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Assessment of bacterial communities of black soybean grown in fields
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ABSTRACT
Since the domestication of soybean (Glycine max) about 4,500 years ago, thousands of local cultivars
have been developed around the world. In Japan, black soybeans grown in the mountainous region
of central Kyoto and Hyogo prefectures, called the Tamba region, are well known for large seeds
and palatability. The yields of black soybean in the Tamba region of Kyoto have decreased during
the past few decades, and the involvement of rhizosphere microbes in the yield decline has been
suggested. We analyzed bacterial communities of the soybean rhizosphere on 7 farms managed
under different strategies. Non-metric multidimensional scaling showed shifts of bacterial
communities from bulk to rhizosphere soil and the difference among the farms. The relative
abundance of the Proteobacteria and Firmicutes was higher in rhizosphere soil than in bulk soil,
whereas that of the Acidobacteria was higher in bulk soil. To clarify the possible relationship
between bacterial communities and soybean growth, we used ConfeitoGUIplus software (version
1.2.0), based on the Confeito algorithm, which is designed to detect highly interconnected modules
in a correlation network by using a unique inter-modular index with network density. One module
was extracted from the rhizosphere soil community and two from bulk soil communities,
suggesting the involvement of these bacteria in soybean growth.
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Introduction

Soybean establishes symbiosis with rhizobia and arbus-
cular mycorrhizal fungi. In addition, soybean roots form
rhizosphere communities with a wide range of other
microbes, which potentially influence plant health and
growth.1,2,3 Beneficial interactions of soybean with rhizo-
sphere microbial communities could potentially reduce
the use of fertilizers and protect plants from harmful
effects of both biotic and abiotic stresses.4 We previously
investigated changes in the rhizosphere bacterial com-
munities of soybean during the entire growth period in a
field in Kyoto Prefecture and found significant stage-spe-
cific changes, with a high abundance of bacteria from
potential plant growth-promoting genera (e.g., Bacillus,
Bradyrhizobium, and Rhizobium).5,6

Soybean (Glycine max) was domesticated about
4,500 years ago in China7 and is one of the most

important crops in the world, with an annual yield of
more than 300 million tonnes. Soybean is widely used as
a major source of nutritious feed for humans and live-
stock. In Japan, it is an important component of tradi-
tional foods such as tofu, miso, soy sauce, and edamame.
More than 800 Japanese local cultivars are preserved in
the Genebank of the National Agriculture and Food
Research Organization.8 Black soybeans are grown in the
mountainous region of central Kyoto and Hyogo prefec-
tures, called the Tamba region, without selection based
on genetic background.9 In Kyoto Prefecture, cv. Shin-
tanbaguro was established by pure-line isolation in 1981
and has been grown for its good growth, large size, and
palatability. During the past few decades, the yields of
black soybean in Kyoto have decreased with no clear
symptoms of pathogen infection or loss of soil nitrogen
fertility. As the yield of black soybean declines after the
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3rd continuous cropping with the formation of small
nodules, the involvement of rhizosphere microbes has
been suggested.10 Although application and management
of rhizosphere microbial communities are one of the
potential strategies to maintain the yield of black soy-
beans, microbial communities of black soybeans have
not been investigated in fields. Here, we analyzed bacte-
rial communities of black soybean grown on 7 farms
with various management strategies (first planting, rota-
tion cropping, and continuous cropping for up to
19 years) to characterize the bacterial communities of
black soybean fields and to investigate the possible corre-
lation between communities and soybean growth.

Results and discussion

Richness and diversity indices of bacterial
communities

Using pyrosequencing, we obtained 1,100 high-quality
reads per sample after quality checks and subsampling.
Richness and diversity of bacterial communities were
evaluated using the number of OTUs, CHAO1, ACE,
and Simpson’s and Shannon’s indices. The effect of farm
was statistically significant for the number of OTUs,
CHAO1, and ACE, whereas the effect of soil (rhizo-
sphere vs. bulk) was not (Table 1), suggesting that farm
location and management strategies affected the richness
of bacterial communities. In contrast, the effect of soil
was statistically significant for Simpson’s reciprocal
index (1/D) and Shannon’s index, suggesting that the
bacterial diversity was decreased in the rhizosphere
(Table 1), which is in line with the previous reports that

showed the characteristics of rhizosphere microbial com-
munities.11-14

Bacterial community structure

Non-metric multidimensional scaling showed commu-
nity shifts from bulk to rhizosphere soil (Fig. 1). At the
phylum level, the Proteobacteria (bulk: 22.1%–27.8%;
rhizosphere: 26.2%–40.2%) and Acidobacteria (bulk:
20.6%–29.7%; rhizosphere: 10.3%–20.8%) were domi-
nant in both bulk and rhizosphere soils (Supplementary
Fig. 1 and Supplementary Table 2). The Firmicutes
(bulk: 1.3%–4.2%; rhizosphere: 7.3%–23.1%) were also
dominant in the rhizosphere (Supplementary Fig. 1 and
Supplementary Table 2). The relative abundance of the
Proteobacteria and Firmicutes was higher in rhizosphere
than in bulk soil, whereas that of the Acidobacteria was
higher in bulk soil, consistent with our previous report.5

Higher affinities of these phyla for the rhizosphere of
soybean are probably not ubiquitous but depend on
indigenous microbial communities, because the relative
abundance of these phyla varies in different studies.15,16

Among the Proteobacteria, the effects of both farm and
soil were significant for the Alphaproteobacteria; the
effect of farm, but not soil, was significant for the Gam-
maproteobacteria; but neither had an effect on the abun-
dance of the Betaproteobacteria (Supplementary Fig. 1
and Supplementary Table 2).

