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The diversities leaf-associated bacteria on nonnodulated (Nod�), wild-type nodulated (Nod�), and hyper-
nodulated (Nod��) soybeans were evaluated by clone library analyses of the 16S rRNA gene. To analyze the
impact of nitrogen fertilization on the bacterial leaf community, soybeans were treated with standard nitrogen
(SN) (15 kg N ha�1) or heavy nitrogen (HN) (615 kg N ha�1) fertilization. Under SN fertilization, the relative
abundance of Alphaproteobacteria was significantly higher in Nod� and Nod�� soybeans (82% to 96%) than in
Nod� soybeans (54%). The community structure of leaf-associated bacteria in Nod� soybeans was almost
unaffected by the levels of nitrogen fertilization. However, differences were visible in Nod� and Nod��

soybeans. HN fertilization drastically decreased the relative abundance of Alphaproteobacteria in Nod� and
Nod�� soybeans (46% to 76%) and, conversely, increased those of Gammaproteobacteria and Firmicutes in these
mutant soybeans. In the Alphaproteobacteria, cluster analyses identified two operational taxonomic units
(OTUs) (Aurantimonas sp. and Methylobacterium sp.) that were especially sensitive to nodulation phenotypes
under SN fertilization and to nitrogen fertilization levels. Arbuscular mycorrhizal infection was not observed
on the root tissues examined, presumably due to the rotation of paddy and upland fields. These results suggest
that a subpopulation of leaf-associated bacteria in wild-type Nod� soybeans is controlled in similar ways
through the systemic regulation of autoregulation of nodulation, which interferes with the impacts of N levels
on the bacterial community of soybean leaves.

Although diverse microorganisms reside in the phytosphere
as endophytes, epiphytes, and rhizosphere bacteria, many
questions about the driving forces and ecological rules under-
lying the relationships between these microbes and plants re-
main unanswered (18, 39). During their evolution, legumes
have developed two systems for attaining mutual symbioses
with rhizobia and mycorrhizae. One of the systems genetically
required for rhizobial and arbuscular mycorrhizal interactions
in plants overlaps in a common signaling pathway (CSP) lead-
ing to successful symbioses (24). Plants also have a control
system for regulating the degree of nodulation and mycorrhi-
zation on roots by rhizobia and mycorrhizae, respectively. This
autoregulatory system occurs through long-distance signaling
between shoots and roots (33). Leguminous plants deficient in
the CSP and autoregulation systems develop nonnodulated
(Nod�) and hypernodulated (Nod��) roots, respectively.
However, the degree to which plants use similar or identical

systems, such as CSP and autoregulation, for interactions with
other microorganisms in the phytosphere remains unclear.

Recently, it was shown that the bacterial and fungal com-
munity structures in the roots of symbiosis-defective mutants
of Medicago truncatula (32) and soybean (22) differ from those
in the roots of wild-type host plants; it was also shown that
certain microbes preferentially associate with arbuscular my-
corrhizal roots (41) and nodulated (Nod�) roots (22). How-
ever, unexpectedly, analyses of the rhizosphere community in
soybeans have revealed that the bacterial community in non-
nodulated soybeans is more similar to that in hypernodulated
soybeans than to that in wild-type soybeans (22).

The autoregulation of nodulation occurs through long-dis-
tance signaling between shoots and roots (33), and a heavy
supply of nitrate to the roots of leguminous plants inhibits
nodulation through autoregulation (6, 34). Thus, it is possible
that the nodulation phenotype and host nitrogen status affect
the structure of the microbial community in aboveground tis-
sues, such as stems and leaves, as has been observed in roots
(22). Indeed, the results of our previous study of stem-associ-
ated bacteria suggested that a subpopulation of Proteobacteria
in the stems of soybeans was controlled in similar ways through
both the system regulating plant-rhizobium symbiosis and the
system sensing exogenous nitrogen fertilization in plants (21).

These findings led to the question of whether soybean-asso-
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ciated bacteria are more tightly regulated in leaves than in
stems, since the shoot-derived factor (SDF) for the autoregu-
lation of nodulation is thought to be produced there (26, 47).
If this is the case, then the observation of more direct and clear
effects of autoregulation systems on soybean-associated bacte-
ria, including endophytes and epiphytes, could be expected in
the leaves than in the stems. Here, the impacts of the nodula-
tion phenotype and the nitrogen fertilization level on the com-
munity structures of soybean leaf-associated bacteria were ex-
amined by a clone library analysis of the 16S rRNA gene
sequence.

