of white clover rhizobia from different
ecological sites.

Results

Isolation of rhizobia from root nodules and soil
characterization

A total of 83 isolates, exhibiting convex colonies of 2—
4 mm in diameter after 34 days of incubation (YMA,
28 °C), were obtained from the clover nodules. All iso-
lates could effectively nodulate white clover, as testified
by the red color inside the root nodules and dark green
leaves of the plants. The uninoculated controls grew
poorly with no root nodule and yellowish-green leaves.

The soils from the sampling sites were alkaline with
pH 8.18-8.99. Soil EC values ranged between 9.1 and
19.8 ms/m. The soil from Ruzhou (Henan) had the
highest values of available phosphorus (38.3 mg kg ),
organic matter (68.75 g kg '), total nitrogen
(2.71 g kg "), and available potassium (161 mg kg ")
(Supplementary Table S1).

PCR-based typing and phylogenies of 16S rRNA gene
and housekeeping genes

In the RFLP analyses, the 83 isolates shared a single 16S

rRNA type, and they were further divided into 14 1GS
types. Seventeen representative strains standing for the
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IGS types and the geographic origins (Ruzhou,
Zhengzhou, and Shanghai) were chosen for further se-
quencing and phylogenetic analysis, as shown in
Table 1. The 16S rRNA gene-based phylogeny showed
that all the isolates formed a single clade in the genus
Rhizobium, presenting sequence similarities ranging
from 99.8 to 100 % among themselves and from 99.3
to 100 % with the type strains for 15 defined species,
including R. leguminosarum USDA 2370" and R. lentis
BLR 27" and 99.9-100 % with reference strains
R. leguminosarum CCBAU 43201 and CCBAU
61381 from acid soils (detail available as
Supplementary Fig. S1).

In the phylogenetic analysis based on the concatenat-
ed sequences of atpD and recA, the 17 representative
strains formed three clusters (genospecies) within the
genus Rhizobium (Fig. 1), that were similar with the
phylogeny in the individual housekeeping gene trees
(Supplementary Fig. S2) and in the tree of concatenated
sequences of afpD, recA, and ginll (Supplementary
Fig. S3). Cluster 1 (C1) includes the strains exhibiting
IGS types 3, 8, 9, and 13 (44 isolates); cluster 2 (C2)
includes only one strain WYCCWR 10014 belonging to
IGS type 10; cluster 3 (C3) includes the strains
representing IGS types 1, 2, 4-7, 11, 12, and 14 (38
isolates). The MLSA similarities were 98.8—100 % be-
tween strains inside a cluster, and 93.7-96.5 % between
clusters. The C3 members showed similarities of 98.5—
100 % with R. anhuiense CCBAU 23525" and of less
than 95.0 % with other references. The C1 members
showed 99.9-100 and 96.4-96.6 % similarities with
R. leguminosarum sv. viciae 3841 and CCBAU 73064,
respectively; 96.1-96.2 % with R. sophorae CCBAU
03386" and 95.8-95.9 % with R. laguerreae FB 206".
The single strain in C2, WYCCWR 10014, showed
97.8 % similarity with R. leguminosarum sv. viciae
CCBAU 73064, 97.1 % with both of R. sophorae
CCBAU 03386" and R. laguerreae FB 206", and
96.5 % with R. leguminosarum sv. viciae 3841 (Table 1).

Phylogenies of nodC and nifH genes

In the nodC phylogenetic tree (Fig. 2), the reference
strains for symbiovars trifolii, viciae, and phaseoli
formed separate branches, while all the 17 representa-
tive strains were grouped with sv. #ifolii in the species
of R. leguminosarum, R. pisi, and R. etli, with similar-
ities 0f 95.1-99.8 % among them, and less than 70.3 %
with the reference strains for other symbiovars. The nifH
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Table 1 Grouping results and geographic distribution of the isolates

