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Abstract

Two hundred and thirteen isolates of soybean bradyrhizobia indigenous to six field sites in Japan were characterized using
hybridization probes RSa, RSP, nifDK and hupSL from Bradyrhizobium japonicum and indole-3-acetic acid production to
clarify diversity and endemism of their population structures. Significant diversities and site-dependent variations were
observed in terms of Bradyrhizobium species, hup genotype and fingerprints with repeated sequences RSa and RSP. The
fingerprints at one site with no history of soybean cultivation were less diverse than those at other sites. Even within the
populations of B. japonicum hup~ isolates, which were commonly indigenous to the six field sites, several RSo copies clustering
around nif genes were highly conserved. The results suggest that soybean bradyrhizobia may be diversified in individual fields

as associated with host plants and local soil conditions. © 1999 Federation of European Microbiological Societies. Published

by Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the major agronomic problems of apply-
ing superior strains of soybean bradyrhizobia as
inoculants is that indigenous soil populations of
(brady)rhizobia are often more competitive than
the inoculant strains [1]. The failure of inoculant
bradyrhizobia to overcome the dominance of indig-
enous strains reminds us of a fundamental question
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in microbial ecology: that is, how microbial com-
munities are structured in space and time.

Soybean bradyrhizobia, which are composed of
two species, B. japonicum and B. elkanii [2], are
slow-growing, Gram-negative, heterotrophic bacteria
which have the ability to form root nodules on sev-
eral leguminous plants and to fix atmospheric nitro-
gen. Free-living soybean bradyrhizobia are also
members of oligotrophic bacteria in soil [3]. The di-
versity of indigenous populations of soybean brady-
rhizobia has been evaluated by various methods: se-
rology [4], protein banding patterns [5], intrinsic
antibiotic resistance [6,7], fatty acid composition

0168-6496/99/$20.00 © 1999 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.

PII: S0168-6496(99)00009-4



172 K. Minamisawa et al. | FEMS Microbiology Ecology 29 (1999) 171-178

[6], numerical taxonomy [8] and molecular genetic
techniques [6,9,10]. Fingerprints of hybridization
with repeated sequences RSo and RSP seem most
discriminative among these methodologies [9,10]. In
a previous paper [9], 49 isolates of soybean brady-
rhizobia indigenous to a Nakazawa field where soy-
beans had been cultivated for 45 years without re-
ceiving inoculants were characterized using nifDK-,
hupSL-, RSo- and RSB-specific hybridization probes
of B. japonicum. RSa- and RSB-specific fingerprints
(RS-fingerprint) demonstrated hierarchical diversities
among the population. The highly distinct diversity
in RS-fingerprints (33 distinct RS-fingerprints from
41 soybean nodules) suggests that the indigenous
populations of soybean bradyrhizobia are composed
of bacteria possessing extremely heterogeneous ge-
nomic structures. Moreover, cluster analysis revealed
that the RS-fingerprints were correlated with Brady-
rhizobium species and hup genotypes, suggesting that
they reflect the evolutionary history and genetic
background of soybean bradyrhizobia [9].

The objectives of this work were to determine
whether the diversity in RS-fingerprints observed in
bradyrhizobia at the Nakazawa field site extends to
other fields in Japan and to determine whether this
variation is dependent on individual field sites.

2. Materials and methods
2.1. Isolation of B. japonicum from fields

Seeds of soybean (Glycine max) cultivar Enrei
were surface-sterilized by immersion in 0.5% of so-
dium hypochlorite for 5 min, followed by several
washes with sterilized water. Seeds were sown in ster-
ile vermiculite, and inoculated with moist soil sam-
ples (1 g), which were collected from the plough
layer of field sites. The field sites chosen were the
Tokachi field at Tokachi Prefectural Agricultural Ex-
perimental Station (Memuro, Tokachi, Hokkaido,
Japan), the Nagakura fields at Niigata Agricultural
Experiment Station (Nagaoka, Niigata, Japan), the
Ami field at the experimental farm of Ibaraki Uni-
versity (Ami, Ibaraki, Japan), the Fukuyama field at
the Experimental Farm of Hiroshima University
(Fukuyama, Hiroshima, Japan) and the Ishigaki field
at the experimental field of the Ishigaki Island

Branch of the Tropical Agriculture Research Center
(Ishigaki, Okinawa, Japan). There was no history of
soybean cultivation at the field site on Ishigaki Is-
land, whereas the remaining field sites had been cul-
tivated with soybeans. The inoculation procedure
and plant cultivation have been described previously
[9].