MATERIALS AND METHODS

Plant materials and field experimental design. The plants included the soy-
bean cultivar Enrei (wild-type nodulating cultivar; Nod�), the lines En 1314 and
En 1282 (nonnodulating mutants derived from Enrei; Nod�) (13), and the lines
En 6500 and Sakukei 4 (hypernodulating mutants derived from Enrei; Nod��)
(1). Mutations in the NFR1 gene, which is responsible for a LysM-type receptor
kinase required for Nod factor recognition, have been found in En 1314 and En
1282 soybeans (38; M. Hayashi, National Institute of Agrobiological Sciences,
Tsukuba, Japan, personal communication). A mutation in En 6500 was found in
the GmNARK (NTS1) gene (31), which mediates systemic autoregulation of
nodulation (44), and Sakukei 4 is a descendant of En 6500 with the same
hypernodulating phenotype due to the lack of a functional GmNARK gene (29).

The seeds were planted on 3 June 2009 in an experimental field at Tohoku
University (Kashimadai, Miyagi, Japan), which has been cultivated with a rota-
tion of rice (under paddy field conditions) and soybean (upland field conditions)
every year since 1997. The field design is outlined in Fig. 1. Soybeans of all
nodulation genotypes were grown in two neighboring fields (standard nitrogen
[SN] and heavy nitrogen [HN]). The two fields were dressed with SN fertilization
(15 kg N ha�1) as a basal fertilization (N1 in Fig. 1), and the HN field was
additionally dressed four times with HN fertilization (N1 to N4 in Fig. 1) (each
application contained 150 kg N ha�1 as urea; total, 600 kg N ha�1). The field soil
was classified as a Gray Lowland (pH [H2O], 5.9; pH [KCl], 4.3; total carbon
content, 1.21%; total nitrogen content, 0.11%; Truog phosphorus content, 69 mg
P2O5 kg�1).

Growth evaluation and sampling. To define the environmental factors rele-
vant to changes in bacterial community structure, the plant growth stage was
monitored by measuring the vegetative and reproductive indexes, plant dry
weights, and nitrogen contents in plant tissues and field soils. The growth stage
examination (GE) was carried out four times throughout the growing period
(GE1 to GE4 in Fig. 1), in accordance with the criteria of Fehr et al. (11). The
dry weights of shoots, roots, and nodules, as well as the number of nodules, were
measured 69 days after sowing (at growth stage 1 [GS1] [Fig. 1]). Total nitrogen
in soybean shoots at GS1 was analyzed by the Kjeldahl method. Two plants were
processed as a composite sample to measure the nitrogen content of the soybean
shoots. The nitrogen content in soils under SN or HN fertilization was also
measured three times, before each of the additional nitrogen fertilizations of the
HN field (Fig. 1, N2, N3, and N4). Soils were air dried and sieved through a
2-mm mesh. The contents of NH4� and NO3� were determined with the auto-

analyzers Quaatro and AACS-II (Bran�Luebbe, Hamburg, Germany), respec-
tively. Leaflets were collected manually and stored at �80°C until they were used
(Fig. 1, Sampling). Four plants were processed as a composite sample for bac-
terial cell enrichment. Three composite samples were used for DNA preparation
and PCR amplification of each genotype in triplicate.

Clone library construction and sequencing. Leaves (approximately 50 g) of a
composite sample were homogenized without surface sterilization to prepare
leaf-associated bacterial cells (including both epiphytes and endophytes), and the
bacterial cells were extracted from leaf tissues and purified by an enrichment
method (19), with slight modification (namely, two additional washing steps with
high-speed centrifugation to eliminate contamination by chloroplast DNA in the
final bacterial fraction). Total bacterial DNA was extracted from each bacterial
cell fraction by the DNA extraction method described by Ikeda et al. (22). The
final DNA samples were resuspended in 100 �l of sterilized water. The quality
and quantity of DNA were assessed spectrophotometrically by calculating ab-
sorbance at a wavelength of 260 nm (A260) and the A260/A230 and A260/A280

