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We characterized the relationship between the genetic diversity of indigenous soybean-nodulating bradyrhizobia
from weakly acidic soils in Japan and their geographical distribution in an ecological study of indigenous soybean
rhizobia. We isolated bradyrhizobia from three kinds of Rj-genotype soybeans. Their genetic diversity and community
structure were analyzed by PCR-RFLP analysis of the 16S—23S rRNA gene internal transcribed spacer (ITS) region
with 11 Bradyrhizobium USDA strains as references. We used data from the present study and previous studies to
carry out mathematical ecological analyses, multidimensional scaling analysis with the Bray-Curtis index, polar
ordination analysis, and multiple regression analyses to characterize the relationship between soybean-nodulating
bradyrhizobial community structures and their geographical distribution. The mathematical ecological approaches used
in this study demonstrated the presence of ecological niches and suggested the geographical distribution of soybean-
nodulating bradyrhizobia to be a function of latitude and the related climate, with clusters in the order Bj123, Bj110,

Bj6, and Be76 from north to south in Japan.
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Soybeans (Glycine max. L. Merr.) establish a symbiotic
relationship with soybean-nodulating bacteria during the
development of their nitrogen-fixing organs, the root nodules.
The major soybean-nodulating rhizobia that have been
identified are Bradyrhizobium japonicum, Bradyrhizobium
elkanii, and Ensifer/Sinorhizobium fredii (4, 13, 14, 18, 37,
47). Additional species of soybean-nodulating rhizobia have
also been discussed extensively in the literature because of
the complexity of their taxonomic classification (10, 23, 41,
43,45). Major symbionts of soybeans for nodulation in acidic-
neutral soil in Japan are B. japonicum and B. elkanii (21, 28,
36, 40). Soybean-nodulating bacteria are found throughout
wide regions of the world, and their genetic diversity may
reflect geographical and climatic differences as well as the
diversity of local hosts. Therefore, analysis of the genetic
diversity and field distributions of indigenous soybean-
nodulating rhizobia is important for improving our under-
standing of rhizobial ecology under various conditions.

Our previous research (28, 31) demonstrated the genetic
diversity and field distributions of indigenous soybean-
nodulating bradyrhizobia isolated from weakly acidic soils
from five fields in Japan and suggested that indigenous
bradyrhizobia cluster in association with strains listed in
north-to-south order as follows: B. japonicum USDA 123,
110, 6", and B. elkanii USDA 76T. Suzuki et al. (40) reported
the dominance of B. elkanii strains in weakly acidic-neutral
soils of the islands of Okinawa, Miyakojima and Ishigaki
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and the dominance of S. fredii strains in alkaline soils of the
Okinawa island. Risal et al. (25) reported the genetic diversity
of native soybean bradyrhizobia isolated from different
topographical regions along the southern slopes of the
Himalayan Mountains in Nepal. Furthermore, Adhikari et al.
(1) demonstrated the genetic diversity and distribution of
soybean-nodulating bradyrhizobia in relation to climate and
soil properties in Nepal. Li ef al. (19) reported that the genetic
diversity and biogeography of soybean rhizobia were related
to soil determinant factors such as pH, electrical conductivity
(EC), and phosphorus content in Hebei Province, China.
These results suggest that a relationship exists between the
genetic diversity and field distribution of indigenous soybean-
nodulating rhizobia and soil properties such as temperature
(as influenced by latitude and altitude), phosphorus content,
EC, and soil pH.

In the host soybean, the genes related to nodulation, the
Rj genes, are known as nodulation regulatory genes, and Rj
genotypes of 7j1, Rj2, Rj3, Rjs and non-Rj, which lack these
genetical phenotypes, have been confirmed to exist naturally
(6). Soybean cultivars harboring Rj genes are involved in the
inhibition of effective nodulation by certain serogroups of
rhizobia as well as in the preferential selection of appropriate
rhizobia for nodulation (11, 20, 26). Thus, in an analysis of
indigenous soybean-nodulating bacteria, it is necessary to use
several types of Rj genotypes of soybean cultivars for the
isolation of rhizobia.

To examine the relationship between bradyrhizobial
genetic diversity and their geographical distribution in an
ecological study of indigenous soybean rhizobia, we used
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three types of Rj-genotype soybeans to isolate indigenous
soybean-nodulating bradyrhizobia from weakly acidic soils
in Japan. We investigated their genetic diversity, community
structure, and allocation among fields by PCR-RFLP analysis
of internal transcribed spacer (ITS) regions of the 16S-23S
rRNA gene. Furthermore, we used data from the present and
previous studies to conduct mathematical ecological analyses
to clarify the relationship between the community structures
of soybean-nodulating bradyrhizobial and their geographical
distributions.

Materials and Methods

Soil samples

Soil samples for the isolation of soybean-nodulating brady-
rhizobia were collected from experimental fields of domestic
research institutes, Akita Prefectural University (Ogata, Akita,
Japan), Yamanashi Prefectural Agritechnology Center (Kai,
Yamanashi, Japan), Shizuoka University (Fukuroi and Fujieda,
Shizuoka, Japan), Kochi University (Nangoku, Kochi, Japan),
Kyushu University (Kasuya, Fukuoka, Japan), and Kagoshima
Prefectural Institute for Agricultural Development, Tokunoshima
branch (Tokunoshima, Kagoshima, Japan). These soils have a history
of soybean cultivation without any bradyrhizobial inoculation. Table
1 provides information about the soil samples collected during this
study and previous studies (28, 40).