Nodules, which were randomly excised from host
plants 40 days after germination, were rinsed, and
surface-sterilized in an acidic mercuric chloride sol-
ution (0.1%, w/v) for 5 min. An inoculation needle
was inserted into the cut surface of the nodule, and
the cells adhering to the needle were streaked onto
yeast extract-mannitol (YM) agar plates [11,12]. Iso-
lates were maintained on YM agar slants at 4°C
after single colony isolations.

2.2. Bacterial strains and media

B. japonicum strain USDAI110, obtained from
H.H. Keyser of the US Department of Agriculture
(Beltsville, MD, USA), was used as a standard
strain. Two hundred and thirteen soybean bradyrhi-
zobia were isolated from the six field sites described
above. The prefixes A, T, NC, NK, F and I are used
for field isolates from the Ami, Tokachi, Nakazawa
[9], Nagakura, Fukuyama and Ishigaki sites, respec-
tively. B. japonicum strains were grown aerobically at
30°C in YM medium [11,12]. A previous set of iso-
lates obtained from the Nakazawa field site [9] was
used. Tris-YMRT broth medium [13] supplemented
with 0.3 mM tryptophan was used for the indole-3-
acetic acid (IAA) production assay. Escherichia coli
HBI101 (recA™, hsdR, hsdM, pro, leu, Str*) containing
plasmids pRJ676 [14] and pHUS52 [15,16] was grown
in Luria-Bertani medium supplemented with appro-
priate antibiotics [17] for plasmid preparations.

2.3. DNA isolation and hybridization

Total DNA isolation and hybridization were car-
ried out as described previously [9]. Total DNAs
from soybean bradyrhizobia were digested with Hin-
dIIl for nifDK- and hupSL-specific hybridization,
and with Xhol for RSa- and RSB-specific hybridiza-
tion. Hybridization probes were prepared from plas-
mids pRJ676 [14] and pHUS2 [15,16] as described
previously [9,12]. The 3.5-kb Bg/II fragment, 0.2-kb
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HindIII-Clal fragment and 0.25-kb Xhol-Bg/ll frag-
ment from pRJ676 were used as probes for nif DK,
RSo and RSP, respectively. The 2.2-kb SstI fragment
from pHUS52 was used as a probe for structural
genes of uptake hydrogenase [16].

2.4. Analysis of IAA

The presence of IAA in the culture supernatant
was used to classify the field isolates into B. japoni-
cum and B. elkanii. IAA levels were determined col-
orimetrically as described previously [13].

2.5. Cluster analysis

To evaluate the relatedness of RS-fingerprints,
similarity coefficients (Sxp) were calculated by
RSo- and RSB-specific hybridization profiles. Cluster
analysis was carried out using a matrix of Sxp as
described previously [9].

3. Results

3.1. Grouping of field isolates into three categories
of B. japonicum hup™, B. japonicum hup~ and
B. elkanii

Soybean bradyrhizobia, formerly named Bradyrhi-
zobium japonicum, are composed of two species, ja-
ponicum and elkanii, based on various criteria
[2,6,11-13]. Previous work [9,12] demonstrated that
RS-fingerprints were correlated with the hydrogenase
(Hup) trait as well as with Bradyrhizobium species.
Therefore, the isolates tested in this work, in ad-
vance, were classified into three groups of B. japoni-
cum hup™, B. japonicum hup~ and B. elkanii (Fig. 2)
according to the following criteria: (1) B. japonicum
excretes no IAA in culture and exhibits an intense
hybridization band (normally 9.5 kb in size) with the
nifDK genes from B. japonicum USDAI110; (2) B.
elkanii produces IAA in culture, and shows a weak
hybridization signal (normally 27 kb in size) with the
nif DK genes under a high stringency condition [12];
(3) hydrogen uptake-positive B. japonicum strains
consistently show an intense hybridization signal
(normally 5.9 kb in size) under a high stringency
condition with the hupSL gene probe isolated from

B. japonicum USDAI122 [12]. Among 213 isolates
tested, the isolates showing hupSL-specific hybridiza-
tion consistently fell into the B. japonicum grouping.
Thus, the categories for hupSL-positive and -negative
isolates were expressed as B. japonicum hup™ and B.
Jjaponicum hup~, respectively.