ratios. For each soybean genotype grown under SN or HN fertilization condi-
tions, triplicate DNA samples were prepared from composite samples. PCR
clone libraries for 16S rRNA genes were constructed as follows. Briefly, 25 ng of
total bacterial DNA was used as a template in a final reaction volume of 12.5 �l,
including 25 pmol of each primer and 1 U of Ex Taq DNA polymerase (Takara
Bio, Otsu, Japan). The universal primers 27F (50-AGAGTTTGATCMTGGCT
CAG-30) and 1525R (50-AAGGAGGTGWTCCARCC-30) were used (25). Cy-
cling conditions were as follows: initial denaturation for 2 min at 94°C; then, 25
cycles consisting of 30 s at 94°C, 30 s at 55°C, and 2 min at 72°C; and a final
extension for 10 min at 72°C. Three PCR products derived from triplicate DNA
samples were combined into a sample, and the PCR products were resolved by
1% agarose gel electrophoresis in 1� TBE (89 mM Tris-borate, 0.2 mM EDTA)
buffer. PCR products of the predicted size (approximately 1,500 bp) were ex-
tracted from the gels by using NucleoSpin Extract II (Macherey-Nagel GmbH &
Co. KG, Düren, Germany) and ligated into the pGEM-T Easy plasmid vector
(Promega Japan, Tokyo, Japan) at 25°C for 1 h. ElectroTen-Blue electropora-
tion-competent cells (Stratagene, La Jolla, CA) were then electroporated with
the ligated DNA by using a Gene Pulser electroporator (Bio-Rad Laboratories,
Tokyo, Japan). After the transformants had been cultured overnight at 37°C on
Luria-Bertani agar plates containing ampicillin (50 mg ml�1), 384 colonies were
randomly selected from each library for sequencing. Sequencing analysis was
conducted with a type 3730�l DNA Analyzer (Applied Biosystems, Foster City,
CA) using a BigDye Terminator Cycle Sequencing Reaction Kit (Applied Bio-
systems). Template DNAs were prepared by using an Illustra TempliPhi DNA
Amplification Kit (GE Healthcare, Uppsala, Sweden). A partial sequence of the
16S rRNA gene was obtained using the 27F primer. Sequences were processed
with Phred (9, 10) at a cutoff value of 0.001 to eliminate low-quality regions.
Approximately 500 bases of the 16S rRNA gene (corresponding to 109 to 665
bases of the Escherichia coli 16S rRNA gene) were then used for the sequence
analyses.

Sequence analysis. Sequences were analyzed for orientation and detection of
non-16S rRNA gene sequences by using OrientationChecker (3). The presence
of chimeras was assessed by MALLARD (3). A sequence identified at the 99.9%
threshold was discarded as chimeric. The remaining sequences were aligned by
using CLUSTAL W (45). On the basis of the alignment, a distance matrix was
constructed by using the DNADIST program from PHYLIP ver. 3.66 (http:
//evolution.genetics.washington.edu/phylip.html) with the default parameters.
The resulting matrices were run in DOTUR (42) to generate diversity indexes.
The default DOTUR settings were used with threshold values of 97% sequence
identity for the definition of operational taxonomic units (OTUs). Library cov-
erage was calculated with the nonparametric estimator C (15), as described by
Kemp and Aller (23). The reciprocal of Simpson’s index (1/D) was used as a
measure of diversity to evaluate the level of dominance in a community (49). The
number of OTUs shared between libraries was calculated by using SONS (43).
UniFrac (17, 27) was applied to examine the similarities between clone libraries.
A tree file generated by CLUSTAL W (45) and an environment file, which links
a file to a library, were uploaded to UniFrac (27). Principal coordinates analysis
(PCoA) was performed by using UniFrac with the abundance-weighted option
(27).

Phylogenetic analysis. The phylogenetic composition of the sequences in each
library was evaluated by using the Classifier program of RDP-II release 10 (46),
with confidence levels of 80%. BLASTN (2) was also used to classify the clones
and to identify the closest relatives in the GenBank database. For the phyloge-
netic analysis, sequences were aligned by using the CLUSTALW program (45).
The neighbor-joining method was used to build the trees (40). The PHYLIP
format tree output was obtained by using the bootstrapping procedure (12);

FIG. 1. Timetable and design of the field experiment. Basal fertil-
ization was supplied to both the SN and HN fields as commercial
fertilizer at 15 kg N ha�1. The HN field was also supplied with nitrogen
fertilization as urea four times (N1 to N4; 150 kg N ha�1 for each
fertilization). GE1 to GE4 represent the days on which soybean growth
indexes (see Fig. S1 in the supplemental material) were measured. GS1
is the growth stage at which the dry weights and nitrogen contents of
the soybean leaves were measured (see Fig. S2 and S3 in the supple-
mental material).
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1,000 bootstrap trials were used. The trees were constructed by using TreeView
software (36).

Nucleotide sequence accession numbers. Nucleotide sequences of 16S rRNA
genes for the clone libraries have been deposited in the DDBJ database under
the accession numbers shown in Table 1.

