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Genetic Diversity and Symbiotic Phenotype of Hairy Vetch Rhizobia in Japan
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Hairy vetch (Vicia villosa Roth) is a leguminous crop widely used as green manure and a cover crop in Japan. It exhibits
strong weed-suppressing activity, high resistance to insect pests, and the ability to fix nitrogen through symbiotic interactions
with soil bacteria known as rhizobia. Few studies have investigated the rhizobia that form nodules on hairy vetch in Japan, and
the biological resources available for selecting high nitrogen-fixing rhizobia are limited. In the present study, we isolated 110
hairy vetch rhizobia from 13 different areas in Japan. Based on their 16S rRNA gene sequences, 73% of the isolates were
identified as Rhizobium leguminosarum. A comparative analysis of nodC and 16S rRNA gene phylogenies revealed that several
isolates possessed congruent nodC sequences despite having divergent 16S rRNA gene sequences, suggesting that the horizontal
transfer of nod genes occurred during the evolution of rhizobia. Inoculation tests showed that isolates closely related to R.
leguminosarum had better plant growth-promoting effects than other strains, thereby providing a promising agricultural

resource for inoculating crops.
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Nitrogen fixation by root nodule rhizobia plays an important
role in supplying nitrogenous nutrients to leguminous plants.
Rhizobia form organs called nodules on host plant roots in
which atmospheric diatomic nitrogen is fixed into ammonia,
and this is then utilized directly for plant growth. Large
amounts of chemical fertilizers have recently been used in
agriculture to meet increasing demands for crop production;
however, this occasionally causes serious environmental
issues. Therefore, the wider application of leguminous crops
together with symbiotic rhizobia to agricultural practice is one
of the more promising ways by which to increase production
in a sustainable manner.

Symbiosis between legumes and rhizobia is highly specific
(16). A group of rhizobia may only establish symbiosis with
a certain group of legumes. This host specificity may occur at
the level of nodule formation and the efficiency of nitrogen
fixation (24). Host specificity is determined by legume and
rhizobial genotypes. In order to improve the agronomic
potential of root nodule symbiosis, it is important to under-
stand the genetic diversity of rhizobia and apply appropriate
rhizobia to a particular leguminous crop. This host specificity
significantly affects the biodiversity of rhizobia in the natural
environment because the symbiotic relationship also has
great benefits for rhizobia by providing a physical site to
grow and a carbon supply from the host plant. In addition, the
geographical region defines the diversity of rhizobia because
factors such as the climate and soil properties contribute to
the soil environment in which rhizobia live.

Hairy vetch (Vicia villosa) is a leguminous plant that is
widely used as green manure or a cover crop in Japan (6). It
has the ability to provide up to 20-25 kg N 10 a™! to the soil
as a result of symbiosis with rhizobia. It survives at tempera-
tures as low as —20°C, tolerates a wide range of soil pH values
(6, 8), and exerts strong weed-suppressing effects by accumu-
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lating the allelochemical, cyanamide (6, 10). Hairy vetch is
nodulated specifically by Rhizobium leguminosarum symbio-
var viciae, which is the same rhizobial species that nodulates
peas (Pisum sativum), faba beans (V. faba), and common
vetch (V. sativa) (13). Previous studies demonstrated that an
inoculation with R. leguminosarum symbiovar viciae improved
hairy vetch production (2). However, few studies have inves-
tigated rhizobia that nodulate hairy vetch in Japan, and the
biological resources available for selecting high nitrogen-
fixing rhizobia are limited.

The aim of the present study was to assess the genetic
diversity of hairy vetch rhizobia in Japan and evaluate symbi-
otic phenotypes. We isolated rhizobial strains from various
locations in Japan with different climates. This study pro-
vides new insights into the ecological aspects of rhizobial
biodiversity, as well as providing novel rhizobial isolates as
genetic resources with diverse characteristics adapted to spe-
cific environments.

Materials and Methods

Sampling sites

Hairy vetch plants were sampled from 13 sites throughout Japan:
Hokkaido, Aomori, Akita, and Fukushima in northern Japan, Ibaraki,
Chiba, Tokyo, Kanagawa, Toyama, and Aichi in central Japan and
Hyogo, Kagawa, and Saga in southern Japan (Fig. 1). Hokkaido was
the northernmost site and has a humid, subarctic climate with a
relatively low level of rainfall. Saga was the most south-western site
and has a warm climate. Hairy vetch plants were collected between
May and July 2013 and 2014. Five to ten plants were sampled from
each sampling site.

