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Abstract

Sesbania cannabina a plant that grows naturally along the seashareRudong
County, China (RDC) and it has been introduced ith&oYellow River Delta (YRD)
as a pioneer plant to improve the saline-alkaliogssIn order to investigate the
diversity of S. cannabinahizobia in these soils, a total of 198 rhizohsallates were
characterized and phylogenetic trees were constituzased on data from multilocus
sequence analysis (MLSA) of the housekeeping gexeds atpD andginll, as well as
16S rRNA. Symbiotic features were also studied $tplaishing the phylogeny of the
symbiotic genesiodA and nifH, and by performing nodulation assays. The isolates
had highly conserved symbiotic genes and were ifildsinto nine genospecies
belonging to the generknsifer Agrobacterium Neorhizobiumand Rhizobium A
unique community structure was detected in theotli associated wit8. cannabina
in the saline-alkaline soils that was characterizgdive novel genospecies and four
defined species. In additiofgnsifer sp. | was the predominant rhizobia in YRD,
whereasEnsifer melilotiand Neorhizobium huautlensgere the dominant species in
RDC. Therefore, the study demonstrated for the firee that this plant strongly
selected the symbiotic gene background but not géweomic background of its
microsymbionts. In addition, biogeographic patterasisted in the rhizobial
populations associated with cannabinawhich were mainly correlated with pH and
salinity, as well as the mineral nutrient contentis study provided novel
information concerning the interaction between swmiinditions, host plant and

rhizobia, in addition to revealing the diversity &. cannabinarhizobia in
2
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Introduction

The genusSesbanias a member of thBapilionoideaeand contains 70 flood-resistant
species, mainly spread in tropical and subtromcaas [2, 9]. They form root- and/or
stem-nodules with rhizobia via crack entry and deieate nodules under hydrogen
conditions, however, they are also invaded by toait infection and form both
indeterminate and determinate nodules in non-flda@l or vermiculite [7]. To date,
nodulation of up to 40Sesbaniaspecies has been reported after infection with
symbiotic nitrogen-fixing bacteria, commonly calledhizobia [11], including
Neorhizobium huautlensend otheiRhizobium MesorhizobiunandEnsifer (formerly
Sinorhizobium species associated withesbania herbacefpl, 52]; Azorhizobium
caulinodansand Bradyrhizobiumsp. withS. rostrata[12, 13, 15];A. doebereinerae
with S. virgate[16]; Ensifer terangaandE. saheliwith S. rostrateandS. cannabina
[12]; Mesorhizobium plurifariumwith S. punicea S. sericeaand S. herbaceaN.
huautlensewith S. sericeaand S. exasperat¢48, 53]; Rhizobium gallicumwith S.
sericeaand S. sesbanS. sesbanwas reported to have the broader spectrum of
nodule-inducing rhizobial species from genera idtig Rhizobium Mesorhizobium

EnsiferandAllorhizobium[6, 62].

Sesbania cannabina an annual semi-shrub, found in Asian, Africaw &ustralian

tropical regions where it is widely planted as gresanure for improving soil fertility

and reclaiming environments contaminated by heagtals [2, 58]. Furthermoré.
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cannabinais believed to be strongly resistant to abiotiesdes, such as salinity,
waterlogging, drought, and arid non-infertile cdiatis [34]. This species was
described to form root nodules with terangaE. sahelj E. meliloti N. huautlenseR.

galegaeand Allorhizobium undicolarelated groups. [9, 12]. In Chin&, cannabina

has been planted as a wild plant in wet fieldds lehd ditches of the Yangtze River
Region, and it has been introduced into the regdatined Yellow River Delta (YRD)
[60] in Shandong Province, where a high saline eotration is a problem for
growing plants [60]. Since a massive number of ldcannabinglants have been
observed in the seashore wetland and farm landgatbe Yellow Sea coasts,
including Rudong County (RDC) in Jiangsu Provin&, cannabinahas been

introduced from RDC to YRD as a pioneer plant tpriave the saline-alkaline soils.