Fig. 1 shows the incidence of B. japonicum hup™,
B. japonicum hup~ and B. elkanii from the various
field sites. B. elkanii was founded in half of the sites,
Nakazawa, Fukuyama and Ishigaki. B. japonicum
hupt appeared at four field sites, Nagakura, Naka-
zawa, Fukuyama and Ishigaki. All isolates from the
Ami and Tokachi sites belonged to the B. japonicum
hup~ group. These results indicate that field-depend-
ent variation exists in terms of Bradyrhizobium spe-
cies and the /up genotype among the isolates inves-
tigated in this study. This type of variation has also
been reported by other workers [18,19].

3.2. Diversity in RS-fingerprints of soybean
bradyrhizobia from six field sites

Examples of RS-fingerprints are shown in Fig. 2 to
see at a glance quite different RS-fingerprints de-
pending on the field sites. At the Fukuyama site
(Fig. 2A), a significant diversity in RS-fingerprints
was observed: 20 distinct RS-fingerprints from 26
nodules, which is comparable to that in Nakazawa
site reported previously [9]. On the other hand, sim-
ple and dominant RS-fingerprints appeared at the
Ishigaki site (Fig. 2B). The difference in the diversity
of RS-fingerprint between the two sites was attrib-
uted to that within B. japonicum isolates (unlabelled
lanes). Most B. elkanii isolates (labeled ‘e’ in Fig.
2A,B) showed a few bands of RSa- and RSB-specific
hybridization and similar diversity between the two
sites.

At the Nagakura site (Fig. 2C), approximately half
of the isolates (labelled ‘H’) exhibited extremely nu-
merous RSo- and RSB-specific hybridization bands.
This is not due to overloading on the agarose gel or
partial digestion of total DNA as described previ-
ously [9]. Such isolates have been phenotypically
and genetically characterized as extra-slow growers
subjected to DNA rearrangements, and designated
B. japonicum HRS (highly reiterated sequence-pos-
sessing) strains [20]. The remaining normal isolates
of B. japonicum (unlabelled lanes in Fig. 2C) also
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Fig. 1. Incidence of B. japonicum hup™ and hup~ and B. elkanii
from different field sites. Field isolates of soybean bradyrhizobia
were grouped into three categories: B. japonicum hup™ and hup~,
and B. elkanii, according to nifDK- and hupSL-specific hybridiza-
tions and production of indole-3-acetic acid in culture (see text).
Total numbers of isolates tested were 22 for Ami, 24 for Toka-
chi, 26 for Nagakura, 41 for Nakazawa, 26 for Fukuyama, and
17 for Ishigaki. Previous data were used for the Nagakura field
[9]. Dark shaded box, B. japonicum hup*; light shaded box, B.
Japonicum hup~ ; clear box, B. elkanii.

showed a significant diversity in RS-fingerprints (11
distinct RS-fingerprints from 12 nodules) at the Na-
gakura site (Fig. 2C).

To evaluate quantitatively diversities of RS-finger-
prints of soybean bradyrhizobia from the six sites,
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we calculated dominance and diversity indices [21,22]
(Table 1), where HRS strains were eliminated be-
cause highly multiple bands could not be counted
such as lanes labelled H in Fig. 2C [9]. Significant
diversities of RS-fingerprints were observed at the
Ami, Tokachi, Nagakura, Nakazawa and Fukuyama
sites. On the other hand, RS-fingerprints at the Ishi-
gaki site distinctively showed high dominance and
poor diversity, suggesting that the soybean bradyrhi-
zobium population was not diverse at the site. There
is no history of soybean cropping only at the Ishiga-
ki site, where sugarcane had been mainly cropped.
Thus, the cultivation of host plants seemed to en-
hance the diversity of bacteria at the remaining field
sites. The Ishigaki site is probably suitable for inves-
tigating the effects of host plant cultivation on the
diversification of indigenous soybean bradyrhizobia.