Representative isolate MLSA similarity® with (%) 1GS Distribution of IGS types in sampling region
(ULIno.) type
Ra RI-1 RI-2 Rs  RI-3 Ruzhou %  Shanghai %  Zhengzhou %
Rhizobium leguminosarum (cluster C 1)°
10026 94.3 100 96.5 96.2 959 3 5 238 1 45 0
10027 94.1 99.9 964 96.1 958 8 0 1 45 0
10029 94.1 99.9 96.4 96.1 958 9 0 1 45
10069,10085,10097 94.1 99.9 96.4 96.1 958 13 0 1 45 35 87.5
Rhizobium genospecies Il (cluster C2)
10014 93.8 96.5 97.8 97.1 97.1 10 0 1 45 0
Rhizobium anhuiense (cluster C3)
10015,10051 99.5-100 943 947 934 93.1 1 10 47.6 8 364 2 5.0
10048 99.9 94.1 94.6 934 929 2 2 95 1 45 2 5.0
10042 99.7 94.0 944 93.1 928 4 2 95 4 182 0
10034 99.5 943 947 934 931 5 1 48 0 0
10039 98.5 94.1 950 93.7 934 6 1 48 0 0
10002 100 943 947 934 93.1 7 0 2 91 0
10040 99.9 94.1 946 932 929 11 0 1 45 0
10038 100 943 947 934 931 12 0 1 45 0
10053 98.5 94.1 95.0 93.7 934 14 0 0 1 25
Total (isolates/IGS types) 21/6 22/11 40/4
Distribution of genomic species 1(23.8 %), 111 1(18.2 %), 11  1(87.5 %), 1l
(76.2 %) 4.5 %), I (7.5 %)
(77.3 %)

Alpha-diversity (Shannon Genomic species IGS 0.79 0.94 0.55

index) types 1.86 291 0.52

*MLSA similarity with the most related strains: Ra R. anhuiense CCBAU 235257, Rs R. sophorae CCBAU 033867, RI-1
R. leguminosarum sv. viciae 3841, RI-2, R. leguminosarum sv. viciae CCBAU 73064, and RI-3 R. laguerreae FB 206"

® Cluster or genomic species were defined by MLSA (atpD-recA)

gene phylogeny (Supplementary Fig. S4) showed sim-
ilar topology to that of the nodC gene, although only 12
nifH genes from the 17 representatives were obtained.

Rhizobial distribution

The diversity (Shannon index) of clover-rhizobial com-
munity considering both MLSA clustering and IGS type
affiliation presented the following order in the sampling
soils: overall of the three areas (2.28, 5.28) > Shanghai
(0.94, 2.90)>Ruzhou (0.79, 1.86)>Zhengzhou (0.55,
0.52) (Table 1). The MLSA clusters C1 and C3 were
found in all the three sampling areas, but C1 was the
dominant group in Zhengzhou (87.5 %), while C3 was
dominant in Ruzhou (76.2 %) and Shanghai (77.3 %)
(Table 1). C2 contained only one strain from Shanghai.
At the level of IGS type, types 1 and 2 (C3) were found

in all the three areas, while type 1 was dominant in
Ruzhou (47.6 %) and Shanghai (36.4 %). IGS types 3
(C1)and 4 (C3) were found in Ruzhou (23.8, 9.5 %) and
Shanghai (4.5, 18.2 %), while type 13 was shared by
Zhengzhou and Shanghai, at the relative abundance of
87.5 and 4.5 %, respectively.

According to the RDA results (Fig. 3), soil pH,
available phosphorus (P), total nitrogen (N), available
potassium (K), organic matter (OM), and EC had all
strong effects on the distribution of the clover-rhizobial
groups (MLSA cluster and IGS types). The higher EC
value strongly selected the IGS types 13 (C1) and 14
(C3) and negatively selected the other 11 types except
type 2. The higher pH value was correlated with IGS
types 7, 8,9, 11, 12 (C3), and 10 (C2). In addition, IGS
types 3 (Cl1), 1, 4, 5, and 6 (C3) were comprehensively
selected by higher values of pH, P, OM, N, and K; and
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WYCCWR 10051 (KR996208, KR996266)
'WYCCWR 10048 (KR996207, KR996265)
'YCCWR 10038 (KR996204, KR996262)
'WYCCWR 10002 (KR996199, KR996257)