Although S. cannabinaalong the seashores forms root nodules, no studybban
published concerning the diversity of rhizobia ass®d with this plant in
saline-alkaline soils. The chemical propertiesadinge-alkaline soils in both YRD and
RDC may have strongly selected specific rhizobiaadulate withS. cannabinan
these environments, since the formation of legunimsbia symbiosis is affected by
the interaction of factors related to the host plamzobia and the environment [61].
Thus, theSesbaniarhizobial population in YRD and RDC may be diffierdrom
those in other regions. Based on the backgroundiomed above, the aims of the
present study were: 1) to identify and compareciimunity position ofSesbania

rhizobia in YRD and RDC; and 2) to assess the ggauc distribution of rhizobial
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species correlated with different environmentatdesin both regions.

Materials and M ethods

Soil-nodule sampling and rhizobial isolation

Samples were collected from the root zone (0-20depth) ofS. cannabinaFive
samples were taken from YRD (located in Bohai Gaif§l two were collected from
the seashore wetland in RDC (in the Yellow Sea witbe ancient estuary of the
Yellow River was located 160 years ago), respeltivéhe sampled soils were
air-dried, maintained in black plastic bags andgported to the laboratory. Five
separateS. cannabinaplants were uprooted and the root nodules werefudéy
collected and transferred into a sealed tube fieith silica gel particles for
preservation until isolation. Nodules were rehyedatsurface sterilized, crushed and
the nodule juice was then streaked onto yeast n@ragar (YMA) plates in order to
isolate the rhizobia with a standard protocol [7]. 4All the inoculated plates were
incubated at 28 °C for 3-7 days. Purification wabi@ved by isolation of colonies
several times on the same medium until a pure r@livas obtained. Pure cultures

were then maintained at -80 °C in YM broth suppleted with 20% (v/v) glycerol.

Deter mination of soil chemical properties

The air-dried soil samples were passed throughnan2mesh screen and used for
determining the chemical properties. Soil pH wateaeined with a soil-water (1:2.5
w/v) suspension [14]. The organic carbon (OC) cointé soil was measured by using

the wet-oxidation method with Jr,O;-concentrated bSO, [56]. The available
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nitrogen (AN) was determined by means of quantdythe alkali-hydrolyzable N
[40]. The available phosphorus (AP) content wasemeined by means of a
colorimetry method [56]. The available potassiunKjAcontent was measured by
means of NHOAc-extraction and the flame photometer method atagelength of
767 nm [40]. The total nitrogen (TN) content wasaswed by titration with a

standard acid [30].

Phylogenetic analyses of house-keeping and symbiotic genes

Genomic DNA was extracted from each isolate by gigsiee TIANGEN genomic
DNA extraction kit (TIANGEN, China) for bacteria. llApurified isolates were
selected to amplify and sequence theA gene (coding for DNA recombination and
repair protein), using the primers recA41F/recA648RJd the corresponding PCR
protocol [49]. All therecA sequences were aligned by using Clustal W softaace
the similarity between each sequence pair was ledémliusing MEGA 5.05 software.
Strains possessing identicatAsequences were identified as the sageé genotype.
Subsequently, representative strains of diffemectA genotypes were selected for
amplification and direct sequencing of the othendekeeping genes, 16S rRNA and
symbiotic genes. The 16S rRNA genes were ampliied sequenced using the
primers 27F/1492R and the corresponding PCR prb{d8h The same strategy was
adopted for housekeeping gerspD andginll using primers atpD255F/atpD782R
and gInll12F/gInll689R, respectively [499pdAusing the primer pair nodAl/nodA2

[18, 20]; nifH using primers nifHF/nifHR (the PCR product was rpimately 800
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bp) [23] or in some cases by using the primers /ploR [32] generating a PCR
product of approximately 480 bp. Nucleotide sequemovas performed by the

Beijing AuGCT DNA-SYN Biotechnology Co., Ltd usirigje method of Sanger [39].