At the family level, the Bradyrhizobiaceae (bulk: 3.0%–
6.0%; rhizosphere: 2.9%–21.5%), Bacillaceae (bulk: 0.1%–
1.4%; rhizosphere: 5.3%–16.9%), Gemmatimonadaceae
(bulk: 4.2%–11.6%; rhizosphere: 1.6%–7.3%), Chitinopha-
gaceae (bulk: 1.8%–9.7%; rhizosphere: 1.0%–4.5%), and

Table 1. Measurements of diversity on soybean farms.

Code Number of OTUs CHAO1 ACE Simpson index (1/D) Shannon index (H)

Bulk soil
OM 445.5 § 23.1 a 910.1 § 39.9 a 889.2 § 30.7 a 108.50 § 34.14 a 5.4 § 0.2 ab
KS 453.7 § 67.3 a 983.1 § 220.2 a 959.5 § 212.5 a 103.20 § 37.93 a 5.4 § 0.3 ab
ST 499.9 § 40.4 ab 1129.2 § 100.0 ab 1084.0 § 107.4 ab 125.90 § 63.02 a 5.6 § 0.2 ab
KN 579.6 § 25.6 b 1464.4 § 164.4 b 1441.9 § 158.9 b 190.80 § 1.74 a 5.9 § 0.0 ab
IN 420.3 § 52.0 a 848.0 § 186.4 a 804.1 § 171.6 a 108.70 § 38.40 a 5.4 § 0.2 ab
NR 414.5 § 14.1 a 801.3 § 36.6 a 760.5 § 37.9 a 86.12 § 24.93 a 5.3 § 0.1 b
NS 480.1 § 43.4 ab 966.9 § 125.1 a 932.0 § 115.3 a 155.10 § 15.31 a 5.6 § 0.1 ab
Rhizosphere soil
OM 570.5 § 32.0 a 1503.3 § 140.3 a 1471.4 § 126.7 a 106.60 § 36.29 a 5.7 § 0.2 a
KS 473.7 § 9.9 ab 1101.4 § 55.3 ac 1081.4 § 64.3 ac 58.89 § 14.66 a 5.3 § 0.0 ab
ST 425.1 § 61.7 bc 932.6 § 241.9 bcd 908.1 § 228.4 bcd 47.27 § 14.23 a 5.1 § 0.3 ab
KN 513.2 § 23.3 ab 1372.3 § 196.3 ab 1347.1 § 208.5 ab 37.66 § 11.79 a 5.3 § 0.1 ab
IN 434.3 § 7.1 bc 1028.5 § 89.4 bcd 984.5 § 64.3 bcd 27.99 § 18.08 a 5.0 § 0.2 ab
NR 401.0 § 45.6 bc 837.9 § 75.0 cd 807.7 § 73.2 cd 48.21 § 41.41 a 5.0 § 0.4 ab
NS 326.9 § 94.7 c 639.5 § 236.4 d 608.8 § 251.3 d 28.59 § 15.45 a 4.6 § 0.6 b
Farm *** *** *** ns *

Soil ns ns ns *** ***

Farm£ soil *** *** *** * **

Values are means § standard deviation (n D 3).
Different letters indicate significant differences among the bacterial communities (one-way ANOVA followed by Tukey post hoc test, P < 0.05).
�P < 0.05; ��P < 0.01; ���P < 0.001; ns, not significant (two-way ANOVA).
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Xanthomonadaceae (bulk 22.1%–27.8%; rhizosphere:
26.2%–40.2%) were predominant. Farm had a significant
effect on the relative abundance of these families, suggest-
ing that farm location and management strategies influ-
enced it. The effect of soil was also significant except for
the Xanthomonadaceae (Supplementary Fig. 1 and Sup-
plementary Table 2). The relative abundance of the Bra-
dyrhizobiaceae and Bacillaceae was higher in rhizosphere
soils, whereas that of the Gemmatimonadaceae and Chiti-
nophagaceae was higher in bulk soils, suggesting that
plants differentially influenced bacterial communities.

Previously we have shown that the relative abundance
of Bacillus and Bradyrhizobium was higher in rhizo-
sphere soil than in bulk soil, whereas that of Massilia
was higher in bulk soil.5 Both farm and soil significantly
affected the relative abundance of Bradyrhizobium (bulk:
2.6%–5.0%; rhizosphere: 2.6%–18.4%), Bacillus (bulk:
0.0%–1.3%; rhizosphere 5.0%–16.8%) (Supplementary
Fig. 1 and Supplementary Table 2), and Massilia (bulk:
0.1%–0.4%; rhizosphere: 0.0%–0.4%). These results are
in line with the previous observation that Bacillus and
Bradyrhizobium flourish in the rhizosphere and poten-
tially influence the growth and yield of crops.5,6,17 Phylo-
genetically diverse communities of Bradyrhizobium were
observed in soils, including those not forming nod-
ules.18,19,20 Species-level annotation of Bradyrhizobium is
beyond the resolution of our pyrosequencing; functional
characterization of the Bradyrhizobium strains isolated
from the root nodules of soybean in these fields, which
are not limited to B. japonicus and B. elkanii (data not
shown), would be helpful for understanding the yield
decline on soybean farms. Bacillus is also a good candi-
date for analyzing the interaction between rhizosphere
microbes and soybean growth, because it includes

potential plant growth-promoting rhizobacteria21,22,23:
several strains of Bacillus amyloliquefaciens and Bacillus
subtilis are beneficial to soybean; for example, they
improve nodulation and protect against Rhizoctonia
solani, which causes seedling blight.24,25,26