Isolation of soybean-nodulating rhizobia

For isolation of indigenous soybean-nodulating bacteria, the
soybean cultivars Akishirome or Bragg (non-Rj), CNS (Rj>Rj5), and
Fukuyutaka (Rjs) were grown in experimental soil placed in
vermiculite culture pots amended with a nitrogen-free nutrient
solution (26) at 40% (v/v) water content in a growth chamber (day:
28°C for 16 h, night: 23°C for 8 h) for 4 weeks. After cultivation,
the roots were washed thoroughly with tap water. The nodules were
collected randomly and surface-sterilized with 70% ethanol and a
dilute sodium hypochlorite solution (0.25% available chlorine)
followed by rinsing with sterile distilled water. Each nodule
homogenate was streaked onto a yeast-extract mannitol agar (YMA)
(42) plate and incubated for 5-7 days in the dark at 28°C. To
determine the genus of the isolates, a single colony was streaked
onto YMA plates containing 0.002% (w/v) bromothymol blue (15)
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and incubated as described above. After incubation, each isolate
was maintained on YMA medium at 4°C. To eliminate the possibility
of contamination with irrelevant soybean-nodulating bacteria, we
confirmed that there was no nodule formation on the negative control
soybean plants without soil. Sixty isolates, 20 isolates for each Rj-
genotype soybean, were considered to be a soybean-nodulating
rhizobial community for each experimental soil. A total of 780
isolates from 13 sites, except for sample B sites (Akita B, Shizuoka
B, and Okinawa B), were used in multivariate analyses. Datasets
from the sample B sites were used to verify the results of multiple
regression analysis. Compatibility with host soybean of representa-
tive isolates from soil samples in each cluster after cluster analysis
was confirmed by an inoculation test as described previously (28).

PCR-RFLP analysis of the 16S-23S rRNA gene ITS region

Each isolate was cultured in 1.0 mL Hepes-Mes medium (5)
supplemented with 0.1% L-arabinose (33) for 3—4 days at 28°C.
Total DNA for the PCR template was extracted from the cell pellet
with bacteria lysate buffer according to the method described by
Hiraishi et al. (9). PCR-RFLP analysis of the ITS region was carried
out using Ex Tag DNA polymerase (Takara Bio, Otsu, Japan) and
the ITS primer set (BralTS-F: 5'-GACTGGGGTGAAGTCGTAAC-
3", BralTS-R: 5'-ACGTCCTTCATCGCCTC-3"), and four restriction
enzymes, Haelll, Hhal, Mspl, and Xspl (Takara Bio), as described
previously (28). The restricted fragments were separated and
screened with QIAxcel capillary electrophoresis apparatus (Qiagen,
Hilden, Germany). As reference strains, we used B. japonicum
USDA 4, 67, 38, 110, 115, 123, 124, and 135, and B. elkanii USDA
46, 767, and 94 (27).

Cluster analysis

The sizes of the fragments on electrophoresis were measured
with a 50-bp ladder marker (Nippon Gene, Toyama, Japan) and the
fragment sizes calculated from the sequence data of the reference
strains. All reproducible fragments longer than 50 bp were used for
cluster analysis, and some irreproducible fragments were excluded.
The genetic distance between pairs of isolates (D) was calculated
using the following equation:

Dsg=1- [ZNAB / (NA + NB)] (1)

where Nap represents the number of RFLP bands shared by strains
A and B, and N and Ng represent the numbers of RFLP bands in
the two strains (22, 32). The D values for all pairs of isolates were
calculated. Cluster analysis was carried out using the unweighted-

Table 1. List of soil samples used in this study

Dsmﬁtelzgi(ff Soil group? Sampling site Latitude, Longitude ‘”*(‘(E}f};de (PII);IO) ( d;g") Reference
Hokkaido Andosols Memuro, Hokkaido, Japan 42.89N, 143.07E 18.51 5.2 0.17 Saeki et al. 2006
Akita A Gley soils Ogata, Akita, Japan 40.01N, 139.98E 15.63 6.1 0.06 This study

Akita B Gley soils Ogata, Akita, Japan 40.00N, 139.96E 15.62 59 0.05 This study
Fukushima Andosols Arai, Fukushima, Japan 37.71N, 140.39E 13.33 5.0 0.05 Saeki et al. 2006
Yamanashi Gray Lowland soils ~ Kai, Yamanashi, Japan 35.68N, 138.49E 11.31 6.1 0.07 This study

Kyoto Andosols Ayabe, Kyoto, Japan 35.29N, 135.26E 1091 5.1 0.15 Saeki et al. 2006
Shizuoka A Gray Lowland soils  Fukuroi, Shizuoka, Japan 34.70N, 137.93E 10.32 5.3 0.18 This study
Shizuoka B Gley soils Fujieda, Shizuoka, Japan 34.90N, 138.27E 10.52 5.8 0.46 This study
Fukuoka Gray Lowland soils  Kasuya, Fukuoka, Japan 33.61N, 130.46E 9.23 5.6 0.02 This study

Kochi Gray Lowland soils  Nangoku, Kochi, Japan 33.55N, 133.68E 9.17 4.9 0.34 This study
Miyazaki Andosols Kibanadai, Miyazaki, Japan 31.83N, 131.42E 7.45 5.7 0.06 Saeki et al. 2006
Tokunoshima  Red Yellow soils Tokunoshima, Kagoshima, 27.74N, 128.97E 3.36 7.3 0.06 This study

Japan

Okinawa A Red Yellow soils Nishihara, Okinawa, Japan 26.25N, 127.76E 1.87 4.7 0.06 Suzuki et al. 2008
Okinawa B Red Yellow soils Nishihara, Okinawa, Japan 26.25N, 127.76E 1.87 5.7 0.04 Suzuki et al. 2008
Miyakojima Dark Red soils Miyakojima, Okinawa, Japan ~ 24.77N, 125.33E 0.39 7.5 0.05 Suzuki ef al. 2008
Ishigaki Red Yellow soils Ishigaki, Okinawa, Japan 24.38N, 124.19E 0.00 6.1 0.03 Suzuki et al. 2008

2 Classification of Cultivated Soils in Japan (Third Approximation).
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pair group method using arithmetic averages. A dendrogram was
constructed with PHYLIP software program ver. 3.6 (J. Felsenstein,
University of Washington).