All the sequences obtained in this study were deggb#n the GenBank database and
were blasted in GenBank to search for homologousreece sequences. A
phylogenetic tree was reconstructed for each ggrieeoneighbor-joining method [38]
with Kimura’s two-parameter model using MEGA versi®.05 [42]. The topology of

the phylogenetic trees was evaluated by the baptstrethod with 1,000 replicates.

Multilocus sequence analysis (MLSA) is well knovor providing data with greater
discriminatory ability than analysis using a singne [28, 50], and thus MLSA was
performed with combined sequences of the threediaeping genesecA atpD and

ginll), and the sequence similarities between the testedreference strains were
calculated as described above. Genospecies weiredebased on the MLSA

relationship using a 97% sequence similarity tholshas suggested previously [26].

Diver sity evaluation and cor respondence analyses

Sesbaniarhizobial genospecies defined based on the MLSAIlte were used to
evaluate the community structure and species rgshi@&esbaniarhizobial diversity,
species richness, and evenness in different sagniplaations were estimated by three
common alpha ecological indices [21]: the Shannoeré&t index '), which
explains the species richness for a sample sige Stmpson index¥) showing the

species dominance, and the Pielou indéx ifidicating species evenness in a

8
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community. The biodiversity indices for each sampiere conducted in the Vegan
package (version 1.17-4) and calculated using te&afstical language (version 3.1.2;

http://lwww.r-project.org/) [44].

Redundancy analysis (RDA) [33], the canonical wersof principal component
analysis, was used to examine the multiple relatigpgs between soil factors
(available N, P and K, total nitrogen, organic cerpsalinity concentration and soil
pH) and genospecies Bksbaniahizobia in the sampling sites. The community data
for rhizobia were pre-analyzed by detrended cooedpnce analysis (DCA) using
CANOCO software 4.5 (Microcomputer Power, Ithacd) fP4]. In DCA, the length
2.996 of the gradient (first axis) demonstratedt tR®A was the best method to
evaluate the relationships between the soil charatts andSeabaniarhizobial
genospecies, therefore, RDA (canonical correlasinalysis) was applied to the data

obtained in this study.

Symbiotic properties

Nodulation ability under laboratory conditions wasamined for each of the
representative strains using standard procedurgls $eeds ofS. cannabinavere
surface sterilized and germinated on 0.6% agareplat 28 °C in the dark for
approximately 48 h. One germinated seedling wassteared to a Leonard jar filled
with sterilized vermiculite, which was irrigated tivinitrogen free nutrient solution
and inoculated with the desired rhizobial inoculdrhe inocula were prepared using

bacteria grown in YM medium to the exponential gha®ntrifuged and suspended at
9
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approximately 1Bcells mL?* final concentration in distilled water, and 1 mf_the
suspension was added to each jar using five répsidar each strain tested [1, 47, 59].
Controls were inoculated with 1 mL distilled watéidl the plants were grown at 24
°C in an automated greenhouse with a daylight ithation period of 12 h [25].
Subsequently, all the plants were harvested anceffieetive (nitrogen fixing) root
nodules were identified by the red color of rootnles and the dark-green leaves of
the plants. Control plants remained small in sdid, not bear nodules, and showed

yellow leaves.

Results

Soil properties of the sampling sites

As shown in Table 1, all the soil samples werensatilkaline with pH varying

between 7.82 and 8.28, and salt concentrationsngafyom 0.12% to 0.43%. The
content of the main mineral nutrients in dry seiksre (in mg kg) 24.27 to 112.0 for

available N, 75.31 to 201.69 for available K, 118643.57 for available P, 8.47 to
21.91 for organic carbon and 382.30 to 951.56 &daltnitrogen. In comparison,
available P, available K, OC and total nitrogen everore abundant in YRD soils,

while salinity and pH values were greater in RD@\gkes (Table 1).