RESULTS

Soybean growth. The soybean leaf-associated bacteria, in-
cluding endophytes and epiphytes sampled at the beginning of
the soybean reproductive stage (GE4 in Fig. 1), were subjected
to clone library analyses. Measurement of growth indexes at
the reproductive growth stage revealed no differences among
soybean genotypes or nitrogen fertilization treatments at the
time of sampling, although during the vegetative growth stage,
slight variations were observed between soybean genotypes
under HN fertilization (V13 to V15) and those under SN
fertilization (V13 to V14) (see Fig. S1 in the supplemental
material). Thus, at the time of sampling, the reproductive
growth index was R5 (pod-maturing stage) (11) for all samples
in both the SN and the HN fertilization fields, and the vege-
tative growth indexes ranged approximately from V13 to V14
for most samples. Hence, we concluded that the effects of the
soybean growth stage on the community analysis would not be
significant among the genotypes examined under SN or HN
fertilization.

HN fertilization was performed to eliminate the effects of
nitrogen deficiency in Nod� soybeans on the microbial com-
munity and to inhibit nodulation in the wild-type soybean
(Nod�). HN fertilization increased the nitrate content in the
soil (6 to 16 mmol/kg dry soil) during soybean cultivation (see

Table S1 in the supplemental material). Plant dry weights and
leaf nitrogen contents showed no significant differences be-
tween nodulated Enrei and the Nod� mutants under HN fer-
tilization (see Fig. S2A and B and S3 in the supplemental
material). Under HN fertilization, the number of nodules and
the nodule dry weight on wild-type soybeans were markedly
inhibited (see Fig. S2C and D in the supplemental material).

Statistics on clone libraries. The statistics on the clone li-
braries are summarized in Table 2. Although the number of
sequences analyzed was as low as 90 for En 6500 under SN
fertilization because of the high ratio of chimeric sequences,
the library coverage among all libraries ranged from 91.4% to
98.1%. Under SN fertilization, Nod� soybeans (Enrei) had the
highest number of OTUs and greater diversity than the mu-
tants in terms of the Shannon and Simpson indexes. No clear
effect of the nodulation phenotype on the number of OTUs or
on diversity index values was observed under HN fertilization.

Phylogenetic diversities of leaf-associated bacteria with dif-
ferent nodulation phenotypes under standard nitrogen fertil-
ization conditions. Assessment of the phylogenetic composi-
tion by using RDP Classifier revealed that the relative
abundance of Alphaproteobacteria in Nod� soybeans (53.8%)
was noticeably lower than those in Nod� and Nod�� soybeans
(82.0% to 95.6%) under SN fertilization, whereas those of the
Gammaproteobacteria and Firmicutes showed the opposite pat-
terns (19.8% and 26.4%, respectively, in Nod�, and 0% to
13.3% and 1.9% to 3.9%, respectively, in the mutant soybeans)
(Fig. 2a). Further analyses at lower taxonomic levels showed
that a population shift of Methylobacterium sp. was mainly
responsible for the low abundance of Alphaproteobacteria in
Nod� soybeans (4.9% for Methylobacterium sp.) compared
with the mutants (Nod� and Nod��) (33.3% to 60.2%) (Fig.
2c). In contrast, two genera, Pantoea and Enterococcus, were
mainly responsible for the greater abundance of Gammapro-
teobacteria and Firmicutes in Nod� soybeans (7.7% and 13.2%,
respectively) than in the mutants (Nod� and Nod��) (Fig. 2e).
The results of PCoA clearly showed a tight cluster, including
both Nod� and Nod�� soybeans under SN fertilization,
whereas the Nod� soybeans were distinctly separated from the
mutants (Fig. 3).

TABLE 1. Accession numbers of sequences deposited in the DDBJ

Genotype
N fertilization level

SN HN

Enrei AB581722–AB581903 AB582442–AB582565
En 1282 AB581904–AB582062 AB582566–AB582728
En 1314 AB582063–AB582223 AB582729–AB582888
En 6500 AB582224–AB582313 AB582889–AB583026
Sakukei 4 AB582314–AB582441 AB583027–AB583138

TABLE 2. Statistical analysis of 16S rRNA gene clone libraries derived from soybean leaves

Parameter

Value for indicated library of specified nodulation phenotype at N fertilization level:

SN HN

Enrei
(Nod�)

En 1282
(Nod�)

En 1314
(Nod�)

En 6500
(Nod��)