Multidimensional scaling analysis and polar ordination analysis

To characterize relationships among the bradyrhizobial commu-
nities, we performed multidimensional scaling (MDS) analysis based
on the Bray-Curtis index as a measure of dissimilarity (3). The
Bray-Curtis index has been characterized as one of the indices that
best reflects properties between communities (7). We calculated the
Bray-Curtis index (BC) with the following equation:

BCpp = [Z | na — ng ]/ [E (na + np)] 2

where BCyg is the dissimilarity between communities A and B, and
na and np represent the number of isolates belonging to clusters
associated only with communities A and B, respectively. Three-
dimensional (3-D) MDS analyses based on the Bray-Curtis index
were conducted using the command “cmdscale” in R software
program ver. 2.12.1 (24).

To determine the relative distances among the bradyrhizobial
communities based on 3-D MDS plots of the communities in the
3-D Euclidean space, we used the Euclidean distances between
communities based on a trigonometric figure to conduct polar
ordination and plotted the distances between the polar axes (17, 29,
44). The bradyrhizobial communities isolated from the Ishigaki
Island site (24.38°N) and the Hokkaido site (42.89°N) were regarded
as polar samples (i.e., 100% difference) because the difference in
their latitudes and distance between soil sample sites was the greatest.

SAEKI et al.

The Euclidean distances (Ed), each pole point and other points on
the 3-D MDS plots were calculated with the x-, y-, and z-axis
coordinates of the points with the following equation:

Edps = [(Xa — Xs)? + (Ya — Y8)* + (Za — Zp)*]"? 3)

where Ed,s is the linear distance between communities A and B on
the 3-D MDS plots, and Xx and X, Ya and Vg, and Z, and Zg
represent the coordinates on the x-, y-, and z-axes of communities
A and B, respectively. The distances from the each pole were
converted to percentage differences (%), D; and D,, from the polar
communities Ishigaki and Hokkaido. Simultaneous equations were
constructed from the trigonometric figure using the Pythagorean
theorem as described previously (29). Parameter x represents the
polar difference (%) from the 0% pole (Ishigaki site) and is calculated
as follows (44):

x=(L2+D2-D2) /2L 4

where D; and D, are the percentage differences between a particular
bradyrhizobial community and the communities at the Ishigaki site
and Hokkaido site, respectively. Parameter L is the difference
between the two polar sites (i.e. 100%). The relationships between
the polar ordination and the latitudes of the field sampling sites
were estimated. For estimation of community structure distribution,
this analysis was conducted with the combined data from the
experimental soil sites as well as with each datum of Rj-genotype
soybeans from the experimental soil sites.

Table 2. Cluster and number of soybean-nodulating bradyrhizobia from each soil sample and Rj-genotype soybeans
é;l;;;leCIUSter Bj6  Bj38  BjlIS  Bjllo Bjl23  BjH Bjf  BjO  Besl  Bel6 Be94  BeO Reference
Hokkaido (19, ?37 20) (1, i 0) Saeki et al. 2006
Akita A (13, ?g’ 13) (7,282, 7 This study
Akita B (16, ?27 13) (4’1; 7 This study
Fukushima 0. . ) 0 » oo, 2 (2,1827 2 o 1 1 o, 0 ) Saeki et al. 2006
Yamanashi 0, ?g, 20) 0, %, 0) This study
Kyoto (&1; ) 6 g 5 o ‘l’ 5 6 1239 1) o g 0 Sacki ef al. 2006
Shizuoka A 0, (1), 1) a1, gg, 17 3, 8, 2) This study
Shizuoka B 0, gg’ 20) This study
Fukuoka (3’135’ 9) (1 573(3), 9) (2,182, 2) This study
Kochi (1072143, D @ (1) 1 (10’375, 19) This study
Miyazaki (16,47(? " @ g 3 0. B 0 Sacki ef al. 2006
Tokunoshima 3, %2’ 9) (15,340’ 1) @ %, 0) This study
Okinawa A a, 2?12) 0, L 0) (11,225;7 6 (I, (1], 0 (I, §, 2) Suzuki et al. 2008
OkinawaB ;61 0 (1 5’41‘8’ _— ﬁ y a 0 () Suzkieral. 2008
Miyakojima 5 § 2 s, ‘1‘2 _— { _— g 1) Suzaki eral 2008
Tshigaki o, (1) D @, gg 19) Suzuki et al. 2008
No. isolate 171 36 9 405 106 2 2 1 1 191 25 11 960
Ezf)“mage 178 3809 422 1.0 02 02 0l 0.1 199 26 11100

Upper number in each column indicates whole number of isolates and lower indicates number of isolates from non-Rj, Rj>Rj3, and Rj4, respectively.
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Multiple regression analysis

To characterize the coordinates from the regression equation in
terms of the coordinates obtained from latitude and polar ordination
analysis, we used major clusters in the soybean-nodulating bacterial
communities as explanatory independent variables to conduct
multiple regression analysis (MRA). Clusters Bj6, Bj110, Bj123,
and Be76, which accounted for more than 10% of the total number
of isolates (Table 2), were used as the major clusters for independent
variables in the MRA. For characterization of the relationships
between the coordinates obtained from polar ordination analysis and
the latitude of sample soil sites, MRA was conducted with four
major cluster data: nodule occupancy (%) of Bj6, Bj110, Bj123,
and Be76, using the command “lm” in R software program ver.
2.12.1. These cluster data were used as independent variables against
the coordinate calculated from the regression equation as the
dependent variable. The equation for the MRA results was verified
with sample B sites: Akita B, Shizuoka B, and Okinawa B. Further
analyses of MDS and polar ordination were conducted for each Rj-
genotype soybean data set.