Correlation between bacterial OTUs and soybean
growth parameters

To analyze the correlation between bacterial communi-
ties and soybean growth, we applied a unique standalone
ConfeitoGUIplus software (version 1.2.0) based on the
Confeito algorithm, which is designed to detect highly
interconnected modules.27 When growth parameters and
relative abundance of OTUs were analyzed together, one
module was extracted for rhizosphere soil communities
and two for bulk soil communities (Fig. 2). Soybean
growth parameters were correlated (Fig. 2A), except for
nodule number and nodule fresh weight. In the rhizo-
sphere, the relative abundance of 6 OTUs [OTU 00103
(Gp6 Acidobacteria), OTU 00247 (Bacillus), OTU 00049
(Streptomycetaceae), OTU 00178 (Gp1 Acidobacteria),
OTU 00271 (Gp3 Acidobacteria), OTU 00436 (Ramli-
bacter)] formed a module with soybean growth parame-
ters (Fig. 2A). No module was formed between the
relative abundance of OTUs in the rhizosphere and the
nodule number or nodule fresh weight.

In bulk soil, the relative abundance of 16 OTUs [OTU
00003 (Bradyrhizobium), OTU 00077 (Phenylobacte-
rium), OTU 00122 (Rhizobiales), OTU 00180 (Gp3 Acid-
obacteria), OTU 00070 (Streptomyces), OTU 00639
(Marmoricola), OTU 00008 (Bradyrhizobium), OTU
00158 (Mycobacterium), OTU 00029 (Mycobacterium),
OTU 00951 (Solirubrobacter), OTU 00277 (Actinoallo-
murus), OTU 00982 (unclassified), OTU 00223 (unclas-
sified), OTU 00143 (unclassified), OTU 00020 (Bacillus),
OTU 00028 (Terrabacter)] formed a module with soy-
bean growth parameters (Fig. 2B). Correlation between
nodule number (red 6) and OTU 00003 (Bradyrhi-
zobium) (blue 7) suggest an influence of the indigenous
rhizobia on the soybean nodulation. In addition, 5 OTUs
[OTU 00103 (Gp6 Acidobacteria), OTU 00465 (Proteo-
bacteria), OTU 00161 (Massilia), OTU 00040 (Gp3 Acid-
obacteria), OTU 00490 (Gp3 Acidobacteria)] formed a
module with the nodule number and nodule fresh weight
in bulk soil (Fig. 2B). Thus, more OTUs were correlated
with soybean growth parameters in bulk soil than in rhi-
zosphere soil, and OTUs in bulk soil but not in rhizo-
sphere soil were correlated with nodule number and
nodule fresh weight. More OTUs were correlated with
soybean growth parameters such as shoot fresh weight
and main stem length than with nodule number and
nodule fresh weight, and little correlation was found

Figure 1. Non-metric multidimensional scaling analysis of 16S
rRNA sequences in bacterial communities of 7 farms. B, bulk soil;
R, rhizosphere. For farm codes (first 2 letters), see Table 1.
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between soybean growth and nodule parameters. These
results suggest that bacterial communities, not directly
involved in nodulation and symbiotic nitrogen fixation,
have influence on the soybean growth in black soybean

fields. Various sets of parameters can be incorporated
into Confeito algorithm. Analysis of microbial commu-
nities in the same field for at least five years could lead to
find a correlation between continuous cropping and
microbial communities.

Members of Bradyrhizobium formed a module with
soybean growth parameters in bulk soil, whereas those of
Bacillus formed modules in both rhizosphere and bulk
soils. Isolation and functional characterization of strains
of Bradyrhizobium and Bacillus which potentially influ-
ence the growth of soybean provide candidates to apply
in commercial inoculant formulations.28

Conclusion

We analyzed growth and bacterial communities on 7
black soybean farms managed with various strategies.
Rhizosphere bacterial communities differed significantly
from those of bulk soil. Bradyrhizobium and Bacillus
were predominant in the rhizosphere among the Proteo-
bacteria, which dominated these communities. Network
analysis using confeito algorithm was applied to analyze
the possible connection between soybean growth and
bacterial communities. Both rhizosphere and bulk soil
communities varied among farms, suggesting that, in
addition to soil type (which differed between NR and
other farms), fertilization and continuous cropping influ-
enced the bacterial communities in bulk soils of soybean
farms with similar climates. Management strategies have
been shown to affect the microbial communities in vari-
ous crops.29,30,31 Further researches are needed in experi-
mental stations under controlled management in
combination with the farmers’ fields to dissect the contri-
bution of each component in agriculture on microbial
communities and crop yields. Although the number of
the sites is limited in this research, this study using soils
collected in farmers’ fields showed the potential to
employ confeito algorithm to more broad and in depth
analysis of microbial communities of soybean fields.
Deciphering the complex interaction between soybean
and these microbes will help to understand the effect of
rhizosphere microbial communities on soybean growth
and potentially to develop better management strategies
for sustainable production of soybean.