Diver sity and composition of rhizobial populationsin YRD and RDC

A total of 198 bacterial strains were obtainedhis tstudy, including 166 from YRD

and 32 from RDC (Table 1, detailed information &alle as Supplementary Table
10
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S1). In therecA sequence analysis (Supplementary Fig. S1ye@8 genotypes were
identified among the isolates that were grouped mhe clusters (Table 1, detail
available as Supplementary Fig. S1, and Table$S3)1,The phylogenetic analyses of
the 16S rRNAatpD andginll genes grouped the 18 representative isolatesiglt
rRNA lineages and nine specific lineages (SupplaargrFigs. S2, S3 and S4, Table
S2). Based on the MLSA tree (Fig. 1) and the caratkedequence similarities, the
representative strains were divided into nine gpeoes (Table 1 and Table S2),
corresponding to five novel groups and four defirspecies: 1) strains YIC4009,
YIC4027, YIC4031, YIC4032 and YIC4056 representiti?g)l isolates in fiveecA
types formedEnsifersp. | that showed 98.2-99.9% similarities amoregrtbelves and
92.8-93.8% similarities with the most related str&. sojae CCBAU 05684 in
MLSA; 1) Isolates YIC4071 and YIC5077 representibgo recA types and 24
isolates were defined & melilot| since 99.3% similarity occurred between the two
isolates and 97.3%-97.7% similarities were detestétti E. meliloti USDA1002
using MLSA; Ill) A single isolate YIC5079 was groegh with E. sesbania€€CBAU
65729 at 99.9% similarity using MLSA and it was therefoidentified asE.
seshaniag|V) Isolates YIC4108 and YIC4261 representing t@cA types and 21
isolates shared 98.9% similarity and were closelgted toE. sesbaniaeCCBAU
65729 (94.3% and 94.4% similarity, respectively) with BA, and they were
designated ag&nsifer sp. II; V) The single isolate YIC4103 showed or89.1%
similarity with the most related reference straizobium hainanens€CBAU
57015 in MLSA and was identified afRhizobiumsp.; VI) Isolate YIC4083,
11
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235

representing 22 isolates, was closely relatedNéorhizobium huautlense AMBI
2409 (99.1% similarity) with MLSA and was designated this species; VII) A
single isolate YIC4121 showed 94.7% similarity witie most related reference strain
Agrobacterium radiobactetMG 140" in MLSA and was identified asgrobacterium
sp. I; VIII) Two single isolates YIC4072 and YICA.th recA analysis were grouped
together withAgrobacterium pusens’RCPB10 (99.5% and 99.6% similarity) in
MLSA, and they were designated AspusensglX) Isolates YIC4104, YIC4260 and
YIC5082, representing five isolates, formed a groshmring only 95.3-95.8%
similarities with A. pusenseNRCPB10 in MLSA and were identified as

Agrobacteriumsp. Il.

Symbiotic properties and phylogenies of nodA and nifH

In phylogenetic analysespdA andnifH were successfully amplified and sequenced
from 12 and 15 representative isolates, respegtiVéle obtained sequences showed
close relationships with each other and with tho$ethe previously described
Sesbanianodulating rhizobia in the phylogenetic trees offimodA (Fig. 2) anchifH
(Supplementary Fig. S5). In theodA phylogenetic tree (Fig. 2), 11 representative
strains showed 96.0% to 100% similarities to eateroand 91.1% to 92.3%
similarities withN. huautlens&JSDA4900, whileA. pusense’IC4072 showed higher
similarity (99.6%) toRhizobiumsp. IRBG74 (isolated fron$esbania In the nifH
phylogeny (Supplementary Fig. S5), similar relasioips were observed, but all the

isolates were grouped in a single clade that ha8%8200% similarities with each
12
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257

other, and withE. saheli ORS609 and Rhizobium sp. Sesbanii IRBG74.
Furthermore, all the representative isolates formedfective nodules withS.
cannabina which indicated they had different genomic baockads (Fig. 1),

although their symbiotic gene backgrounds weragémtly selected.