Isolation of rhizobia from root nodules of hairy vetch

Nodules were detached from hairy vetch roots and surface
sterilized using 70% ethanol for 30 s and 1% sodium hypochlorite
for 30 s, then rinsed three times with sterile water. The nodules were
then crushed in 0.5 mL 0.9% sodium chloride, the suspension was
streaked on Rhizobium-defined medium (RDM) agar plates (20),
and the plates were incubated at 28°C for 3—7 d. Single colonies
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Sampling sites

Latitude / longitude

Temperature (min./max.)

1. Hokkaido, Sapporo (HK) 43° 07'N/ 141° 34'E -7.0°C / 26.4°C

2. Aomori, Tsugaru (AM) 40° 84’N / 140° 28’E -5.1°C / 27.8°C

3. Akita, Akita (AK) 39° 80'N / 140° 05'E -5.3°C / 28.6°C

4. Fukushima, Nihonmatsu (FK) 37° 58N/ 140° 43’'E 3.0°C / 285°C

5. Ibaraki, Ami (IB) 36° 03'N / 140° 21'E 1.1°C / 30.7°C

6. Chiba, Sakura (CB) 35° 72'N/ 140° 22'E 2.0°C / 30.8°C

7. Tokyo, Fuchu (TK) 35° 68N/ 139° 47'E -0.9°C / 31.4°C

8-1. Kanagawa, Tsukui A (KNa) 35° 177N/ 139° 63'E 2.3°C / 30.6°C

8-2. Kanagawa, Tsukui B (KNb) 35° 177N/ 139° 63'E 2.3°C / 30.6°C

8-3. Kanagawa, Yokosuka (KNc) 35° 22’N/139° 63'E 2.3°C / 30.6°C

8-4. Kanagawa, Miura (KNd) 35° 177N/ 139° 63'E 2.3°C / 30.6°C

9-1. Toyama, Toyama A (TYa) 36° 58'N / 137° 24’E -0.3°C / 30.8°C

9-2. Toyama, Toyama B (TYb) 36° 58’ N/ 137° 24'E 0.3°C / 30.8°C

10. Aichi, Aisai (AC) 35° 177N/ 136° 69'E 2.7°C / 32.0°C

11. Hyogo, Kobe (HG) 34° 81"N/135° 09'E 2.7°C / 31.8°C

S 12. Kagawa, Takamatsu (KG) 34° 26’'N/134° 00'E 1.0°C / 31.4°C
ol 13. Saga, Saga (SG) 33° 24'N/130° 29'E 9.8°C / 31.5°C

Fig. 1.

were picked up and used for further analyses. Only one strain was
isolated from each plant; therefore, 5 to 10 strains were isolated from
each sampling site.