. anhuiense CCBAU 23525T(KF111890, KF111980 )
'WYCCWR 10042 (KR996205, KR996263)
YCCWR 10040 (KR996203, KR996261)
WYCCWR 10015 (KR996197, KR996255)
YCCWR 10034 (KR996195, KR996253)
WYCCWR 10053 (KR996209, KR996267)
100 'WYCCWR 10039 (KR996196, KR996254)

64

95

WYCCWR 10069 (KR996193, KR996251)
WYCCWR 10097 (KR996206, KR996264)
WYCCWR 10085 (KR996194, KR996252)
— 100 F WYCCWR 10027 (KR996200, KR996258)
R. leguminosarum sv. viciae 3841 (AM236080)
WYCCWR 10026 (KR996198, KR996256)
WYCCWR 10029 (KR996201, KR996259)

64

l——WYCCWR 10014 (KR996202, KR996260)
R. laguerreae FB 206 (JN558661, IN55868)
¥ R sophorae CCBAU 03386 (KJ831235, KJ831252)

71 L_b5

0.02 R. leguminosarum USDA 23707 (AJ294405, AJ294376)
100 _|:R4 leguminosarum sv. trifolii ATCC 14480 (EF113150, EF113135)
56

R. indigoferae CCBAU 710427 (GU552925, EF027965)

R. fabae CCBAU 332027 (EF579929, EF579941)
100 R. pisi DSM 301327 (DQ431673, EF113134)
100 'R, pisi sv. trifolii K3.22 (JQ771756,JQ795188)
R. vallis CCBAU 65647" (GU211768, GU211770)
R. sophoriradicis CCBAU 03470 T (KJ831231, KJ831248)
R. alamii GVB 016" (GU552924, GU552971)
R. phaseoli ATCC 144827 (EF113151, EF113136)
R. binae BLR 195T (JN648968, IN649058)
R. etli CFN 42T (AJ294404, AJ294375)
98 |:R. bangladeshense BLR 1757 (JN648967, JN649057)
100 = R. etli sv. trifolii 1024 (KF483570, KF483574)
R. rhizoryzae J3-AN59T (EU732563, KF384476)

R. leguminosarum sv. trifolii CCBAU 65673 (EU617989, EU622113)

R. leguminosarum sv. viciae CCBAU 73064 (EU170584, EU255231)

Genospecies 111

(C3, R. anhuiense)

= Genospecies [ (C1)

—>  Genospecies 11 (C2)

Pararhizobium giardinii R-4385 (AM418780, AM182123)
Neorhizobium vignae CCBAU 05176" (GU128888, GU128902)
Other 5 species

R. mongolense USDA 18447 (AY907372, AY907358)

other 10 Rhizobium species

Fig. 1 Neighbor-joining phylogenetic tree based on concatenated
atpD-recA gene sequences, showing the relationships of the bac-
teria isolated from nodules of white clover. The tree was construct-
ed by using a distance matrix (Kimura 2-parameter model).
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B. japonicum USDA 6T(AM418753, AM168341)

Bootstrap confidence levels >50 % are indicated at the internodes.
Bar =2 % nucleotide divergence. All the acquired sequences were
used for phylogenetic tree reconstruction
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type 2 isolates were selected by both the high EC and
nutrient contents (P, N, K, and organic matter). The pH,
P, N, K, and OM were negatively correlated to the IGS
types 13 (C1) and 14 (C3).