Distribution and diver sity of Sesbania rhizobia in different sampling sites

In the present study, eight genospecies were ebladm YRD, includingznsifersp.

I, E. meliloti Ensifer sp. Il, Rhizobiumsp., N. huautlenseAgrobacteriumsp. I, A.
pusenseindAgrobacteriumsp. Il. Ensifersp. | was predominant in YRD, accounting
for 73% (121/166) of the local isolates. Only fiyenospecies were detected in RDC,
including Ensifersp. I,E. meliloti N. huautlenseE. sesbania@andAgrobacteriunsp.

[, in which E. meliloti (14/32, 44%) andN. huautlens€13/32, 41%) were dominant
(Table 1). Among the seven sampling sites, thedsghalues for all three diversity
indices were observed in Dongying and the lowe#tanli2, while the two sites from

RDC presented the second and third highest vabresifcases (Table 1).

Correlation of soil properties and distribution of Sesbania rhizobia
The correlation betweeBesbaniarhizobial genospecies and soil factors is shown in
Fig. 3. Based on the length of the arrows and tigdes between them (Fig. 3), pH,
salinity, AP, OC and TN were the main factors ttatermined the distribution of
Sesbaniarhizobia in this study. The pH values were posiiivcorrelated withE.
seshaniaéut negatively influenced bignsifersp. I. The distributions dE. meliloti
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279

N. huautlenseRhizobiumsp., Agrobacteriumsp. | andA. pusensevere positively
correlated with salinity and AN, and negativelyeatied by AP and AKTN and OC
were positive correlated witlnsifersp. I, while AP positively influenceBnsifersp.

Discussion

As shown in Table 1, all the sampling sites hadheadlkaline soils, however, the
lower pH and salinity values, and greater AP, AKC énd TN contents differentiated
the YRD soils from the RDC soils. The consistenylppenetic relationships of the
isolates based on thecA sequence analysis and MLSA (Fig. 1), as well as the
consistent genus/species affiliation of the isslalefined by both methods (Fig. 1,
Table 1), demonstrated thatcAcould be an adequate molecular marker for scrgenin
the phylogenetic relationships among a large nunabdsolates. In additionfecA
showed higher resolution thatpD andginll (Fig. S3, S4 and Table S2). The MLSA
for genospecies definition and the 16S rRNA gerregienus definition have been
applied to studies of other rhizobia [5]. In thisrrent study, the definition of nine
genospecies iMgrobacterium Ensifer, Neorhizobiumand Rhizobiumdemonstrated
that S. cannabindormed symbiosis with distinct rhizobia. Previgyudhree lineages
in Ensifer (Sinorhizobiun and one group close t. huautlensevere detected from
nodules ofS. cannabinan rotation with rice [9], while strains related R tropici R.
etli, E. saheli A. rubiandN. huautlensavere detected from this plant growing in the
arid river valley of Jinshajiang (upstream of thanytze River) in China [22].

Compared with the previous reports, the resultthefpresent study revealed much
14
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300

301

greater diversity at the genospecies level, andtiper relative abundance Bhsifer
genospecies could be a characteristic differentiatthe rhizobial community
associated witls. cannabinan saline-alkaline soils from those in rice fie[#§'] and

in the river valley [22]. It seems that tlnsifer species are quite adapted to the
saline-alkaline soils, since soybean and commom @80 form symbiosis with

Ensiferspecies in this type of soil [19, 46].