Results

PCR-RFLP analysis of the 165-23S rRNA gene ITS region

Fig. 1 is a schematic representation of the electrophoresis
fragment patterns from RFLP analysis. Fifteen RFLP patterns
associated with operational taxonomic units (OTUs) were
detected from indigenous bradyrhizobia isolated from Akita
A, Akita B, Yamanashi, Shizuoka A, Shizuoka B, Fukuoka,
Kochi, Tokunoshima, and reference strains. Cluster analysis
was conducted for the 15 OTUs containing the 11 RFLP
patterns of the reference strains. Fig. 2 shows the dendrogram
of the indigenous bradyrhizobia. A similarity of 89% was
the maximum similarity used to distinguish between USDA
6T and USDA 38, the strain with the most closely related
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RFLP patterns among the reference strains. This similarity
was applied as the criterion for cluster analysis, and 11
clusters were detected in the dendrogram. Six of the 11
clusters were generated from indigenous isolates. However,
isolates belonging to 5 clusters (Bj4, Bj115, Bj124, Bj135,
and Be46) were not detected among the indigenous isolates
in this study. Eight clusters (Bj) belonged to the cluster of
B. japonicum, and 3 clusters (Be) belonged to those of B.
elkanii. Four of the 8 clusters, Bj6, Bj38, Bj110, and Bj123,
showed RFLP patterns that were identical or similar to
those of B. japonicum strains USDA 67, 38, 110, and 123,
respectively. Clusters Be76 and Be94 showed RFLP patterns
identical or similar to those of B. elkanii strains USDA 76"
and USDA 94, respectively. The clusters of B. elkanii evinced
relatively lower variance than those of B. japonicum. Table
2 lists the isolates belonging to clusters detected in this study
and previous studies.

Multidimensional scaling and polar ordination analysis

Fig. 3 shows the results of 3-D MDS and the coordinates
of the axes obtained from the 3-D MDS analysis. Table 3
shows the results of polar ordination and indicates the
percentage differences of each soil site from the Ishigaki site
(0%) to the Hokkaido site (100%). The relationships between
the polar ordination of bacterial communities and the northern
latitudes of the sample field sites are indicated by the filled
circles in Fig. 4. There was a high degree of correlation (2
= 0.8586) between the change in latitude and the polar
ordination coordinate from MDS.

Multiple regression analysis

There were four major clusters of soybean-nodulating

Size(bp) USDA4  USDA6 USDA38 USDAI10 USDAI115 USDA123 USDAI24 USDAI135 USDA46 USDA76 USDA94 AktABl AktAB3 AktAF12 YmnsF4 FkkB4 FkkB6 FKKF5 FKkF6

FKkF10 KcF19 SzkABI
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Fig. 1. Schematic representation of electrophoresis patterns of PCR-RFLP of 16S-23S rRNA gene ITS region of soybean-nodulating brady-

rhizobia isolated in this study.
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10% similarity 89% similarity Akita A AkitaB  Yamanashi  ShizuokaA  ShizuokaB Kochi Fukuoka  Tokunoshima
B OTUs BCF BCF BCF BCF BCF BCF BCF B C F Clstr

USDA4 Bj4
USDA6T Bj6
FkkB4 1 0131 337 316 9
FKKF5 2
USDA38 Bj38
KcF19 1
USDAI115 Bjl15
. . USDA123 Bjl123
B. japonicum E AKABS 7 8 6 4 3 7
AKtAF12 1
u— USDA124 Bj124
USDAI135 Bj135
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USDA46 Bed6
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| USDA94 Be94
| skaB1 3 2

Fig. 2. Dendrogram of PCR-RFLP analysis of 16S-23S rRNA gene ITS region of soybean-nodulating bradyrhizobia. B, C, F indicate host
soybean cultivars, Bragg or Akishirome (non-Rj), CNS (RjRj3) and Fukuyutaka (Rj4), respectively.

Kochi Tokunoshima

™ Miyazaki

Kyoi;
02 i Shizuoka A . e
. Fukuoka

0.0 Yamanashi ° Fukushima
Akita A

Okinawa A

Hokkaido

i3

Miyakojima

-0.6

Fig. 3. Plots of soybean-nodulating bradyrhizobial communities by
3-dimensional multidimensional scaling analysis based on Bray-Curtis
index.

The coordinates of axis [1], [2], [3] are as follows: Hokkaido: —0.0536,
-0.6712, 0.3637, AkitaA: 0.3808, —0.2725, —0.0389, Fukushima:
0.2706, —0.2026, 0.0841, Yamanashi: 0.3544, —0.0153, —0.2845,
Kyoto: 0.2039, 0.1995, 0.0669, ShizuokaA: 0.3567, 0.0303, —0.1975,
Fukuoka: 0.0594, 0.4652, —0.1613, Kochi: 0.1905, 0.2465, 0.0480,
Miyazaki: —0.2057, 0.3042, 0.4660, Tokunoshima: 0.1310, 0.2618,
0.0712, OkinawaA: —0.5003, 0.2144, 0.0825, Miyakojima: —0.5901,
—0.0402, —0.1922, Ishigaki: —0.5975, —0.2203, —0.3079, respectively.

bradyrhizobia: Bj6, Bj110, Bj123, and Be76 (Table 2). These
four clusters were therefore used as independent variables to
explain the dependent variables in the MRA. Equation (5)

was constructed from the coefficients obtained from the
MRA, the adjusted coefficient of determination being 0.9014
(Fig. 4).