Discussion

Since the time when Jordan (1984) designated the clover-
nodulating rhizobia as R. leguminosarum sv. trifolii, the
taxonomy of rhizobia has been greatly developed
(Ormefio-Orrillo et al. 2015). During the last three decades,
the diversity and taxonomy of clover-nodulating rhizobia
have been studied in several cases (Duodu et al. 2007;
Kumar et al. 2014; Liu et al. 2007; Marek-Kozaczuk et al.
2013; Ramirez-Bahena et al. 2009; Seguin et al. 2001;
Shamseldin et al. 2014; Tesfaye and Holl 1999). Although
diverse genomic groups within the genera
Bradyrhizobium, Mesorhizobium, Rhizobium, and Ensifer
(Sinorhizobium) were detected in the nodules of Trifolium
species, only Rhizobium pisi has been identified for the
clover microsymbionts (Marek-Kozaczuk et al. 2013) in
addition to R. leguminosarum. Comparing with the previ-
ous studies, the present study offers some important infor-
mation about the clover rhizobia.

In this study, white clover rhizobia isolated from
alkaline soils were identified as three genomic species,
R. anhuiense, R. leguminosarum, and a novel
genospecies in Rhizobium, based on the results of
MLSA (Fig. 1 and Supplementary Figs. S1 and S3),
which were also supported by PCR-based RFLP of 16S
rDNA and IGS, as well as 16S rRNA gene sequence
phylogeny. R. leguminosarum sv. trifolii strains were
isolated as a dominant group from clover in this study,
consistent to previous reports (Duodu et al. 2007;
Mauchline et al. 2014; Ramirez-Bahena et al. 2009;
Seguin et al. 2001; Liu et al. 2007). The inclusion of
reference strains R. leguminosarum CCBAU 43201,
R. leguminosarum CCBAU 61381, and Rhizobium sp.
CCBAU 33107 originated from white clover in acidic
soil of South China (Liu et al. 2007) in this group
(Fig. 1) evidenced that R. leguminosarum sv. trifolii
has a universal distribution in both the acid and alkaline
soils. R. anhuiense was originally isolated from Vicia
faba and Pisum sativum in acidic soils from Southern
China (Zhang et al. 2015). In this study, R. anhuiense
was defined as a dominant microsymbiont of Trifolium
repens in alkaline soils in North and East China (Table 1
and Fig. 1), and a novel symbiovar trifolii was found

among the isolates (Fig. 2 and Supplementary Fig. S4).
Both the detection of WYCCWR 10014 as a putative
Rhizobium novel genospecies and identification of
R. anhuiense in this study enlarged the diversity of
clover rhizobia. Our results are consistent with the
conclusion of Liu et al. (2007) that diverse rhizobial
species associated with Trifolium species exist in differ-
ent types of soils in China.

Since the main rhizobial group associated with white
clover plants in South China were R. leguminosarum sv.
trifolii (Liu et al. 2007), the identification of
R. anhuiense as the main rhizobia in this study implied
that the rhizobial communities associated with white
clover in the North-East regions and in the South
regions of China might be different. Both the study of
Liu et al. (2007) and our present study revealed the
biogeographic patterns of clover rhizobia in China.
Furthermore, although R. leguminosarum sv. trifolii
was detected in both South (Liu et al. 2007) and
North-East regions of China (Fig. 1), its relative abun-
dance varied dramatically in different sampling sites. It
seems that this bacterium is more adapted to acidic soils
in China. Even in the three sampling areas involved in
this study, the rhizobial communities varied as shown by
both the presence/absence of some minor IGS types and
differences in the relative abundances of the major/
common IGS types and genomic species (Table 1).

Consistent with previous studies (Han et al. 2009;
Man et al. 2008; Zhang et al. 2011), the biogeographic
pattern could be related to the soil characteristics, like
EC and pH value, and P, OM, N, and K contents (Fig. 3).
In addition to the biogeography of rhizobia, the soil
features also altered the diversity of rhizobia, since
variation in Shannon index among the sampling areas
was detected in this study (Table 1 and Supplementary
Table S1). Low contents of phosphorus and organic
matter and high EC (salinity) are accompanied with
rhizobial diversity decrease in the soils of Zhengzhou
(Table 1). The biogeographic pattern (Table 1) and the
RDA results (Fig. 3) imply that soil directs the symbio-
sis between white clover and rhizobia in China, and that
rhizobia have to undergo the selection pressures from
both host legume and soil conditions, as reported earlier
(Han et al. 2009; Man et al. 2008; Zhang et al. 2011).