Materials and methods

Study site, farm description and soybean growth

Soybeans (cv. Shintanbaguro) were grown on 7 farms in
Kyoto Prefecture, Japan, from July to December 2013,
which is the normal cropping period in Kyoto. Informa-
tion about farm management, crop rotation, and

Figure 2. Correlation analysis using the Confeito algorithm. (A) Rhi-
zosphere bacterial communities. Soybean growth parameters are
shown as red circles: 1, primary branch; 2, node on the main stem;
3, root dry weight; 4, shoot fresh weight; 5, main stem length. Bac-
terial operational taxonomic units (OTUs) are shown as blue circles:
1, OTU 00103 (Gp6 Acidobacteria); 2, OTU 00247 (Bacillus); 3, OTU
00049 (Streptomycetaceae); 4, OTU 00178 (Gp1 Acidobacteria); 5,
OTU 00271 (Gp3 Acidobacteria); 6, OTU 00436 (Ramlibacter).
(B) Bacterial communities of bulk soil. Red circles in Module 1: 1,
primary branch; 2, node on the main stem; 3, root dry weight; 4,
shoot fresh weight; 5, main stem length; 6, nodule number. Blue
circles in Module 1: 7, OTU 00003 (Bradyrhizobium); 8, OTU 00077
(Phenylobacterium); 9, OTU 00122 (Rhizobiales); 10, OTU 00180
(Gp3 Acidobacteria); 11, OTU 00070 (Streptomyces); 12, OTU 00639
(Marmoricola); 13, OTU 00008 (Bradyrhizobium); 14, OTU 00158
(Mycobacterium); 15, OTU 00029 (Mycobacterium); 16, OTU 00951
(Solirubrobacter); 17, OTU 00277 (Actinoallomurus); 18, OTU 00982
(unclassified); 19, OTU 00223 (unclassified); 20, OTU 00143 (unclas-
sified); 21, OTU 00020 (Bacillus); 22, OTU 00028 (Terrabacter). Red
circles in Module 2: 6, nodule number; 7, nodule fresh weight.
Blue circles in Module 2: 1, OTU 00103 (Gp6); 23, OTU 00465
(Proteobacteria); 24, OTU 00161 (Massilia); 25, OTU 00040 (Gp3
Acidobacteria); 26, OTU 00490 (Gp3 Acidobacteria). The nodes
added by the false-positive-out analysis and he false-negative-in
analysis are indicated in solid line and dotted line, respectively.
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fertilizers is listed in Table 2. The soil type was either
gray lowland soil (6 farms) or Andosol (NR). Soil charac-
teristics were comparable on all farms except NR, where
we detected higher percentages of total N, total C, humic
acids, and nitrate (Table 3).

Rhizosphere and bulk soil samples were collected on
OM, KS, ST, KN, and IN farms on July 24 and on NR
and NS farms on July 29. Bulk soils were taken from five
different spots at least 20 m apart. Rhizosphere soil was
obtained from five plants with sterile brushes and com-
bined into one sample, i.e. a total of 15 plants were ran-
domly sampled. Soil samples were immediately
transferred to the laboratory in a cool container
(<10�C), passed through a 1-mm sieve, and kept at
¡30�C until DNA extraction.

Soil sampling and growth analysis were done at
V10 stage (10 nodes with fully developed leaves at
the vegetative stage). On ST and NR, soybean growth
(especially shoot fresh weight) was higher than on the
other farms, whereas it was lower on KN (Table 4).
The number of nodules per plant varied depending
on the farm, with very little nodulation on NS,
despite the comparable growth of soybeans on this
farm. The lack of correlation between soybean growth
and nodule numbers suggests that fertilizer applica-
tion complemented the growth in these farms. We
did not analyze yield because of damage caused by a
typhoon in September 2013.

DNA extraction and PCR amplification of the 16S
rRNA genes using a 454-GS junior system

DNA was extracted from 0.25 g soil with a Power Soil
DNA Isolation Kit (Mo Bio, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol, quantified using the
dsDNA HS Assay Kit of the Qubit Quantification Plat-
form (Invitrogen, Carlsbad, CA, USA), and stored at
¡30�C. PCR amplification of 16S rRNA genes was per-
formed in a 50-mL reaction mixture containing 25 ng tem-
plate DNA, 1 £ AccuPrime PCR buffer II (Invitrogen),
200 nM forward and reverse primers, and 1 U of Accu-
Prime Taq polymerase (Invitrogen). Barcoded V4 forward
primer (50-CCATCTCATCCCTGCGTGTCTCCGACT-
CAGxxxxxxAYTGGGYDTAAAGNG-30) and reverse
primer (50-CCTATCCCCTGTGTGCCTTGGCAGTCT-
CAGCCGTCAATTCMTTTRAGT-30) were used, where
xxxxxx represents the barcode sequence designed for sam-
ple identification. PCR conditions were as follows: dena-
turation at 94�C for 2 min; 25 cycles of 94�C for 30 s,
52�C for 30 s, and 68�C for 45 s; and a final extension at
68�C for 3 min. PCR amplicons were purified using Agen-
court AMPure reagent (Beckman Coulter, Danvers, MA,
USA). The quality and quantity were checked on an Agi-
lent Bioanalyzer (Agilent, Santa Clara, CA, USA) using an
Agilent DNA 1000 kit, according to the manufacturer’s
protocols. Fragments were sequenced on a 454 GS Junior
Titanium System (Roche, Indianapolis, IN, USA) accord-
ing to the manufacturer’s protocols.