Y =0.213-Bj123 + 0.130-Bj110
— 0.592-Bj6 — 0.712-Be76 + 73.42 )

where Bj123, Bj110, Bj6, and Be76 are the percentages of
occupancy of the clusters in the soybean nodules. Data from
the sample B sites (Akita B, Shizuoka B, and Okinawa B)
were used for verification of the equation that resulted from
the MRA. The coordinates of the B sample sites, indicated
by the triangles in Fig. 4, were calculated using the equation
about as well as the coordinates of the sample A sites.

Multidimensional scaling and polar ordination analysis for
each Rj-genotype

Fig. 5 shows the relationships between the polar ordination
analysis of the coordinates of the 3-D MDS analysis from
each Rj-genotype soybean and the northern latitudes of the
sample field sites. These figures were constructed from all
data including community B, for each Rj-genotype soybean.
Analytical procedures were identical to those described
above. Fig. 5 evinces a high degree of correlation between
changes in latitude and polar differences of soybean-
nodulating bradyrhizobial communities in the case of non-
Rj genotype (> = 0.927) and the Rjs-genotype (r> = 0.899),
whereas the corresponding correlation in the case of the
Rj>Rj5-genotype was relatively low (#2 = 0.785). The »? of
the same relationship for the whole community containing
these three genotypes was 0.871.

Discussion

The results of this study suggested that major soybean-
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Table 3. Data for multiple regression analysis and coordinates calculated
Dependent variable Independent variable (Nodule occupancy %) .
Site . Coordinate of Alatitude C((,)F f\j}igf ¢
Pgﬁﬁggﬁ © regression Bj123 Bj110 Bj6 Be76 CN) equation®
equation
Hokkaido 100.0 92.6 96.7 0.0 0.0 0.0 18.51 94.0
Akita A 71.5 78.9 36.7 63.3 0.0 0.0 15.63 73.0
Fukushima 76.6 68.0 20.0 36.7 0.0 1.7 13.33 71.7
Yamanashi 46.4 58.4 0.0 96.7 0.0 33 11.31 58.5
Kyoto 524 56.5 0.0 48.3 233 0.0 10.91 533
Shizuoka A 50.5 53.8 0.0 90.0 1.7 0.0 10.32 60.7
Fukuoka 29.7 48.5 0.0 55.0 25.0 20.0 9.23 372
Kochi 48.1 48.3 0.0 58.3 40.0 0.0 9.17 422
Miyazaki 522 40.1 0.0 0.0 66.7 0.0 7.45 34.0
Tokunoshima 45.6 20.7 0.0 50.0 46.7 33 3.36 36.9
Okinawa A 12.5 13.6 0.0 0.0 41.7 41.7 1.87 19.1
Miyakojima 0.1 6.6 0.0 0.0 133 81.7 0.39 7.4
Ishigaki 0.0 4.8 0.0 0.0 0.0 98.3 0.00 34
Akita B 233 76.7 0.0 0.0 15.62 68.4
Shizuoka B 0.0 100.0 0.0 0.0 10.52 60.4
Okinawa B 0.0 0.0 26.7 68.3 1.87 9.0

2 Coordinates calculated by Polar Ordination based on coordinates of MDS analysis.
b Coordinates calculated by the linear regression equation; y = 4.7498x + 4.7811, as shown in Fig. 4.
¢ Coordinates calculated by multiple regression equation; Y = 0.213Bj123+0.130Bj110-0.592Bj6—-0.712Bj76+73.42 as shown in equation (5).

110
° . PO coordinate from MDS Hokkaido
100 +— PO coordinate from MDS y=4.7498x + 4.7811 ®
@ Deduced coordinate from MRA r2=0.8586 )
90 1T & Community B i
e 80 Fukushima
e o
g 70 o~
5 Shizuoka Kyoto/
2 e
& 60 Miyazaki Deduced coordinate
f‘é 50 Tokunoshima @ Kochi () y =4.4337x + 7.4729
. ) [ r?=0.93268
S 40 Ya
=]
= ¢ ,//’ ¢
30 > @
Okinawa / Fukuoka
20 & ==
Miyakojin?/
”~
b
0 T T T T T T T T T 1
Ishigaki
2 4 6 8 10 12 14 16 18 20

ALatitude ("N)

Fig. 4. Relationship between soybean-nodulating bradyrhizobial community and latitude of the soil sampling site. Two linear regression
equations are shown in the figure. The equation of the polar ordination coordinate from MDS indicates the regression equation from the result of
polar ordination analysis of MDS plots, and the equation of the deduced coordinate indicates the regression equation from coordinates of multiple
regression equation, Y = 0.213Bj123 + 0.130Bj110 — 0.592Bj6 — 0.712Bj76 + 73.42 (R* = 0.9014, F4,8 = 28.42, p <0.0001), for the equation from

the polar ordination coordinate from MDS as independent variables.

nodulating bradyrhizobia in Japan are isolates that belong to
clusters of Bj6, Bj110, and Bj123, and Be76 (Tables 2, 3,
and Fig. 4). Although our previous study (28) suggested that
the major soybean-nodulating rhizobial clusters in Japan
included clusters of Bj6, Bj38, Bj110, Bj123, and Be76, the
results of this study indicate that the Bj38 cluster may be
excluded from the major clusters of soybean-nodulating
rhizobia in Japan. Although the variances of nodule occu-

pancy rates of clusters were large, it is likely that the nodule
occupancy rates of these four clusters vary with the northern
latitude (Table 3 and Fig. 4).