Lateral transfer of the symbiotic genes is an impor-
tant way for rhizobial evolution and emerging of new
symbiotic bacteria. The highly similar nodC and nifH
genes among new and reference strains (Fig. 2 and
Supplementary Fig. S4) evidenced that lateral transfer
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99 99 |R. leguminosarum sv. phaseoli H 132 (AF217263)

R. leguminosarum sv. phaseoli LCS 0306 (JF792203)
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Fig. 2 Phylogenetic tree of symbiotic gene nodC showing the
relationships of the bacteria isolated from nodules of white clover.
The tree was constructed using neighbor-joining method. Scale
bars indicate 0.05 substitutions of nucleotide. Bootstrap values
greater than 50 % are indicated at node

of the symbiotic genes might have occurred among the
clover-nodulating rhizobia in China. It was clear that the
symbiotic genes corresponding to symbiovar trifolii
were shared across the clover-nodulating strains in
R. leguminosarum, R. pisi, R. etli, and R. anhuiense
(Fig. 2) (Marek-Kozaczuk et al. 2013; Rogel et al.
2011; Shamseldin et al. 2014). This phenomenon indi-
cates that white clover stringently selects the symbiotic
gene background of its microsymbionts (Laguerre et al.
2001; Mauchline et al. 2014; Ramirez-Bahena et al.
2009) which might have driven the lateral gene transfer
from the introduced clover rhizobia to the more adaptive
native bacteria. These results suggested that horizontal
gene transfer between closely related species possibly
directed the diversification and evolution of clover-
nodulating rhizobia to help the clover plants colonizing
diverse environments.

R. anhuiense sv. trifolii and the putative Rhizobium
novel genospecies sv. #rifolii found here may be regarded
as specific to alkaline soils since they were not reported in
other regions of China. The symbiotic genes might have
been transferred from R. leguminosarum sv. trifolii present
in the soils of the three sampling sites of this study

1.0

I1GS 7~12

1GS4

- s IGS 14
/ 1GS13

1.0
%

} 1GS2
-1.5 1.5

Fig. 3 Biplot of the RDA on the 14 IGS types and soil character-
istics in sampling sites by CANOCO. P available phosphate, EC
electrical conductivity, OM organic matter, N total nitrogen, K
available potassium. Canonical correspondence analyses (RDA)
were used to evaluate influence. The longer the arrow is, the
greater the influence; the smaller the angle between two arrows,
the closer their relationship. The arrows representing P, EC, OM,
N, and K are in black color and in gray color for IGS types

(Table 1) when the plant was introduced, similar to what
proposed for chickpea rhizobia in Europe (Rivas et al.
2007) and in China (Zhang et al. 2012) and for Lotus
nodulating Mesorhizobium in New Zealand (Sullivan and
Ronson 1998). Alternatively, white clover-nodulating
rhizobia may have been introduced together with the
plants; then, the symbiotic genes were transferred from
the introduced R. leguminosarum sv. trifolii strains to
native bacteria adapted to local conditions. Lateral gene
transfer of symbiotic genes between different species in
soils has been claimed to explain the incongruence be-
tween phylogenies of symbiotic and core genes (Kumar
et al. 2014; Laguerre et al. 2001; Lan and Reeves 2000;
Rogel et al. 2011; Sullivan and Ronson 1998; Wernegreen
and Riley 1999).

In conclusion, eighty-three strains of white clover
rhizobia isolated from alkaline soils in China were iden-
tified as a suspicious novel Rhizobium genospecies,
R. anhuiense and R. leguminosarum. Biogeographic
patterns of clover rhizobia were detected in China. All
the clover rhizobia harbored symbiotic genes similar to
R. leguminosarum sv. trifolii reference strains, suggest-
ing lateral transfer of symbiotic genes among different
rhizobial genospecies and the existence of sv. #ifolii in
R. anhuiense. This is the first systematic survey on white
clover rhizobia in alkaline soils in North and East China.
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