Sakukei 4
(Nod��)

Enrei
(Nod�)

En 1282
(Nod�)

En 1314
(Nod�)

En 6500
(Nod��)

Sakukei 4
(Nod��)

Statistics
No. of sequences 182 159 161 90 128 124 163 160 138 112
Library coverage (%)a 94.5 95.6 97.5 92.2 91.4 94.4 96.9 98.1 92.0 95.5
No. of OTUsb 27 17 14 14 18 15 17 15 21 17

Diversity indexes
Chao1 34.5 24 15.5 24.5 36.3 25.5 19.5 16 39.3 19.5
ACE 40.8 28.2 17.0 35.2 68.8 28.0 21.7 17.2 51.4 21.0
Shannon index 2.6 2.0 1.8 2.0 1.6 1.8 1.6 2.0 2.2 1.9
Simpson index (1/D) 8.7 5.1 4.3 6.5 2.7 3.9 2.5 4.3 5.9 3.7

a Cx � 1 � (n/N), where nx is the number of singletons that are encountered only once in a library and N is the total number of clones.
b OTUs were defined at 97% sequence identity.
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The cluster analysis identified two OTUs (AP3 and AP16)
that had noticeably lower abundance in Nod� soybeans than in
both the Nod� and the Nod�� mutants under SN conditions
(Fig. 4a). The sequences of representative clones for these two
OTUs showed high levels of identity to those of Aurantimonas
ureilytica (98%) (DQ883810) and Methylobacterium extorquens
(99%) (GU992354), respectively (Fig. 5). In contrast, the rel-
ative abundances of the two OTUs GP4 and FM1 were higher
in Nod� soybean (7.7% and 13.2%, respectively) than in the
mutants (Fig. 4c). The representative sequences of these two
OTUs showed high levels of identity to those of Pantoea
ananatis (100%) (GQ383910) and Enterococcus mundtii (99%)
(Y18340), respectively (Fig. 5).

Comparisons of phylogenetic diversities of leaf-associated
bacteria between standard and heavy nitrogen fertilization
conditions. Assessment of phylogenetic compositions using
RDP Classifier showed that the effect of the nodulation phe-

notype on leaf-associated bacterial communities in soybeans
was obscured under HN fertilization. However, the relative
abundance of Alphaproteobacteria was dramatically lower in all
mutants (Nod� and Nod��) (46.4% to 75.9%) under HN
fertilization than under SN fertilization (82% to 95.6%) (Fig.
2b). Conversely, the proportions of Gammaproteobacteria
and/or Firmicutes were higher in all mutants (Nod� and
Nod��) under HN fertilization (3.6% to 25.8% for Gamma-
proteobacteria and 9.4% to 29% for Firmicutes) (Fig. 2b). Fur-
ther analyses at lower taxonomic levels revealed that the
relative abundances of two genera (Aurantimonas and Methylo-
bacterium) in the Alphaproteobacteria were lower in all mutants
(0% to 3.6%) under HN fertilization (Fig. 2d). In contrast, the
abundances of Pantoea in the Gammaproteobacteria and En-
terococcus in the Firmicutes were higher in all mutants (Nod�

and Nod��) under HN fertilization (Fig. 2f). Unexpectedly,
the analyses also revealed an increase in the abundance of the
unclassified Rhizobiales bacterial population on all nodulation
phenotypes under HN fertilization (range, 33.3% to 63.2%)
compared with the SN fertilization (1.6% to 31.4%) (Fig. 2f).
Surprisingly, the phylogenetic compositions of Nod� soybeans
under both SN and HN fertilization were highly similar to each
other (Fig. 2 and 4), except for a slight increase in the unclas-

FIG. 2. Phylogenetic compositions of 16S rRNA gene clone librar-
ies of soybean leaf-associated bacteria with different nodulation phe-
notypes under standard and heavy nitrogen fertilization conditions. (a
and b) Phylogenetic compositions at the phylum level. (c and d) Rel-
ative abundances of Aurantimonas sp. and Methylobacterium sp. (e and
f) Relative abundances of Pantoea sp., Enterococcus sp., and unclassi-
fied Rhizobiales bacteria. E, Enrei; 12, En 1282; 13, En 1314; 65, En
6500; S4, Sakukei 4. Nod, nodulation phenotype: wild type (�), non-
nodulated (�) and hypernodulated (��).