In general, soybean cultivation seasons depend on the
region and cultivar. Experimental results have demonstrated
that the structure of soybean-nodulating rhizobial communi-
ties will depend on cultivation temperatures even on identical
soil samples (20, 38). The expression level of the nod genes
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Fig. 5. Relationship between soybean-nodulating bradyrhizobial community of each Rj-genotype soybean and latitude of the soil sampling site.

of bradyrhizobia is also dependent on temperature and differs
among strains (46). Furthermore, it has been suggested that
population occupancy rates of bradyrhizobia in soil are
affected by soil temperature. For example, B. elkanii USDA
76T becomes dominant under high temperature conditions,
and B. japonicum USDA 123 becomes dominant under low
temperature conditions (30). These results suggest that
soybean-nodulating bradyrhizobia may be characterized by
temperature-dependent ecological niches for infection of the
host root and population occupancy in the soil. As a result,
bradyrhizobia might evince changes of population occupancy
and community structures in soil as habitat changes with
latitude.

In previous studies, B. elkanii isolates were detected with
high frequencies from southern regions of Japan (28, 40).
However, isolation rates of B. elkanii from Gray Lowland
soils and Gley soils were relatively low, and dominant isolates
belonged to the Bj110 cluster in this study (Table 2). A high
frequency of Bj110 was also detected from fine-particle Red
Yellow soils on the island of Tokunoshima, which is located
in southern Japan. In the United States, indigenous soybean-
bradyrhizobia belonging to Bj123 cluster are dominant in
northern regions, and Be clusters are dominant in central and
southern regions (16, 39). The Bj110 cluster is detected in
central regions, but in association with few bradyrhizobia.
These results suggest that soil chemical and/or physical

properties determined by soil texture (e.g., silt versus clay)
might affect the indigenization and/or nodulation of soybean-
nodulating bradyrhizobia. Anaerobic conditions developed
under paddy field conditions in fine-particle soils such as
Gray Lowland soils might be suitable for indigenization of
strains such as USDA110 in temperate climate regions. This
reason for the high occupancy of the Bjl110 cluster in fine-
particle soils might be strain capability for denitrification.
Bradyrhizobia show denitrification activity. Although the end
products of denitrification depend on the strain capability, B.
Jjaponicum strain USDA110 possesses a full set of functional
denitrifying genes and reduces NOs~ to N; (35). This function
of the strain might work advantageously to become dominant
in the soils. This strain also shows denitrifying capability to
reduce N,O surrounding the soybean root system (34).
Recently, Itakura ef al. (12) demonstrated the mitigation of
N,O emission from soils by inoculation of soils with B.
japonicum USDA110 under field conditions. Therefore,
utilization of useful bradyrhizobia that show high N-fixing
and full denitrifying capabilities is important not only for
increasing yields but also for environmental conservation in
agriculture.

Additionally, as environmental factors for bradyrhizobial
ecology, it is reported that soil chemical properties such as
pH, phosphorus and climate conditions affect the indigeni-
zation of the genera and species of soybean rhizobia (1, 19,
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25). Our previous study (40) also indicated that among the
genera of soybean-nodulating rhizobia, the presence of the
genera Bradyrhizobium and Sinorhizobium can depend on
the soil pH. It has also been reported that soybean cultivation
management practices affect the genetic variance of soybean-
nodulating bacteria (2, 8). Furthermore, differences in the
diversity of communities of soybean-nodulating brady-
rhizobia related to Rj genotypes of the host soybean cultivars
were demonstrated (20, 29, 38). Although difference among
community structures depending on Rj genotypes may depend
on the community structure of soybean-nodulating rhizobia
in the soil, the relatively low coefficient of determination for
the Rj,Rj; genotype in polar ordination analysis based on
MDS plots (Fig. 5) supports the previous results (20, 29).
These results suggest the possibility of formulating a model
of the community structure of soybean-nodulating rhizobia
based on latitude, soil texture, soil chemical/physical prop-
erties such as temperature, pH, EC, oxidation-reduction
potential, soil management, and soybean Rj genotypes.

In this study, we investigated the rhizobial community
structure via the analysis of soybean-nodulating brady-
rhizobia, and demonstrated an ecological niche along latitude
in Japan. To elucidate bradyrhizobial ecology, it will be
necessary to analyse model experiments using microcosms
containing representative strains, considering soil types and
texture, soil chemical/physical properties, soil management
practices, and soybean cultivars. Furthermore, we must
develop more direct methods to characterize rhizobial
communities in soil, i.e. methods using soil DNA, to advance
our understanding of indigenous rhizobial ecology and for
further construction of reliable models of soybean-nodulating
rhizobial community structure.

Acknowledgements

This study was mainly supported by the JSPS KAKENHI [Grants-
in-Aid for Scientific Research (C), no. 22580068] and partially
supported by the Takano Life Science Research Foundation.

References

1. Adhikari, D., M. Kaneto, K. Itoh, K. Suyama, B.B. Pokharel, and
Y K. Gaihre. 2012. Genetic diversity of soybean-nodulating rhizobia
in Nepal in relation to climate and soil properties. Plant Soil 357:131—
145.

2. Bizarro, M.J., A. Giongo, L.K. Vargas, L.F.W. Roesch, K.A. Gano,
E.L.S. de S4, L.M.P. Passaglia, and P.A. Selbach. 2011. Genetic
variability of soybean bradyrhizobia populations under different soil
managements. Biol. Fertil. Soils 47:357-362.

3. Bray, J.R., and J.T. Curtis. 1957. An ordination of the upland forest
communities of southern Wisconsin. Ecol. Monogr. 27:325-349.

4. Chen, W.X., G.H. Yan, and J.L. Li. 1988. Numeric taxonomic study
of fast-growing soybean rhizobia and a proposal that Rhizobium fredii
be assigned to Sinorhizobium gen. nov. Int. J. Syst. Bacteriol.,
38:392-397.

5. Cole, M.A., and G.H. Elkan. 1973. Transmissible resistance to
penicillin G, neomycin, and chloramphenicol in RhAizobium
Jjaponicum. Antimicrob. Agents Chemother. 4:248-253.