DNA amplification and sequencing and phylogenetic analyses

Genomic DNA was extracted from isolates using Wizard
Genomic DNA purification kits (Promega, WI, USA). The 16S
ribosomal RNA (rRNA) genes were amplified using a polymerase
chain reaction (PCR) with 10 ng purified DNA, LA taq (TaKaRa,
Tokyo, Japan), and the primers 16AF (5'-AACTGAAGAGTTTG
ATCMTGGCTCAG-3') and 1492R (5-TACGGYTACCTTGTTA
CGACTT-3") under the following conditions: preheating at 95°C
for 1 min; 30 cycles of 98°C for 10 s and 68°C for 90 s; and a final
extension at 72°C for 10 min. The nodC genes were amplified
similarly using the primers nodCF (5'-AYGTHGTYGAYGACG
GTTC-3’) and nodCI (5-CGYGACAGCCANTCKCTATTG-3)
under the following conditions: preheating at 95°C for 2 min;
30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and a
final extension at 72°C for 5 min. The nifH genes were amplified
similarly using the primers nifHF (5'-TACGGNAARGGSGGNAT
CGGCAA-3") and nifHI (5'-AGCATGTCYTCSAGYTCNTCCA-
3") under the following conditions: preheating at 95°C for 2 min;
30 cycles of 95°C for 30's, 57°C for 30 s, and 72°C for 1 min; and a
final extension at 72°C for 5 min. The recA genes were amplified
similarly using the primers recAF (5-CGKCTSGTAGAGGAYA
AATCGGTGGA-3") and recAR (5'-CGRATCTGGTTGATGAAG
ATCACCAT-3’) under the following conditions: preheating at 95°C
for 5 min; 30 cycles of 94°C for 45 s and 50°C for 60 s; and a final
extension at 74°C for 90 s. The atpD genes were amplified similarly
using the primers atpDF (5'-SCTGGGSCGYATCMTGAACGT-3')
and atpDR (5'-GCCGACACTTCCGAACCNGCCTG-3") under the
following conditions: preheating at 95°C for 3 min; 14 cycles of
95°C for 30 s, 65°C (decrease 0.5°C per cycle) for 30 s, and 72°C for
1 min; 21 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 1 min; and
a final extension at 72°C for 3 min. PCR products were purified with
FastGene Gel/PCR Extraction Kits (Nippon Genetics, Tokyo,
Japan.) and directly sequenced using primers for PCR. The presence
of genetic variations between copies of the same gene was analyzed
by the peak intensities in raw sequence data. In order to distinguish
between PCR errors and genetic variations, genetic variations were
only counted when there were two or more peaks of significant
intensities at the same position in the reads from both directions.
However, we did not observe multiple peaks of significant intensi-
ties in the present study. Partial nucleotide sequences from 16S
rRNA, nodC, nifH, recA, and atpD were used to estimate the phylo-
genetic relationships of the isolates. The sequences obtained were
BLAST-searched in the GenBank database in order to identify the
most closely related sequences. All of the sequences obtained and
the reference sequences were aligned using the ClustalW program.

Sampling sites of hairy vetch. Hairy vetch plants were collected from the 13 sites marked with black dots.

Phylogenetic trees were constructed using MEGA software ver.6
(23). A consensus tree was generated using the neighbor-joining method,
the Kimura 2-parameter model, and 1,000 bootstrap replications.

Nodulation test

Rhizobial strains were tested for their nodulation ability and
symbiotic performance on hairy vetch. Hairy vetch seeds (V. villosa,
cultivar Fujiemon) were obtained from Snow Brand Seed (Tokyo,
Japan). Seeds were surface-sterilized using 3% NaClO (Wako Pure
Chemical Industries, Osaka, Japan) for 2 min and washed 5 times
with sterile water to remove the disinfectant. Seeds were transferred
aseptically to 1% water agar plates and allowed to germinate at 25°C
for 3 d in the dark. Seedlings were then transferred to a plant box
(CUL-JAR300; Iwaki, Tokyo, Japan) containing sterile vermiculite
(Hirukon S, Hiruishi Kagaku Kogyo, Osaka, Japan) watered with
B&D nitrogen-free medium (1). Plants were then inoculated with
rhizobial strains at a concentration of 107 cells (2 mL plant ™). Plants
were grown in a plant growth chamber (LPH-410SP; Nihonika
Osaka, Japan) at 25°C on a 16-h light/8-h dark cycle. Nodule weight
and fresh plant weight were measured 3 weeks after inoculation.
Each bacterial isolate was tested in triplicate in the nodulation tests.
Nodule structures were examined using an Olympus SZX Research
Stereomicroscope System (Olympus, Tokyo, Japan).

Nucleotide sequence accession numbers

DNA sequences were deposited in the DNA Data Bank of Japan
(DDBJ) under accession numbers LC042344 to LC042453 (16S
rRNA), LC042236 to LC042343 (nodC), LC125270 to LC125289
(nifH), LC076297 to LC076321 (atpD), and LC076322 to LC076346
(recA).

Results and Discussion

Isolation and phylogenetic analysis of hairy vetch rhizobia

Hairy vetch plants were collected from 13 sites in Japan
(Fig. 1) and 110 strains were isolated from nodules. A phylo-
genetic analysis using the 16S rRNA gene showed that the
isolates clustered into three groups that were closely related
to R. leguminosarum (group 1, 87 isolates), R. fabae/R. pisi
(group 11, 21 isolates), or R. radiobacter (group I11, 2 isolates)
(Fig. 2A). The largest cluster (group I) included isolates from
all 13 sampling sites, suggesting that strains related to R.
leguminosarum were the most common symbionts of hairy
vetch and were widely distributed in Japan. This was consis-
tent with previous findings showing that the Vicia genus
establishes symbiotic relationships with R. leguminosarum in
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Phylogenetic trees for 16S rRNA (A) and nodC (B) gene sequences of isolates and related strains. (A) Phylogenetic trees of the 16S rRNA

gene were constructed using a 1370-bp partial nucleotide sequence from 110 isolates and the type strains of each species belonging to different
genera. (B) Phylogenetic trees of the nodC gene were constructed using an 835-bp partial nucleotide sequence from 109 isolates and the type strains
of each species belonging to different genera. Bootstrap values are shown as percentages from 1,000 replicates. Strains used for nodulation tests are

marked with asterisks.