Biogeographic patterns of rhizobia have been fofmd the microsymbionts of

soybean,Caraganaspp., faba bean, ar@icer arietinum[3, 8, 19, 27, 45, 59]. In

addition, the interactions between rhizobia and tlegume hosts are affected by their
genetic background and environment factors sudoihgH and salinity [3, 8, 19, 59].
Although different numbers of genospecies werealetefrom the YRD (9 species)
and RDC (5 species) regions, the diversity indicehe RDC samples were higher
than those in 4 of the 5 YRD samples, except ferRongying sample (Table 1). The
variation in species richness between these tw@mmegmight be caused by the
sample size, since there were 166 isolates from YBMDpared to 32 isolates from
RDC (Table 1). Furthermore, the higher diversitgiges in the Dongying, Rudong 1
and Rudong 2 sites might be related to their figrtievel, since lower AK, AP, and

OC contents and higher pH values were detectethdaret three sites (Table 1). In
addition, they were the principle factors regulatidifferent rhizobial species,

positively or negatively (Fig. 3), which was simil® the results of previous studies

[4, 36, 37, 61].
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The universal distribution dEnsifersp. | in all the sampling sites demonstrated its
wide ability for adaptation to the saline-alkalicenditions; however, the lower
dominance in Dongyingrongan, Rudong 1 and Rudong 2 implied their simMityitto
higher alkaline conditions (Table 1, Fig. 3). Thestdbution in five sites and
dominance oE. melilotiin Dongying and Rudong 1 showed it to be anotpecies
adapted to the saline-alkaline conditions (Tablé-it, 3). Ensifersp. Il were only
isolated from three of the YRD sites but were daninin Yongan, implying their
great nodulation ability in lower salinity and sligalkaline conditions (Table 1, Fig.
3). N. huautlensewas found in Dongying, Kenli 1 and Rudong 1, whigh
dominance in the latter, which revealed similar padion ability to E. meliloti
Therefore, the community structure of rhizobia natkd withS. cannabinan the
saline-alkaline soils varied and was dominatedbsgifersp. I, E. meliloti Ensifersp.

Il or N. huautlenseaccording to the nutrient and pH-salinity levels.

Among the nine genospecies identified in the preserdy,N. huautlensg¢9, 29, 51,

52], E. sesbania¢b4], andE. meliloti[9] have been reported as microsymbiontsSor
cannabinaor otherSesbaniaspecies growing in different regions. Meanwhilee t
other genospecies represented a novel record assynebionts ofE. sesbaniaes. A.
pusene was reported for non-symbiotic bacteria in theasphere of chickpea [31],
therefore, the identification of two strainsAspusensén this study showed that this
species also contained symbiotic members. In axiditthe other five isolates
belonging toAgrobacteriumsp. | andAgrobacteriumsp. Il were also closely related

to A. pusensdy MLSA (Fig. 1). Therefore, sincEnsifer sp. |, Ensifer sp. Il and
16
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Rhizobiumsp. also represented potential novel groups, tuiles ofS. cannabina

might be a source of novel microsymbiont genospecie

The close phylogenetic relationships of thedA and nifH genes (Fig. 2 and
Supplementary Fig. S5), despite the genospecidgaited that lateral gene transfer
might have occurred between the rhizobial commesisitudied and th& cannabina
had a strong preference for the symbiotic genedraciknd. Horizontal transfer occurs
at a low frequency in nature, but it is an importarechanism of adaptation and
evolution for bacteria [17, 41]. The close relasibips of thenodA andnifH genes
between the representative isolates and the oB®mbanianodulating reference
strainsAgrobacteriunsp. SIN-1 [12, 35]N. huautlens&0Z, E. saheliORS 609 [12,
35] and Agrobacteriumsp. IRBG74 [10-11] implied the same origin and rgce
diversification of the symbiotic genes in tt&esbanianodulating rhizobia. Since
effective nodulation withS. cannabinawas confirmed for all the representative
isolates, the failure to amplifyodAand/ornifH sequences in several isolates, such as