Sequence analysis

Amplicon sequences were analyzed as described32 in ver-
sion 1.35 of Mothur software.33 Sequence errors were
removed from the Standard Flowgram Format (SFF) file
using the shhh.flows command. Amplicon quality was
checked by examining both the forward and reverse pri-
mers (sequence length, 320- nt and a maximum
sequence length of 340 nt). Sequences with a minimum
average exp quality score of <30, homopolymers longer
than 8 nt, and sequences that contained an ambiguous

Table 2. Seven soybean farms in Kyoto.

Code Site Soil type Filed typea Compostb Fertilizerb

OM Hiyoshi, Nantan Gray lowland soil Rotation cropping 200 Preplanting: BM yorin (0-20-0) 50, Mamezo (14-16-16) 30, Magnesium lime 100
KS Hiyoshi, Nantan Gray lowland soil Rotation cropping 160 Preplanting: BM yorin 100, Mameyuki (3-12-12) 40, Magnesium lime 100
ST Hiyoshi, Nantan Gray lowland soil First planting 200 Preplanting: BM yorin 60, Mameyuki 20
KN Hiyoshi, Nantan Gray lowland soil First planting 0 Preplanting: BM yorin 40, Mameyuki 60
IN Kyotamba, Nantan Gray lowland soil Continuous cropping 200 Preplanting: BM yorin 40, Mameyuki 60. During the season: Oil cake.
NR Yakuno, Fukuchiyama Andosol Continuous cropping 0 Preplanting: BM yorin 40, Mameyuki 40, Magunesium lime 100, Azumin

(humic acid) 40. During the season: Oil cake.
NS Yakuno, Fukuchiyama Gray lowland soil Continuous cropping 0 Preplanting: BM yorin 40, Mameyuki 40, Magunesium lime 100, Azumin 40.

During the season: Oil cake.

aDetailed description is available in Supplementary Table 1. bt/ha

Table 3. Properties of bulk soils on each farm after soybean
growth.

pH EC Total N Total C Humic acids NO3
¡-N Available N

Code (H2O) (mS/cm) (%) (%) (%) (mg/kg) (mg/kg)

OM 6.07 0.05 0.22 2.32 4.00 42.2 1233
ST 6.06 0.07 0.24 2.32 3.99 58.4 1318
KN 6.00 0.05 0.22 2.32 4.00 42.2 1233
IN 6.40 0.06 0.16 1.79 3.08 8.1 856
NR 6.12 0.06 0.50 8.97 15.46 127.0 1030
NS 6.17 0.10 0.21 2.28 3.93 76.0 790

Data for the KS farm are not available owing to a sediment disaster during the
growth season.
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base call were removed. We also removed chimeras using
the UCHIME algorithm in Mothur34 and chloroplast,
mitochondrial, eukaryotic, archaeal, and unknown
sequences identified by the RDP classifier.35

The filtered sequences were analyzed with the RDP
multiclassifier set at an 80% confidence threshold for tax-
onomic affiliation. These sequences were also aligned to
reference sequences from the SILVA 16S rRNA database
(http://www.arb-silva.de/), with taxonomic classifica-
tions from the RDP and assigned to operational taxo-
nomic units (OTUs) using a cutoff of 0.03 for the
distance matrix. The diversity indices were calculated in
Mothur.33 Sequence data have been deposited in the
DDBJ Sequence Read Archive under the accession num-
ber DRA005126.

Correlation analysis

To clarify the relationship between bacterial communities
and soybean growth, we used the commercial Confeito-
GUIplus version 1.2.0 software developed at the Kazusa
DNA Research Institute, Chiba, Japan. ConfeitoGUIplus is
standalone software based on the Confeito algorithm.27 It
detects network modules from a correlation network com-
posed of multivariate molecular biological data and allows
network module sizes to be adjusted by the modification
of a single parameter. It can detect elements related to the
network modules even when they are weakly correlated.
To obtain network modules after merging the relative
abundance data of 1,000 OTUs (Supplementary Table 1)
and the data on growth characteristics of soybeans
(Table 3), we analyzed the correlation network with the
following parameters: digit, 4 in cosine similarity; cosine
min correlation, 0.5; min elements, 2; max elements, 50;
solid bold, 0.9 in false-positive-out analysis; vertex specific-
ity threshold, 0.5; cosine correlation threshold, 0.5; max
elements, 1000; dots bold, 0.9 in false-negative-in analysis.