FIG. 3. Principal-coordinates analysis (PCoA) of 16S rRNA gene
clone libraries of soybean leaf-associated bacteria with different nod-
ulation genotypes. The plot was constructed by using UniFrac dis-
tances weighted by the relative abundances. Each number represents
the phylogenetic composition of soybean leaf-associated bacteria with
different soybean nodulation genotypes under standard and heavy ni-
trogen conditions. Numbers 1 to 5 and 6 to 10 were sampled under
standard and heavy nitrogen conditions, respectively. Soybean geno-
types: 1 and 6, wild type (Enrei); 2 and 7, nonnodulated (En 1282); 3
and 8, nonnodulated (En 1314); 4 and 9, hypernodulated (En 6500); 5
and 10, hypernodulated (Sakukei 4). Dashed line indicates bacterial
communities with similar phylogenetic compositions (see the text).
Notice the position of the wild-type Enrei under standard nitrogen
conditions; it is located inside the cluster for all genotypes under heavy
nitrogen conditions.
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sified Rhizobiales bacterial population under HN fertilization
(Fig. 2e and f). The results of PCoA clearly showed that dra-
matic shifts in the community structures of leaf-associated bac-
teria in all mutants occurred in response to HN fertilization, as
explained by the PC1 axis (65.4%) on the PCoA plot (Fig. 3).
Interestingly, these results also revealed that the community
structure of leaf-associated bacteria on Nod� soybeans under
SN conditions was very similar to those on all nodulation
phenotypes under HN conditions.

The cluster analysis revealed that the same four OTUs (AP3,
AP16, GP4, and FM1) that were responsive to the nodulation
phenotype under SN fertilization were markedly responsive to
the effects of HN fertilization in all mutants (Fig. 4 and 5). The
relative abundances of two OTUs, AP3 and AP16, were dra-
matically lower in all mutants (Fig. 4b) under HN fertilization,
whereas conversely, those of the OTUs GP4 and FM1 were
higher (Fig. 4d and 5). Unexpectedly, the OTU AP13 was
identified as responsible for the increase in the relative abun-
dance of the unclassified Rhizobiales bacteria in all nodulation
phenotypes under HN fertilization (Fig. 4d and 5). The repre-
sentative sequence of OTU AP13 was classified as Rhizobium
sp.; its closest relative among known species was Rhizobium
oryzae (EU056822), with 98% identity.

DISCUSSION

Dramatic impacts of both the nodulation phenotype and the
nitrogen fertilization level were observed on leaf-associated
bacterial communities in soybeans (Fig. 3). Although a similar
experimental design was employed in a previous study of stem-
associated bacteria in soybeans (21), the results here provide
more interesting insights into how underground events, such as
nodulation and fertilization, affect the diversity of the micro-

bial communities associated with aboveground tissues in
plants. Interestingly, the populations of the two genera Methylo-
bacterium and Aurantimonas on the leaves of all mutants re-
sponded more dramatically to the nodulation phenotype under
SN fertilization and to HN fertilization than was the case in the
stems (21) (see Fig. S4 in the supplemental material). Cluster
analysis with a combined data set from leaves and stems re-
vealed that the same two taxonomic groups (Methylobacterium
sp. and Aurantimonas sp.) were responsive to the nodulation
phenotype and nitrogen fertilization (OTUs MET1 for Methylo-
bacterium sp. and AUR1 and AUR2 for Aurantimonas sp. in
Fig. S5 in the supplemental material). These results clearly
indicate that these two subpopulations of Methylobacterium sp.
and Aurantimonas sp. were stable community members in the
aboveground tissues (leaves and stems) of the mutant soybeans
examined (see Fig. S4 in the supplemental material).

Surprisingly, the phylogenetic compositions of leaf-associ-
ated bacteria in Nod� soybeans were virtually unaffected by
the nitrogen fertilization level (Fig. 2 to 5), except for a slight
increase in an unclassified Rhizobiales bacterial population
(Fig. 2f and 4d). The results of PCoA further revealed that the
diversities of leaf-associated bacteria in the wild-type Enrei
under SN and HN fertilization were highly similar, in terms of
not only simple phylogenetic composition, but also community
structure, including both species abundance and phylogenetic
diversity (Fig. 3). More importantly, the PCoA results in Fig. 3
imply that the leaves in the wild-type-nodulated soybean under
SN fertilization were in a physiological state of nitrogen satu-
ration, regardless of the exogenous nitrogen levels in soils.
These results may suggest that tighter regulation of leaf-asso-
ciated bacteria was present in the wild-type soybean than in the
nodulation mutants examined and also indicate that soybean-
associated bacterial communities were more regulated in
leaves than in stems. These findings support the hypothesis
that the systems that autoregulate nodulation are responsible
for the shifts seen in the community of symbiotic bacteria here
and in previous studies (21), because, under the field condi-
tions examined, autoregulation was activated only in the wild-
type Enrei. Furthermore, leaf tissue is currently believed to be
the site of production of SDF, which suppresses rhizobial in-
fection of roots (26, 34, 47). Therefore, the effects of SDF
could be reflected more directly in the community structures of
leaf-associated bacteria than in those of stem-associated bac-
teria. Although the exact mechanisms involved are still un-
known, the previous and present studies clearly indicate that
nodule regulation systems and nitrogen-sensing systems in
plants affect the diversity of bacterial communities, not only in
the roots (18), in which nodule formation actually occurs, but
also systemically in the leaves and stems in a similar manner.