YIC4056 and YIC4260, was unexpected and the reassunknown

In conclusion, a unique community structure of obiza associated witB. cannabina
in saline-alkaline soils was detected, and it waaracterized by five putative novel
groups and four defined species in the geAgm@bacterium Ensifer, Neorhizobium
and Rhizobium Ensifer sp. |, Ensifer sp. Ill, E. melilotiandN. huautlensevere the
predominant groups in different sites dependinghanfertility level, pH values and

salinity. The Sesbaniarodulating rhizobia harbored similar symbiotic gerieodA
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and nifH), indicating thatS. cannabinahad stringently selected the symbiotic gene
background for its microsymbionts and that the ggtid genes of S.
cannabinanodulating rhizobia not only had the same origit bad also recently
diversified. In addition, lateral gene transfer nieave occurred between the rhizobia
tested. As the first systematic surveySasbaniahizobia in saline-alkaline soils, this
study improved the knowledge concerning the ditgmsind biogeography of rhizobia
nodulating with this plant, and demonstrated thssgae evolution of novel rhizobia

under host and environmental selection.
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Figure Legends

Figure 1. MLSA phylogenetic tree based on concatenated segseasfrecA (393 nucleotides, nt),

atpD (401 nt) andylnll (518 nt). The tree was constructed by the neigfdining method using

MEGA version 5.05. Bootstrap values greater thab B0e shown at the nodes.

Figure 2. Phylogenetic tree based andAsequences of representative rhizobia strains.tiEee

was constructed by the neighbor-joining method giISWEGA version 5.05. Bootstrap values

greater than 50% are shown at the nodes. Strailmlth typeface were also positive iifH

amplification.

Figure 3. RDA biplot of the 10 genospecies and their soitdex from sampling sites in YRD and

RDC by CANOCO. AN, available N; AP, available P; Al¢ailable K; Salinity, salinity

concentration; OC, organic carbon; TN, total N. @z@nal correspondence analyses (CCA) were

used to evaluate the influence of soil chemistigrabteristics on the distribution 8&sbania

rhizobia. The length of the arrow indicates inciegénfluence and the smaller the angle between

the two arrows indicates closer relationships.
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Table 1. Relevant properties of soil samples and the digiob of different rhizobia genotypes

) Soil samples
Properties
Xianhe  Dongying Kenlil Kenli2 ~ Yongan Rudongl Rudong2
N38.15 N37.26 N37.45 N37.46 N37.34 N32.28 N32.27

ers E118.45 E118.42 E11859 E118.58 E118.49 E121.11 E121.19
Physiochemical properties

Salinity (%) 0.30 0.34 0.23 0.35 0.15 0.43 0.39

pH 7.85 7.98 7.86 7.82 7.91 8.16 8.28

AN (mg kg") 67.20 39.20 24.27 84.00 61.6 112.00 33.60

AK (mg kg?) 136.00 120.00 160.00 136.00 201.69 75.31 75.31

AP (mg kg") 25.46 9.71 12.77 18.25 43,57 4.36 1.76

ocC (g kg 13.29 10.84 13.87 21.91 14.15 11.76 8.47

TN (mg kg 793.37 800.24 476.54 951.56 654.20 420.56 382.30

Fertility level (N/P/K) 4/2/3 5/4/3 6/3/2 41313 4/1/1 3/5/4 5/6/4
Rhizobial distribution (representative strain)

Ensifersp. | (YIC4031, 4027, 4032, 4009, 4056) 34 12 31 7 3 4 1 1

E. meliloti(YIC4071, 5077) 1 0 1 0 13 1

E. sesbania€YIC5079) 0 0 0 0 0 0 1

Ensifersp. Il (YIC4261, 4108) 0 1 0 1 19 0 0

Agrobacteriunsp. | (YIC4121) 0 1 0 0 0 0 0

N. huautlens€Y1C4083) 0 4 5 0 0 13 0

Sesbanirhizobiurap. (YIC4103) 0 1 0 0 0 0 0

A. pusens€YIC4072, 4105) 0 2 0 0 0 0 0

Agrobacteriunmsp. Il (YIC5082, 4260, 4104) 0 1 1 0 1 0 2

Total strain number 36 30 37 39 24 27 5
Diversity indeX

H’ 0.25 1.62 0.52 0.24 0.62 0.82 1.05

D 0.11 0.74 0.28 0.10 0.34 0.53 0.64

J 0.23 0.78 0.47 0.22 0.56 0.75 0.96

*According to the China national standard, leveVéry rich, 2=rich, 3=moderate, 4=poor, 5=very poor,