different areas worldwide, including Europe, Asia, America,
and Africa (3, 11, 14). Strains closely related to R. pisi were
found in a distinct geographical area in northern Japan while
those closely related to R. fabae were predominantly found in
Toyama prefecture. R. pisi and R. fabae have both been
reported to nodulate Vicia spp., although with different host
specificities. R. pisi was initially isolated from P. sativum and
was also reported to be able to nodulate Phaseolus vulgaris
and Trifolium repens (18). R. fabae was isolated from V. faba
(11). The isolates closely related to R. pisi and R. fabae may
only occasionally nodulate hairy vetch and have better host
legumes in their habitat. Although some strains belonging to
Ensifer, Bradyrhizobium, and Mesorhizobium have been
reported to establish symbiosis with Vicia species (12), we
did not detect any of these rhizobia in this study, suggesting
that these strains are less adaptive and competitive in
Japanese environments.

Regarding further species identification, two housekeeping
genes, recA and atpD were sequenced for 25 representative
isolates that were selected based on sampling sites and taxo-
nomic positions determined by a 16S rRNA phylogenetic
analysis. The results obtained supported the overall phylo-
genic positions of these isolates based on 16S rRNA, showing

that the isolates in group I in the 16S rRNA phylogeny were
clustered in group I in the atpD phylogeny and in group II in
the recA phylogeny. Similarly, the isolates in group II in 16S
rRNA phylogeny were clustered in group II in the aipD
phylogeny and in group I in the recA phylogeny (Fig. SIA
and B).

The nodC gene is essential for nodulation in most rhizobia
and has been used as a genetic marker for investigating
symbiotic diversity and host specificity in rhizobia (19, 22).
The nodC genes from 109 isolates were sequenced and used
for a phylogenetic analysis. R. radiobacter strain TK24 was
excluded from the analysis because the nodC gene was not
amplified by our PCR. The isolates clustered into four groups
that were closely related to R. fabae (group 11, 42 isolates), R.
laguerreae (group 111, 30 isolates), R. leguminosarum symbiovar
viciae/R. pisi (group I, 32 isolates), or R. multihospitium
(group IV, 5 isolates) (Fig. 2B). Previous studies have reported
that hairy vetch is mainly nodulated by R. leguminosarum
symbiovar viciae. However, R. fabae, R. laguerreae, and R.
multihospitium have also been reported to nodulate Vicia spp.
including hairy vetch (9, 11, 21). Our results confirmed this
previous classification of host specificity. In addition, nodC
genes in the hairy vetch isolates from Japan formed a
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large cluster, which was clearly separated from that of R.
leguminosarum symbiovar viciae, suggesting that the Japanese
isolates had a common geographical origin.

In further investigations, we sequenced the nifH gene of 25
representative isolates that were used for atpD and recA
analyses. We failed to sequence 5 isolates (AK9, CB2, KG33,
HKS, and TK24) and have not yet identified the reason for
this. The nifH gene encodes a dinitrogenase reductase subunit
(5) and is the most widely used biomarker to study the ecology
and evolution of nitrogen-fixing bacteria. The results obtained
showed that these isolates clustered into 3 groups in the phy-
logenetic tree, the overall structure of which was similar to
the nodC phylogeny (Fig. S2).

The phylogenies derived from the 16S rRNA and nodC
(and nifH) genes exhibited different structures. For example,
strains TYb3, TYa8, and AM3 possessed congruent nodC
genes (Fig. 2B), whereas these strains were in different
groups based on their 16S rRNA gene sequences (groups I, 11,
and III in Fig. 2A). This result suggested that these isolates
acquired nodC genes by lateral gene transfer. Symbiotic
capacity may have evolved by the exchange of symbiotic
genes and genomic rearrangements within rhizobial strains,
accompanying the adaptation and domestication of hairy vetch.