The analyses of phylogenetic composition and the results of
PCoA also revealed that soybeans with two very different nod-
ulation phenotypes, Nod� and Nod��, hosted microbial com-
munities with highly similar structures in their leaves under SN
fertilization (Fig. 2 and 3), as previously shown for stems (21).
A possible explanation for this could be the absence of mycor-
rhization in Nod� soybeans under the experimental conditions
examined, presumably due to the rotation of paddy and upland
fields. Therefore, the autoregulation systems were not acti-
vated in Nod� soybeans, and the autoregulation systems of
Nod�� soybeans were genetically impaired. Thus, both Nod�

FIG. 4. Relative abundances of the operational taxonomic units
(OTUs) that occurred in the 16S rRNA gene clone libraries of soybean
leaf-associated bacteria and responded to nodulation phenotype and
nitrogen fertilization conditions. The abundance of each OTU (de-
fined by �97% identity) corresponds to the data in Fig. 5. E, Enrei; 12,
En 1282; 13, En 1314; 65, En 6500; S4, Sakukei 4.
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and Nod�� soybeans could be considered equivalent hosts
with no activated autoregulation.

Cluster analysis of 16S rRNA gene sequences identified, to
the species level, OTUs responsible for the population shifts of
leaf-associated bacteria (Fig. 4). The OTU AP3 had a high
level of identity to A. ureilytica (98%); Aurantimonas sp. was
identified as a population highly sensitive to the nodulation
phenotype and nitrogen level (see Fig. S4A in the supplemen-
tal material), as has been observed in the stems of soybeans
(21). The genus Aurantimonas was only recently established
(8), and its biology in relation to plant symbiosis is largely
unknown. However, Aurantimonas sp. has been isolated from
the surface and inside of rice leaves (28), as well as from the
stems of Nod�� soybeans (M. Anda, S. Ikeda, S. Eda, T.
Okubo, S. Sato, S. Tabata, H. Mitsui, and K. Minamisawa,
unpublished data). A detailed phylogenetic analysis has sug-
gested that a phylogenetically related subpopulation of the
genus Aurantimonas exists as plant-associated bacteria (Anda
et al., unpublished data), and further study of these unknown
plant-associated bacteria should be conducted.

The OTU AP16 had a high level of identity to M. extorquens
(99%), which has also been identified as a bacterial group
responding to the nodulation phenotype and nitrogen level in
the stems of soybeans (21). However, in the leaves, Methylo-
bacterium sp. in all mutants was more sensitive to the nodula-
tion phenotype and nitrogen level than it was in the stems (21)
(see Fig. S4B in the supplemental material). Members of the
genus Methylobacterium are well known as plant-associated
bacteria (7) and include both epiphytes and endophytes; scav-
enging of monocarbon wastes, such as methanol, in plant tis-
sues is a putative role of this bacterial group (7). Therefore,
population shifts of Methylobacterium sp. could indicate
changes in plant physiological status. In fact, both nodulation
and nitrate sensing in plants activate the autoregulation sys-
tem, which causes a dramatic shift in their internal hormone
balance (5, 34).