Statistical analysis

Clustering of individuals was evaluated by the non-metric
multidimensional scaling (NMDS) using the majorization

algorithm by Mothur. Statistical analysis was performed in
version 2.15.2 of R software (http://www.r-project.org/),
using graphics and rcmdr packages.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Ms. Yuko Kobayashi for technical assistance, Mr.
Hiroshi Chiba, Tohoku Chemicals, for developing and revising
the ConfeitoGUIplus software, and the Nantan and Tyutan-
Nishi Centers for Improving and Popularizing Agriculture
(Kyoto Prefecture) for assistance in soil sampling and manage-
ment of soybean growth.

Funding

This study was partly supported by a grant from the Ministry
of Agriculture, Forestry and Fisheries of Japan (Genomics-
based Technology for Agricultural Improvement, SFC2001)
(AS), JSPS KAKENHI Grant Number 26712013 (AS), and a
grant from the Research Institute for Sustainable Humano-
sphere (RISH), Kyoto University.

References

[1] Berendsen RL, Pieterse CMJ, Bakker P. The rhizosphere
microbiome and plant health. Trends Plant Sci. 2012;17
(8):478-86. doi:10.1016/j.tplants.2012.04.001

[2] Mendes R, Garbeva P, Raaijmakers JM. The rhizosphere
microbiome: Significance of plant beneficial, plant patho-
genic, and human pathogenic microorganisms. FEMS
Microbiol Rev. 2013;37(5):634-63. doi:10.1111/1574-
6976.12028

[3] Perez-Jaramillo JE, Mendes R, Raaijmakers JM. Impact of
plant domestication on rhizosphere microbiome assem-
bly and functions. Plant Mol Biol. 2016;90(6):635-44.
doi:10.1007/s11103-015-0337-7

[4] Saleem M, Arshad M, Hussain S, Bhatti AS. Perspective
of plant growth promoting rhizobacteria (PGPR) con-
taining ACC deaminase in stress agriculture. J Ind
Microbiol Biotechnol. 2007;34(10):635-48. doi:10.1007/
s10295-007-0240-6

Table 4. Growth characteristics of soybean.

Code
Main stem length

(cm)
Number of nodes on

main stem
Number of primary

branches
Shoot fresh weight

(g)
Root dry weight

(g)
Number of
nodules

Nodule fresh weight (g/
plant)

OM 46.0 § 4.2 a 15.2 § 1.3 a 7.8 § 1.3 a 140.4 § 19.5 a 1.63 § 0.22 ab 85.6 § 17.0 ab 0.83 § 0.13 c
KS 52.6 § 1.1 bcd 15.6 § 0.5 ab 8.6 § 0.9 ab 162.4 § 17.7 ab 2.14 § 0.31 bc 94.6 § 16.3 ab 1.45 § 0.30 bc
ST 50.6 § 1.1 ac 16.8 § 0.4 bc 9.6 § 1.1 ac 219.6 § 22.4 c 2.09 § 0.34 bc 118.4 § 31.7 a 2.38 § 0.71 a
KN 50.8 § 3.8 ac 14.8 § 0.4 a 8.0 § 1.4 a 118.2 § 21.1 a 1.31 § 0.22 a 112.8 § 24.1 a 1.67 § 0.22 bc
IN 48.6 § 1.5 ab 15.6 § 0.5 ab 11.0 § 0.0 c 139.0 § 19.6 a 1.74 § 0.22 ab 87.6 § 13.7 ab 1.45 § 0.17 bc
NR 54.8 § 2.9 cd 17.0 § 0.7 c 10.2 § 0.8 bc 230.6 § 26.8 c 2.58 § 0.44 c 59.5 § 10.6 b 0.97 § 0.33 c
NS 56.0 § 1.2 d 17.2 § 0.4 c 10.4 § 1.1 bc 199.8 § 25.9 bc 2.25 § 0.39 bc 7.2 § 3.1 c 0.07 § 0.03 d

Different letters indicate significant differences among the bacterial communities (one-way ANOVA followed by Tukey post hoc test, P < 0.05).

e1378290-6 A. SUGIYAMA ET AL.

http://www.arb-silva.de/
http://www.r-project.org/
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1007/s11103-015-0337-7
https://doi.org/10.1007/s10295-007-0240-6
https://doi.org/10.1007/s10295-007-0240-6


[5] Sugiyama A, Ueda Y, Zushi T, Takase H, Yazaki K.
Changes in the bacterial community of soybean rhizo-
spheres during growth in the field. PLoS One. 2014;9(6):
e100709. doi:10.1371/journal.pone.0100709

[6] Sugiyama A, Ueda Y, Takase H, Yazaki K. Do soybeans
select specific species of Bradyrhizobium during growth?
Commun Integr Biol. 2015;8(1):e992734. doi:10.4161/
19420889.2014.992734

[7] Qiu LJ, Chen PY, Liu ZX, Li YH, Guan RX, Wang LH,
Chang RZ. The worldwide utilization of the Chinese soy-
bean germplasm collection. Plant Genet Resour-Charact
Util. 2011;9(1):109-22. doi:10.1017/S1479262110000493

[8] Kaga A, Shimizu T, Watanabe S, Tsubokura Y, Katayose
Y, Harada K, Vaughan DA, Tomooka N. Evaluation of
soybean germplasm conserved in NIAS genebank and
development of mini core collections. Breed Sci. 2011;61
(5):566-92. doi:10.1270/jsbbs.61.566