Geographical distance has been shown to affect the diversity
of rhizobia (4). In order to assess the geographical distribu-
tion and diversity of Vicia-nodulating rhizobia, we performed
a biogeographical analysis using the nodC sequences of
Japanese hairy vetch isolates and those deposited in the
database as Vicia-nodulating isolates. In the phylogenetic tree,
most of the clades contained both Japanese/Asian isolates and
European isolates (Fig. S3). The clade of R. laguerreae
contained isolates from diverse areas of the world. These
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results suggest that geographical factors did not contribute to
the separation of bacterial symbionts in Vicia species or that
extensive lateral gene transfer occurred and superimposed
genetic diversity caused by geographical separation. Despite
the overall co-existence of Japanese and European isolates,
the most closely related strains of Japanese isolates were
often those from China and South Korea, indicating that the
origin of Vicia-nodulating rhizobia in Japan was East Asia.
In the present study, we explored the genetic diversity of
hairy vetch rhizobia collected from various locations with
different climates. However, soil chemical properties also
greatly influence the diversity of rhizobia. Further studies
using a soil analysis of hairy vetch sampling sites are needed
in order to elucidate the relationship between the soil chemical
properties and genetic diversity of hairy vetch rhizobia.

Symbiotic properties

The symbiotic properties of the isolates were tested using
23 representative strains selected on the basis of the 16S rRNA
phylogeny (Fig. 2A). With the exception of two isolates
(HKS and TK24), most isolates formed nodules and promoted
plant growth (Fig. 3). Among these isolates, those most closely
related to R. leguminosarum strains were the most effective at
promoting plant growth. SG14, AK9, TK16, and KG33
exerted 5-fold stronger effects on hairy vetch fresh weight
than the control. The two isolates (HKS5 and TK24), which
were closely related to R. radiobacter, did not form any
nodules on hairy vetch. Although we did not determine
whether these isolates were infected, R. radiobacter strains
have been reported as endophytes (25), suggesting that HK5
and TK24 associate with hairy vetch as endophytes.

Strain TYa3, related to R. fabae, formed the largest and
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Fig. 4. Photographs of nodules on hairy vetch roots 3 weeks after an inoculation with different rhizobial isolates. (A, E) R. pisi isolate AMS; (B,
F) R. leguminosarum isolate TYb10; (C, G) R. fabae isolate TYa3; (D, H) R. leguminosarum isolate FKS.

heaviest nodules of all the isolates tested (Fig. 3, Fig. 4C and
G), whereas R. leguminosarum strains induced a few large
nodules (Fig. 4B and F) and R. pisi strains formed many small
nodules (Fig. 4A and E). However, the total weight of the
nodules per plant was not significantly different between the
different isolates (Fig. 3). These results may have been due to
the plant regulating nodule formation in order to balance
nitrogen demand at the cost of forming and maintaining nodules.

The structure of the nodules that form on hairy vetch plants
was examined in order to investigate the infectious properties
of the isolates. As shown in Fig. 4, four strains induced atyp-
ical nodules that were markedly different from the nodules
formed by other isolates. AMS5 (Fig. 4A and E) belonged to
the R. pisi group and formed many small round nodules that
were white, indicating that the nodules exhibited lower
nitrogen-fixing activity. The R. fabae group isolates formed
similar nodules to those formed by R. pisi. TYb10 (Fig. 4B
and F) in the R. leguminosarum group formed a few large
heart-shaped nodules that were light pink. TYa3 (Fig. 4C and
G) in the R. fabae group formed popcorn-like nodules that
were also white. FK8 (Fig. 4D and H) in the R. leguminosarum
group formed rod-shaped, indeterminate types of nodules.
These nodules were greenish in color, suggesting early senes-
cence and poor efficiency in these nodules. The number, size,
and structure of the nodules formed by the isolates varied;
however, they were all originally isolated from large mature
nodules on hairy vetch plants. This may reflect diversity in
their symbiotic genes. Several rhizobial factors have been
reported to affect nodulation efficiency. Among these are the
nodulation genes involved in the synthesis of and modifica-
tions to the Nod factors that induce nodule organogenesis in
host legumes (4). In addition, differences in nodule structures
in some isolates may be the result of differences in the pro-
duction and secretion of phytohormones, such as auxin and
cytokinin, by rhizobia (15, 17) or from differences in the
infection patterns of rhizobia for host plants (7).