6=extremely poor_(http://www.soil17.com/news_mo6&3.htm)

#H", Shannon-Wiener indek), Simpson indexJ, Pielou index.
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99 — Rhizobium indigoferae CCBAU 71042T (JN580717, EF027965, GU552925)
Rhizobium leguminosarum USDA 23707 (EU155089, AJ294376, AJ294405)
Rhizobium laguerreae FB206T (IN558671, IN558681, IN558661)
Rhizobium sophorae CCBAU 03386 (KJ831241, KJ831252, KJ831235)
Rhizobium anhuiense CCBAU 23252T (KF111913, KF111980, KF111890)

Rhizobium faba CCBAU 332027 (EF579935, EF579941, EF579929)
Rhizob x i

CCBAU 034707 (KJ831237, KJ831248, KJ831231)
Rhizobium vallis CCBAU 656477 (GU211771, GU211770, GU211768)

Rhizobium binae BLR195T (IN648980, IN649058, IN648968)

Rhizobium lentis BLR27T (IN648976, IN649031, IN648941)

BLR175T (ING48979, IN649057, ING48967)
Rhizobium etli CFN 42T (CP000133)

CCBAU 41044T (DQ310809, EU120732, EU120726)
HAMBI 18167 (KF206735, AM182126, AM418786)
Rhizobium leucaenae USDA 9039T (EU488777, AJ294372, AJ294396)
Rhizobium hainanense CCBAU 570157 (GU726294, HM047132, GU726293)
Rhizobium miluonense CCBAU 412517 (HM047120, KF206858, HM047116)
tibeticum CCBAU 850397 (EU407190, KF206877, KF206621)

CCGE 5017 (JF424617, JF424620, JF424611)
cauense CCBAU 1010027 (JQ308332, JQ308335, JQ308329)
grahamii CCGE 5027 (JF424618, JF424622, JF424612)
giardinii HAMBI 23237 (KF206738, KF206823, KF206567)

Rhizobium soli HAMBI 3196T (KF206798, KF206885, KF206629)
Rhizobium sullae 1S123T (F1816280, F1816279, DQ345069)

Rhizob

Rhizobium loessense HAMBI 31887 (KF206795, KF206881, HM142761)
Rhizobium mongolense USDA 1844T (AY920453, AY907358, AY907372)
Rhizobium gallicum R602spT (AF529015, AY907357, AY907371)
Rhizobium yanglingense SH22623T (AY929462, AY907359, AY907373)

99 [— Neorhizobium huautlense YIC4083 (KR154019, KR154004, KR154034)
Neorhizobium huautlense HAMBI 24097 (KF206740, KF206825, KF206569)
Neorhizobium alkalisoli LMG24763T(EU672475, EU672490, EU672461)
Neorhizobium galegae HAMBI 5407 (KF206809, KF206896, KF206641)
Rhizobium vignae CCBAU 051767 (GU128895, GU128902, GU128888)

HAMBI 3215T (KF206805, KF206892, KF206636)
LMG 24075T (AB685476, GU559877, GU559882)

Rhizob

Rhizobium flavum YW 14T (KF931400, KF609368, KF609369)

Rhizob YC6881T (HQ174466. HQ174465, HQ174464)

helianthi Xi19T (JX123317, 7X094430, 7X094429)
lemnae L6-16T (AB746181, AB746183, AB746180)
PTYR-5T (KF738709, KF738708, KF738707)

H66T (KM029982, KM029983, KM029981)

Rhizob:

Rhizob: HAMBI 3173T (KF206788, AM286427, AM286426)

Agrobacterium sp. 1 YIC4121 (KR154024, KR154009, KR154039)
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