6. Devine, T.E., and L.D. Kuykendall. 1996. Host genetic control of
symbiosis in soybean (Glycine max L.). Plant Soil 186:173—187.

7. Faith, D.P., P.R. Minchin, and L. Belbin. 1987. Compositional
dissimilarity as a robust measure of ecological distance. Vegetation
69:57-68.

8. Grossman, J.M., M.E. Schipanski, T. Sooksanguan, S. Seehaver, and
L.E. Drinkwater. 2011. Diversity of rhizobia in soybean [Glycine max
(Vinton)] nodules varies under organic and conventional manage-
ment. Appl. Soil Ecol. 50:14-20.

10.

12.

13.

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

477

. Hiraishi, A., Y. Kamagata, and K. Nakamura. 1995. Polymerase chain

reaction amplification and restriction fragment length polymorphism
analysis of 16S rRNA genes from methanogens. J. Ferment. Bioeng.
79:523-529.

Hungria, M., L.M.O. Chueire, M. Megias, Y. Lamrabet, A. Probanza,
F.J. Guttierrez-Mafiero, and R.J. Campo. 2006. Genetic diversity of
indigenous tropical fast-growing rhizobia isolated from soybean
nodules. Plant Soil 288:343-356.

. Ishizuka, J., Y. Suemasu, and K. Mizogami. 1991. Preference of

Rj-soybean cultivars for Bradyrhizobium japonicum for nodulation.
Soil Sci. Plant Nutr. 37:15-21.

Itakura, M., Y. Uchida, H. Akiyama, ef al. 2013. Mitigation of nitrous
oxide emissions from soils by Bradyrhizobium japonicum inocula-
tion. Nature Climate Change 3:208-212.

Jarvis, B.D.W., H.L. Downer, and J.P.W. Young. 1992. Phylogeny of
fast-growing soybean-nodulating rhizobia supports synonymy of
Sinorhizobium and Rhizobium and assignment to Rhizobium fredii.
Int. J. Syst. Bacteriol. 42:93-96.

Jordan, D.C. 1982. Transfer of Rhizobium japonicum Buchanan 1980
to Bradyrhizobium gen. nov., a genus of slow-growing, root nodule
bacteria from leguminous plants. Int. J. Syst. Bacteriol. 32:136—139.

. Keyser, H.H., B.B. Bohlool, T.S. Hu, and D.F. Weber. 1982. Fast-

growing rhizobia isolated from root nodules of soybean. Science
215:1631-1632.

Keyser, H.H., D.F. Weber, and S.L. Uratsu. 1984. Rhizobium
Jjaponicum serogroup and hydrogenase phenotype distribution in 12
states. Appl. Environ. Microbiol. 47:613-615.

Kobayashi, S. 1995. Multivariate Analysis of Biological Communi-
ties. Soju Shobo, Tokyo (In Japanese).

Kuykendall, L.D., B. Saxena, T.E. Cevine, and S.E. Udell. 1992.
Genetic diversity in Bradyrhizobium Jordan 1982 and a proposal for
Bradyrhizobium elkanii sp. nov. Can. J. Microbiol. 38:501-505.

. Li, Q.Q., E.T. Wang, Y.Z. Zhang, Y.M. Zhang, C.F. Tian, X.H. Sui,

W.E. Chen, and W.X. Chen. 2011. Diversity and biogeography of
rhizobia isolated from root nodules of Glycine max grown in Hebei
province, China. Microb. Ecol. 61:917-931.

Minami, M., T. Yamakawa, A. Yamamoto, S. Akao, and Y. Saeki.
2009. Estimation of nodulation tendency among Rj-genotype
soybeans using the bradyrhizobial community isolated from an
Andosol. Soil Sci. Plant Nutr. 55:65-72.

Minamisawa, K., Y. Nakatsuka, and T. Isawa. 1999. Diversity
and field site variation of indigenous populations of soybean
bradyrhizobia in Japan by fingerprints with repeated sequences RSa
and RSP. FEMS Microbiol. Ecol. 29:171-178.

Nei, M., and W.H. Li. 1979. Mathematical model for studying genetic
variation in terms of restriction endonucleases. Proc. Natl. Acad. Sci.
U.S.A. 76:5269-5273.

Peng, G.X., Z.Y. Tan, E.T. Wang, B. Reinhold-Hurek, W.F. Chen,
and W.X. Chen. 2002. Identification of isolates from soybean
nodules in Xinjiang region as Sinorhizobium xinjiangense and
genetic differentiation of S. xinjiangense from Sinorhizobium fredii.
Int. J. Syst. Evol. Microbiol. 52:457-462.

R Development Core Team. 2010. R: A language and environment
for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL http://www.R-project.org/.

Risal, C.P., T. Yokoyama, N. Ohkama-Ohtsu, S. Djedidi, and H.
Sekimoto. 2010. Genetic diversity of native soybean bradyrhizobia
from different topographical regions along the southern slopes of the
Himalayan Mountains in Nepal. Syst. Appl. Microbiol. 33:416—425.
Saeki, Y., I. Akagi, H. Takaki, and Y. Nagatomo. 2000. Diversity
of indigenous Bradyrhizobium strains isolated from three different
Rj-soybean cultivars in terms of randomly amplified polymorphic
DNA and intrinsic antibiotic resistance. Soil Sci. Plant Nutr. 46:917—
926.

Saeki, Y., N. Aimi, M. Hashimoto, S. Tsukamoto, A. Kaneko, N.
Yoshida, Y. Nagatomo, and S. Akao. 2004. Grouping of Brady-
rhizobium USDA strains by sequence analysis of 16S rDNA and
16S-23S rDNA internal transcribed spacer region. Soil Sci. Plant
Nutr. 50:517-525.