In symbiotic phenotype tests, no significant difference was
observed in nodule weight, whereas a marked difference was
noted in plant weight. This result strongly suggests a differ-
ence in the nitrogen-fixing ability of different hairy vetch
rhizobia. The nif'and fix genes, which encode components of

nitrogenase and its regulatory proteins (5), may not function
equally efficiently in all nodules. The most efficient nitrogen-
fixing rhizobial strains belonged to the R. leguminosarum
group in the 16S rRNA classification, but were in different
species groups when classified according to their nodC or
nifH genes. Therefore, a relationship did not appear to exist
between symbiotic performance and symbiosis-related genes,
but it may be related to 16S rRNA and house-keeping genes.

Conclusions

We herein describe for the first time the genetic diversity of
hairy vetch rhizobia in Japan. We found that R. leguminosarum
is widely distributed all over Japan and exerts high growth-
promoting effects on hairy vetch. Phylogenetic analyses using
16S rRNA, atpD, recA, nodC, and nifH genes suggest the
horizontal gene transfer of symbiosis-related genes to rhizobia
from different backgrounds. This study also provides biolog-
ical resources for selecting effective rhizobia for agriculture.

Acknowledgements

We are very grateful to the many people who provided hairy
vetch samples for this study. We thank Dr. Sato T. (Akita Prefectural
University, Japan) and Dr. Araki H. (Hokkaido University, Japan)
for their generous advice and guidance. We are also grateful to K.
Suzuki for technical assistance.

References

1. Broughton, W., and M. Dilworth. 1971. Control of leghaemoglobin
synthesis in snake beans. Biochem. J. 125:1075-1080.

2. Chemining’wa, G.N., and J.K. Vessey. 2006. The abundance and
efficacy of Rhizobium leguminosarum bv. viciae in cultivated soils of
the eastern Canadian prairie. Soil Biol. Biochem. 38:294-302.

3. De Meyer, S.E., K. Van Hoorde, B. Vekeman, T. Braeckmana, and A.
Willemsa. 201 1. Genetic diversity of rhizobia associated with indige-
nous legumes in different regions of Flanders (Belgium). Soil Biol.
Biochem. 43:2384-2396.

4. D’Haeze, W., and M. Holsters. 2002. Nod factor structures, responses,
and perception during initiation of nodule development. Glycobiology
12:79-105.

5. Fischer, H.M. 1994. Genetic regulation of nitrogen fixation in rhizobia.
Microbiol. Mol. Biol. Rev. 58:352-386.



126

10.

13.

14.

16.

17.

Fujii, Y. 2001. Screening and future exploitation of allelopathic plants
as alternative herbicides with special reference to hairy vetch. J. Crop
Prod. 4:257-275.

Gossmann, J.A., K. Markmann, A. Brachmann, L.E. Rose, and M.
Parniske. 2012. Polymorphic infection and organogenesis patterns
induced by a Rhizobium leguminosarum isolate from Lotus root nod-
ules are determined by the host genotype. New Phytol. 196:561-573.
Hoffman, M.L., E.E. Regnier, and J. Cardina. 1993. Weed and corn
(Zea mays) responses to a hairy vetch (Vicia villosa) cover crop. Weed
Technol. 7:594-599.

Hou, B.C,, E.T. Wang, Y. Li, R.Z. Jia, W.F. Chen, C.X. Man, X.H.
Sui, and W.X. Chen. 2009. Rhizobial resource associated with epi-
demic legumes in Tibet. Microb. Ecol. 57:69-81.

Kamo, T., S. Hiradate, and Y. Fujii. 2003. First isolation of natural
cyanamide as a possible allelochemical from hairy vetch Vicia villosa.
J. Chem. Ecol. 29:275-283.

. Laguerre, G., P. Louvrier, M.R. Allard, and N. Amarger. 2003.

Compatibility of rhizobial genotypes within natural populations of
Rhizobium leguminosarum biovar viciae for nodulation of host legumes.
Appl. Environ. Microbiol. 69:2276-2283.

. Lei, X., E.T. Wang, W.F. Chen, X.H. Sui, and W.X. Chen. 2008.