[9] Hirota T, Sayama T, Yamasaki M, Sasama H, Sugimoto
T, Ishimoto M, Yoshida S. Diversity and population
structure of black soybean landraces originating from
Tanba and neighboring regions. Breed Sci. 2011;61
(5):593-601. doi:10.1270/jsbbs.61.593

[10] Matsumoto S, Yoshikawa M. Influence of continuous
cropping on yield of black doybean (Glycine max Merr.
cv. Shintanbaguro) and chemical properties of soils in
the field converted from paddy. Jpn J Crop Sci. 2010;79
(3):268-74. doi:10.1626/jcs.79.268

[11] Duineveld BM, Kowalchuk GA, Keijzer A, van Elsas
JD, van Veen JA. Analysis of bacterial communities in
the rhizosphere of chrysanthemum via denaturing
gradient gel electrophoresis of PCR-amplified 16S
rRNA as well as DNA fragments coding for 16S
rRNA. Appl Environ Microbiol. 2001;67(1):172-78.
doi:10.1128/AEM.67.1.172-178.2001

[12] Tkacz A, Cheema J, Chandra G, Grant A, Poole PS. Sta-
bility and succession of the rhizosphere microbiota
depends upon plant type and soil composition. ISME J.
2015;9(11):2349-59. doi:10.1038/ismej.2015.41

[13] Morgan JAW, Bending GD, White PJ. Biological costs
and benefits to plant-microbe interactions in the rhizo-
sphere. J Exp Bot. 2005;56(417):1729-39. doi:10.1093/
jxb/eri205

[14] Bulgarelli D, Schlaeppi K, Spaepen S, van Themaat EVL,
Schulze-Lefert P. Structure and functions of the bacterial
microbiota of plants. Annu. Rev. Plant Biol. 2013;64:807-
38. doi:10.1146/annurev-arplant-050312-120106

[15] Mendes LW, Kuramae EE, Navarrete AA, van Veen JA,
Tsai SM. Taxonomical and functional microbial commu-
nity selection in soybean rhizosphere. ISME J. 2014;8
(8):1577-87. doi:10.1038/ismej.2014.17

[16] White LJ, Ge X, Brozel VS, Subramanian S. Root isoflavo-
noids and hairy root transformation influence key bacte-
rial taxa in the soybean rhizosphere. Environ Microbiol.
2017;19(4):1391-406. doi:10.1111/1462-2920.13602

[17] Saleem M, Law AD, Moe LA. Nicotiana roots recruit rare
rhizosphere taxa as major root-inhabiting microbes.
Microb Ecol. 2016;71(2):469-72. doi:10.1007/s00248-
015-0672-x

[18] Okubo T, Piromyou P, Tittabutr P, Teaumroong N,
Minamisawa K. Origin and evolution of nitrogen fixa-
tion genes on symbiosis islands and plasmid in

Bradyrhizobium. Microb Environ. 2016;31(3):260-67.
doi:10.1264/jsme2.ME15159

[19] Hollowell AC, Regus JU, Gano KA, Bantay R, Centeno D,
Pham J, Lyu J, Moore D, Bernardo A, Lopez G, et al. Epi-
demic spread of symbiotic and non-symbiotic Bradyrhi-
zobium genotypes across california. Microb Ecol. 2016;71
(3):700-10. doi:10.1007/s00248-015-0685-5

[20] Guimaraes AA, Fiorentino LA, Almeida KA, Lebbe L,
Silva KB, Willems A, Moreira FMD. High diversity of
Bradyrhizobium strains isolated from several legume spe-
cies and land uses in Brazilian tropical ecosystems. Syst
Appl Microbiol. 2015;38(6):433-41. doi:10.1016/j.
syapm.2015.06.006

[21] Govindasamy V, Senthilkumar M, Magheshwaran V,
Kumar U, Bose P, Sharma V, Annapurna K. Bacillus and
Paenibacillus spp.: Potential PGPR for Sustainable Agri-
culture. In: Maheshwari DK, editor. Plant growth and
health promoting bacteria. Springer Berlin Heidelberg;
2011. p. 333-64. doi:10.1007/978-3-642-18357-7_2

[22] Kumar A, Prakash A, Johri BN. Bacillus as PGPR in Crop
Ecosystem. In: Maheshwari DK, Editor. Bacteria in Agro-
biology: Crop ecosystems. Springer Berlin Heidelberg;
2011. p. 37-59.