Saeki, Y., N. Aimi, S. Tsukamoto, T. Yamakawa, Y. Nagatomo, and
S. Akao. 2006. Diversity and geographical distribution of indigenous
soybean-nodulating bradyrhizobia in Japan. Soil Sci. Plant Nutr.
52:418-426.



478

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Saeki, Y., M. Minami, A. Yamamoto, and S. Akao. 2008. Estimation
of the bacterial community diversity of soybean-nodulating rhizobia
isolated from Rj-genotype soybean. Soil Sci. Plant Nutr. 54:718-724.
Saeki, Y., S. Ozumi, A. Yamamoto, Y. Umehara, M. Hayashi, and
G.C. Sigua. 2010. Changes in population occupancy of bradyrhizobia
under different temperature regimes. Microbes Environ. 25:309-312.
Saeki, Y. 2011. Characterization of soybean-nodulating rhizobial
communities and diversity, p. 163—184. In A. Sudaric (ed.), Soybean-
Molecular Aspects of Breeding. InTech, Croatia.

Sakai, M., H. Futamata, J.S. Kim, and T. Matsuguchi. 1998. Effect of
soil salinity on population structure of fluorescent pseudomonads in
spinach rhizosphere. Soil Sci. Plant Nutr. 44:701-705.

Sameshima, R., T. Isawa, M.J. Sadowsky, T. Hamada, H. Kasai, A.
Shutsrirung, H. Mitsui, and K. Minamisawa. 2003. Phylogeny and
distribution of extra-slow-growing Bradyrhizobium japonicum
harboring high copy numbers of RSa, RSP and IS/631. FEMS
Microbiol. Ecol. 44:191-202.

Sameshima-Saito, R., K. Chiba, J. Hirayama, M. Itakura, H. Mitsui,
S. Eda, and K. Minamisawa. 2006. Symbiotic Bradyrhizobium
Jjaponicum reduces N,O surrounding the soybean root system via
nitrous oxide reductase. Appl. Environ. Microbiol. 72:2526-2532.
Sameshima-Saito, R., K. Chiba, and K. Minamisawa. 2006. Correla-
tion of denitrifying capability with the existence of nap, nir, nor
and nos genes in diverse strains of soybean bradyrhizobia. Microbes
Environ. 21:174-184.

Sawada, Y., K. Miyashita, I. Tanabe, and K. Kato. 1989. Hup pheno-
type and serogroup identity of soybean nodulating bacteria isolated
from Japanese soils. Soil Sci. Plant Nutr. 35:281-288.

Scholla, M.H., and G.H. Elkan. 1984. Rhizobium fredii sp. nov., a
fast-growing species that effectively nodulates soybeans. Int. J. Syst.
Bacteriol. 34:484-486.

Shiro, S., A. Yamamoto, Y. Umehara, M. Hayashi, N. Yoshida, A.
Nishiwaki, T. Yamakawa, and Y. Saeki. 2012. Effect of Rj genotype
and cultivation temperature on the community structure of soybean-
nodulating bradyrhizobia. Appl. Environ. Microbiol. 78:1243-1250.

39.

40.

41.

42.

43.

44,

45.

46.

47.

SAEKI et al.

Shiro, S., S. Matsuura, R. Saiki, G.C. Sigua, A. Yamamoto, Y.
Umehara, M. Hayashi, and Y. Saeki. 2013. Genetic diversity and
geographical distribution of indigenous soybean-nodulating brady-
rhizobia in the United States. Appl. Environ. Microbiol. 79:3610—
3618.

Suzuki, K., H. Oguro, T. Yamakawa, A. Yamamoto, S. Akao, and
Y. Saeki. 2008. Diversity and distribution of indigenous soybean-
nodulating rhizobia in the Okinawa islands, Japan. Soil Sci. Plant
Nutr. 54:237-246.

Tan, Z.Y., X.D. Xu, E.T. Wang, J.L. Gao, E. Martinez-Romero,
and W.X. Chen. 1997. Phylogenetic and genetic relationships of
Mesorhizobium tianshanense and related rhizobia. Int. J. Syst.
Bacteriol. 47:874-879.

Vincent, .M. 1970. A Manual for the Practical Study of the Root-
nodule Bacteria. International Biological Program. Blackwell Scien-
tific Publications, Oxford.

Vinuesa, P., K. Rojas-Jiménez, B. Contreras-Moreira, S.K. Mahna,
B.N. Prasad, H. Moe, S.B. Selvaraju, H. Thierfelder, and D. Werner.
2008. Multilocus sequence analysis for assessment of the bio-
geography and evolutionary genetics of four Bradyrhizobium species
that nodulate soybeans on the Asiatic continent. Appl. Environ.
Microbiol. 74:6987-6996.

Whittaker, R.H. 1967. Gradient analysis of vegetation. Biol. Rev.
49:207-264.

Xu, LM., C. Ge, Z. Cui, J. Li, and H. Fan. 1995. Bradyrhizobium
liaoningense sp. nov., isolated from the root nodules of soybeans. Int.
J. Syst. Bacteriol. 45:706-711.

Yokoyama, T. 2005. Effects of temperature on competition for
nodulation in phylogenetically different Bradyrhizobium strains. Jpn.
J. Soil Sci. Plant Nutr. 76:599-607. (In Japanese.)

Young, J.M. 2003. The genus name Ensifer Casida 1982 takes
priority over Sinorhizobium Chen et al. 1988, and Sinorhizobium
morelense Wang et al. 2002 is a later synonym of Ensifer adhaerens
Casida 1982. Is the combination ‘Sinorhizobium adhaerens’ (Casida
1982) Willems et al. 2003 legitimate? Request for an opinion. Int. J.
Syst. Evol. Microbiol. 53:2107-2110.