Diverse bacteria isolated from root nodules of wild Vicia species
grown in temperate region of China. Arch. Microbiol. 190:657-671.
Mothapo, N.V., J.M. Grossman, T. Sooksa-Nguan, J. Maul, S.L.
Brauer, and W. Shi. 2013. Cropping history affects nodulation and
symbiotic efficiency of distinct hairy vetch (Vicia villosa Roth.) geno-
types with resident soil rhizobia. Biol. Fertil. Soils. 49:871-879.
Mutch, L.A., and J.P.W. Young. 2004. Diversity and specificity of
Rhizobium leguminosarum biovar viciae on wild and cultivated
legumes. Mol. Ecol. 13:2435-2444.

. Nagata, M., and A. Suzuki. 2014. Effects of Phytohormones on

Nodulation and Nitrogen Fixation in Leguminous Plants, p. 111-128.
In T. Ohyama (ed.), Chapter 6, Advances in Biology and Ecology of
Nitrogen Fixation, Intech.

Perret, X., C. Stachelin, and W.J. Broughton. 2000. Molecular basis of
symbiotic promiscuity. Microbiol. Mol. Biol. Rev. 64:180-201.
Podlesakova, K., J. Fardoux, D. Patrel, K. Bonaldi, O. Novak, M.
Strnad, E. Giraud, L. Spichal, and N. Nouwen. 2013. Rhizobial syn-
thesized cytokinins contribute to but are not essential for the symbiotic
interaction between photosynthetic Bradyrhizobia and Aeschynomene
legumes. Mol. Plant-Microbe Interact. 26:1232—1238.

18.

19.

20.

21.

22.

23.

24.

25.

YUAN et al.

Ramirez-Bahena, M.H., P. Garcia-Fraile, A. Peix, A. Valverde, R.
Rivas, J.M. Igual, P.F. Mateos, E. Martinez-Molina, and E. Velazquez.
2008. Revision of the taxonomic status of the species Rhizobium
leguminosarum (Frank 1879) Frank 1889AL. Rhizobium phaseoli
Dangeard 1926AL and Rhizobium trifolii Dangeard 1926AL. R. trifolii
is a later synonym of R. leguminosarum. Reclassification of the strain
R. leguminosarum DSM 30132 (= NCIMB 11478) as Rhizobium pisi
sp. nov. Int. J. Syst. Evol. Microbiol. 58:2484-2490.

Roche, P., F. Maillet, C. Plazanet, F. Debellé, M. Ferro, G. Truchet, J.
Prom¢, and J. Dénarié. 1996. The common nodABC genes of Rhizobium
meliloti are host-range determinants. Proc. Natl. Acad. Sci. U.S.A.
93:15305-15310.

Ronson, C.W., and S.B. Primrose. 1979. Carbohydrate metabolism in
Rhizobium trifolii: identification and symbiotic properties of mutants.
J. Gen. Microbiol. 112:77-88.

Santillana, N., M.H. Ramirez-Bahena, P. Garcia-Fraile, E. Velazquez,
and D. Zuniga. 2008. Phylogenetic diversity based on r7s, atpD, recA
genes and 16S-23S intergenic sequence analyses of rhizobial strains
isolated from Vicia faba and Pisum sativum in Peru. Arch. Microbiol.
189:239-247.

Sarita, S., P.K. Sharma, U.B. Priefer, and J. Prell. 2005. Direct ampli-
fication of rhizobial nodC sequences from soil total DNA and compar-
ison to nodC diversity of root nodule isolates. FEMS Microbiol. Ecol.
54:1-11.

Tamura, K., G. Stecher, D. Peterson, A. Filipski, and S. Kumar. 2013.
MEGAG6: molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 30:2725-2729.

Wang, D., S. Yang, F. Tang, and H. Zhu. 2012. Symbiosis specificity
in the legume-rhizobial mutualism. Cell. Microbiol. 14:334-342.
Young, J.M., L.D. Kuykendall, E. Martinez-Romero, A. Kerr, and H.
Sawada. 2001. A revision of Rhizobium Frank 1889, with an emended
description of the genus, and the inclusion of all species of
Agrobacterium Conn 1942 and Allorhizobium undicola de Lajudie et
al. 1998 as new combinations: Rhizobium radiobacter, R. rhizogenes,
R. rubi, R. undicola and R. vitis. Int J. Syst Evol Micr. 51:89-103.