[23] Saleem M, Meckes N, Pervaiz ZH, Traw MB. Microbial
interactions in the phyllosphere increase plant perfor-
mance under herbivore biotic stress. Front Microbiol.
2017;20(8):41. doi:10.3389/fmicb.2017.00041

[24] Masciarelli O, Llanes A, Luna V. A new PGPR co-inocu-
lated with Bradyrhizobium japonicum enhances soybean
nodulation. Microbiol Res. 2014;169(7–8):609-15.
doi:10.1016/j.micres.2013.10.001

[25] Zhang JX, Xue AG, Tambong JT. Evaluation of seed and
soil treatments with novel Bacillus subtilis strains for con-
trol of soybean root rot caused by Fusarium oxysporum
and F. graminearum. Plant Dis. 2009;93(12):1317-23.
doi:10.1094/PDIS-93-12-1317

[26] Correa OS, Montecchia MS, Berti MF, Ferrari MCF,
Pucheu NL, Kerber NL, Garcia AF. Bacillus amyloliquefa-
ciens BNM122, a potential microbial biocontrol agent
applied on soybean seeds, causes a minor impact on rhi-
zosphere and soil microbial communities. Appl Soil Ecol.
2009;41(2):185-94. doi:10.1016/j.apsoil.2008.10.007

[27] Ogata Y, Sakurai N, Suzuki H, Aoki K, Saito K, Shibata D.
The prediction of local modular structures in a co-
expression network based on gene expression datasets.
Genome Informatics. 2009;23(1):117-27.

[28] Schmidt J, Messmer M, Wilbois KP. Beneficial microor-
ganisms for soybean (Glycine max (L.) Merr), with a
focus on low root-zone temperatures. Plant Soil.
2015;397(1–2):411-45. doi:10.1007/s11104-015-2546-x

[29] Sugiyama A, Vivanco JM, Jayanty SS, Manter DK. Pyro-
sequencing assessment of soil microbial communities in
organic and conventional potato farms. Plant Dis.
2010;94(11):1329-35. doi:10.1094/PDIS-02-10-0090

[30] Zhou J, Jiang X, Wei D, Zhao BS, Ma MC, Chen SF, Cao
FM, Shen DL, Guan DW, Li J. Consistent effects of nitro-
gen fertilization on soil bacterial communities in black
soils for two crop seasons in China. Sci Rep. 2017;7.

[31] Xiong W, Li ZG, Liu HJ, Xue C, Zhang RF, Wu HS, Li R,
Shen QR. The effect of long-term continuous cropping of
black pepper on soil bacterial communities as determined

COMMUNICATIVE & INTEGRATIVE BIOLOGY e1378290-7

https://doi.org/10.1371/journal.pone.0100709
https://doi.org/10.4161/19420889.2014.992734
https://doi.org/10.4161/19420889.2014.992734
https://doi.org/10.1017/S1479262110000493
https://doi.org/10.1270/jsbbs.61.566
https://doi.org/10.1270/jsbbs.61.593
https://doi.org/10.1626/jcs.79.268
https://doi.org/10.1128/AEM.67.1.172-178.2001
https://doi.org/10.1038/ismej.2015.41
https://doi.org/10.1093/jxb/eri205
https://doi.org/10.1093/jxb/eri205
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1038/ismej.2014.17
https://doi.org/10.1111/1462-2920.13602
https://doi.org/10.1007/s00248-015-0672-x
https://doi.org/10.1007/s00248-015-0672-x
https://doi.org/10.1264/jsme2.ME15159
https://doi.org/10.1007/s00248-015-0685-5
https://doi.org/10.1016/j.syapm.2015.06.006
https://doi.org/10.1016/j.syapm.2015.06.006
https://doi.org/10.1007/978-3-642-18357-7_2
https://doi.org/10.3389/fmicb.2017.00041
https://doi.org/10.1016/j.micres.2013.10.001
https://doi.org/10.1094/PDIS-93-12-1317
https://doi.org/10.1016/j.apsoil.2008.10.007
https://doi.org/10.1007/s11104-015-2546-x
https://doi.org/10.1094/PDIS-02-10-0090


by 454 Pyrosequencing. PloS One. 2015;10(8):e0136946.
doi:10.1371/journal.pone.0136946

[32] Unno Y, Shinano T, Minamisawa K, Ikeda S. Bacterial
community shifts associated with high abundance of Rhi-
zobium spp. in potato roots under macronutrient-defi-
cient conditions. Soil Biol Biochem. 2015;80:232-36.
doi:10.1016/j.soilbio.2014.10.002

[33] Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann
M, Hollister EB, Lesniewski RA, Oakley BB, Parks DH,
Robinson CJ, et al. Introducing mothur: Open-source,
platform-independent, community-supported software

for describing and comparing microbial communities.
Appl Environ Microbiol. 2009;75(23):7537-41.
doi:10.1128/AEM.01541-09

[34] Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R.
UCHIME improves sensitivity and speed of chimera
detection. Bioinformatics. 2011;27(16):2194-200.
doi:10.1093/bioinformatics/btr381

[35] Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian
classifier for rapid assignment of rRNA sequences into
the new bacterial taxonomy. Appl Environ Microbiol.
2007;73(16):5261-67. doi:10.1128/AEM.00062-07

e1378290-8 A. SUGIYAMA ET AL.

https://doi.org/10.1371/journal.pone.0136946
https://doi.org/10.1016/j.soilbio.2014.10.002
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1128/AEM.00062-07

	Abstract
	Introduction
	Results and discussion
	Richness and diversity indices of bacterial communities
	Bacterial community structure
	Correlation between bacterial OTUs and soybean growth parameters

	Conclusion
	Materials and methods
	Study site, farm description and soybean growth
	DNA extraction and PCR amplification of the 16S rRNA genes using a 454-GS junior system
	Sequence analysis
	Correlation analysis
	Statistical analysis

	Disclosure of potential conflicts of interest
	Acknowledgments
	Funding
	References