3.3. Site-dependent variations of RS-fingerprints

To evaluate the relatedness of RS-fingerprints, we
constructed a dendrogram by Sap matrix in all pair-
wise combinations of the profiles of hybridization
with RSo and RSP. HRS isolates of B. japonicum
were also eliminated because their RS-fingerprints
were too dense to be compared. The dendrogram
shows a primary division at 22% similarity, which
was in accord with a division of Bradyrhizobium spe-

Fig. 2. Examples of RSo- and RSB-specific fingerprints of field isolates of soybean bradyrhizobia at three sites, Fukuyama (A), Ishigaki
(B) and Nagakura (C). ‘M’ and ‘e’ indicate lanes loaded with DNAs from B. japonicum USDAI110 used as a marker and from B. elkanii
isolates identified by TAA production and nif hybridization (see text), respectively. ‘H’ and unmarked lane show HRS isolates and normal
isolates of B. japonicum [20]. After complete digestion with Xhol, total DNA from each isolate (3 pg/lane) was subjected to electrophoresis
in horizontal 0.8% agarose-TAE [7], blotted onto a nylon filter (Hybond-N, Amersham, Japan), and hybridized with radioactive RSo.-
and RSPB-specific probes from pRJ676 [14] (see text).
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cies between japonicum and elkanii (Fig. 3). Within
the B. japonicum cluster, hup™ isolates formed two
clusters, a major cluster containing Aup™ isolates de-
rived from four sites and a minor cluster exclusively
from the Nagakura site. Theses correlation of RS-
fingerprints with Bradyrhizobium species and hup
genotype were almost compatible with the previous
results from the Nakazawa field site [9]. Cluster anal-
ysis (Fig. 3) also demonstrated that the variations of
RS-fingerprints depended on sites for isolation of
soybean bradyrhizobia. In other words, the RS-fin-
gerprints of soybean bradyrhizobium populations
from each site occupied unique positions in the den-
drogram. For example, RS-fingerprints of hup™ iso-
lates from the Tokachi (T), Nakazawa (NC) and
Ami (A) sites tended to belong to different clusters.
Within the B. elkanii cluster, the isolates from Na-
kazawa (NC) and Fukuyama (F) did not seem to
share the same cluster at a lower level as each other.
The RS-fingerprints at the Ishigaki site (I) were scat-
tered in various clusters irrespective of their poor
diversity.

3.4. Conservation of RSo. copies around the nif region

Since all six field sites commonly harbored B. ja-
ponicum hup~ isolates (Fig. 1), we compared RS-fin-
gerprints of B. japonicum hup~ isolates from all fields
including the Nakazawa site previously reported [9]

Table 1

Dominance and diversity indexes of RSo- and RSB-specific fin-
gerprints of the indigenous populations of soybean bradyrhizobia
at different field sites®

Site Index
Dominance Diversity

Ami 8.6 78
Tokachi 59 85
Nagakura 33 85
Nakazawa 7.0 87
Fukuyama 6.2 77
Ishigaki 17.6 59

“Dominance and diversity indexes were determined based on the
combination of RSa- and RSB-specific hybridization profiles. The
indexes were calculated from the following equations where S, N
and n; are the number of patterns, the number of isolates tested
and the number of isolates belonging to a certain pattern, respec-
tively. Dominance index =3(n;/N)? X 100 [22]. Diversity index =
(S/N)x 100 [21].
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Fig. 3. Dendrogram depicting relatedness among RSo- and RSf-
specific fingerprints of soybean bradyrhizobia from six field sites,
Tokachi (T), Nakazawa (NC), Nagakura (NK), Ami (A), Fu-
kuyama (F) and Ishigaki (I). ‘+’, ‘=" and ‘e’ indicate B. japoni-
cum hup™, B. japonicum hup~ and B. elkanii, respectively. The
bar in each column (labelled ‘Site’) to the right of the dendro-

gram indicates from which field the fingerprinted strain came.

(Fig. 4). As a result, unique and common features of
RS-fingerprint profiles were observed. Several RSo-
specific bands (a1, a3, o4, a8, a9, al2), which clus-
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Fig. 4. Conservation of RSo copies around the nif region of B. japonicum hup~ isolates from the six field sites. Site prefixes are as in Fig.
3. Migration distances of the bands of RSa-specific hybridization were normalized as compared with the profiles of B. japonicum
USDAI10 [14]. Numbers below the prefix are isolate numbers. Previous data were used for the Nagakura field site [9]. Bands a1 (13 kb),
a3 (6 kb), o4 (5.2 kb), a8 (3.1 kb), 09 (2.5 kb) and 12 (1.2 kb) of RSa-specific hybridization were well conserved, which corresponded
to RSal, RSa3, RSa4, RSa8, RSa9 and RSal2 [23]. Total DNA of each isolate was digested with Xhol.

ter around nif genes of B. japonicum [23], were highly
conserved, while the remaining RSo-specific bands
were generally diverse and site-dependent.

4. Discussion

To our knowledge, this is the first report dealing
with extensive comparisons of DNA fingerprints of
indigenous populations of soybean bradyrhizobia
from various field sites using repeated sequences
RSa and RSP as indicators of diversity. Conse-
quently, the diversity in RS-fingerprints observed at
the Nakazawa field site [9] can be extended to other
fields where soybeans have been cultivated. More-
over, the variations of RS-fingerprints were partially
dependent upon individual field sites. Diversities and
their site-dependent variations were also observed in
terms of species, hup genotype and the incidence of
HRS strains (Fig. 2) [20]. Since the diversities of RS-
fingerprints were partially dependent upon the field
sites, it is possible that the genomes of soybean bra-
dyrhizobia may have diversified in association with
various factors found in individual fields. Data at the
Ishigaki site strongly supported the idea that soy-
bean cultivation is one of the factors enhancing the
diversity of soybean bradyrhizobia. However, the
history of soybean cultivation by itself did not ex-

plain the site-dependent variation of RS-fingerprints.
They may be fluctuated by the selection of soybean
cultivars, domestic other legumes, indigenous micro-
bial community and unknown soil conditions around
the individual fields.

The six RSa bands clustering around nif genes of
B. japonicum [23] were highly conserved (Fig. 4),
while the positions of the remaining RSo-specific
bands were diverse and site-dependent. This result
indicates that symbiotic regions around nif genes
are most likely to be well conserved regardless of
the geographic origins of the isolates, whereas the
remainder of the genome is less conserved. The sym-
biotic gene cluster (approximately 380 kb) represents
less than 5% of the whole genome of B. japonicum
(8.7 MDb) [24]. There are two possibilities to explain
the conservation of symbiotic regions: (1) mutations
in and around symbiotic genes are rejected or elim-
inated by the failure of nitrogen-fixing symbiosis; (2)
a symbiotic gene cluster is exchanged or transferred
among symbiotic and ‘non-symbiotic’ bradyrhizobia
with different backgrounds of RS-fingerprints.

The genomic positions of RSa and RSP have been
shown to be stable in B. japonicum under laboratory
conditions and nodule bacteroids [9,23]. Neverthe-
less, RSa. and RSP sequences possess structural fea-
tures of insertion sequences (IS), a mobile element in
prokaryotes. Indeed, RSo. and RSP are homologous
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to Shigella sonnei 1S630 [25] and Shigella dysenteriae
1S911 [26], respectively ([23], unpublished data for
RSP). It is possible that IS-mediated DNA rear-
rangements contribute to the generation of diver-
sities of RS-fingerprints. In particular, this may be
true for the generation of B. japonicum HRS strains
that possess large numbers of RS copies in the ge-
nome.

The indigenous populations are probably highly
adapted to the local soil conditions including host
plant cultivation, which possibly makes the introduc-
tion of Bradyrhizobium inoculants difficult. Although
the diversities of RS-fingerprints have not yet been
proven to be involved in phenotypic diversity, they
might interfere with successful nodulation by the in-
troduced inoculant.
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