The OTUs GP4, FM1, and AP13 were the main bacterial
groups in Nod� soybeans under SN fertilization, and their
abundances in Nod� soybeans were relatively unchanged un-
der HN fertilization compared to SN fertilization, except for a

FIG. 5. Phylogenetic distributions of OTUs that occurred in the 16S rRNA gene clone libraries of soybean leaf-associated bacteria and
responded to nodulation phenotype and nitrogen fertilization conditions. The dendrogram indicates the phylogenetic relationships among the
representative sequences of OTUs (defined by �97% identity). The table indicates the relative abundances of clones belonging to each OTU in
each library and the results of a BLAST search using the representative sequences. E, Enrei; 12, En 1282; 13, En 1314; 65, En 6500; S4, Sakukei
4, Acc, accession. Gray shading indicates OTUs responsible for modulation and N fertilization (see text).
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slight increase in OTU AP13. However, the relative abun-
dances of these three OTUs in all mutants were dramatically
higher under HN fertilization (Fig. 4c and d). The represen-
tative sequence of OTU GP4 was identical to that of P. anana-
tis, which is a plant-associated bacterium isolated from diverse
plants, including soybeans (14). The representative sequence
of OTU FM1 had a high level of identity to that of E. mundtii
(99%), which has also been isolated from soybeans as a bio-
preserver producing bacteriocin (48), suggesting that the
phytosphere could be a good source of beneficial bacteria for
the fermentation industry. Unexpectedly, the detailed phylo-
genetic and cluster analyses identified OTU AP13 as an in-
creased population of Alphaproteobacteria under HN fertiliza-
tion in all nodulation phenotypes. The representative
sequences of OTU AP13 had a high level of identity to those
of R. oryzae (98%), which was recently isolated from the roots
of a wild rice as an endophytic bacterium and which can form
nodules on soybeans (37).

It is well known that exogenous nitrate suppresses infection
with rhizobia and inhibits nodule formation (4, 6, 34). Re-
cently, Okamoto et al. (34) suggested that a nitrate-induced
CLE gene in Lotus japonica is involved in autoregulation sys-
tems through the HAR1 gene, which is a homolog of GmNARK
in soybeans. These findings suggest that HN fertilization gives
rise to nitrate-induced nodulation inhibition through the
soybean autoregulation system in Nod� mutants. Thus, a
GmNARK-mediated signaling pathway may regulate a sub-
population of Alphaproteobacteria, which may be closely re-
lated to rhizobia, beyond the regulation of nodule formation by
Bradyrhizobium japonicum in soybeans. This may have resulted
in the low ratio of Alphaproteobacteria in the wild-type soy-
beans under both SN and HN fertilizations and also in the
Nod� soybeans under HN fertilization. In fact, the two Rhizo-
biales genera (Aurantimonas and Methylobacterium) found in
the present study are closely related to Bradyrhizobium spp.,
endosymbionts of soybeans (16); these two genera were also
responsible for the community shifts in stems with different
nodulation phenotypes and under different soil nitrogen levels
(see Table S1 in the supplemental material) (21). It is also
interesting that, under HN fertilization, the community struc-
tures of Nod�� soybeans were highly similar to those of wild-
type and Nod� soybeans (Fig. 3). As Nod�� soybeans do not
harbor a functional GmNARK gene (31), the GmNARK-medi-
ated nitrate sensing systems are not functional (34). Neverthe-
less, the effects of HN fertilization on Nod�� soybeans oc-
curred systemically in the leaves, and the pattern of the
community shifts in Nod�� soybeans was very similar to that in
Nod� soybeans. Therefore, as has previously been shown with
stem-associated bacteria (21), the GmNARK gene is not essen-
tial for the population shifts of leaf-associated bacteria re-
sponding to HN fertilization. These present and previous re-
sults strongly imply the presence of GmNARK-independent
nitrogen-sensing systems that could regulate the structures of
bacterial communities on the aboveground tissues of soybeans
(20). In addition, surprisingly, the results of PCoA with com-
bined data sets from both stem and leaf samples clearly indi-
cated that the nitrogen fertilization level could be a dominant
force in shaping the community structures of plant-associated
bacteria for aboveground plant tissues, over and above the

nodulation phenotype and the tissue specificity of bacterial
colonization (see Fig. S6 in the supplemental material).

Besides the impacts of the nodulation phenotype and nitro-
gen level, the comparisons of stem- and leaf-associated bacte-
rial communities revealed that the stems and leaves have dis-
tinct bacterial communities even at the phylum or class level
(see Fig. S7 in the supplemental material). As expected from
the harsher environmental conditions of leaves than of stems,
the numbers of OTUs and the diversity indexes of leaf-associ-
ated bacteria (Table 2) were considerably lower than those of
stem-associated bacteria (21). The bacterial community in
stems consisted mainly of Proteobacteria (Alpha-, Beta-, and
Gammaproteobacteria) (21). Meanwhile, the majority of the
community in the leaves consisted of Alpha- and Gammapro-
teobacteria and Firmicutes, with almost no Betaproteobacteria.
Furthermore, in the Alpha- and Gammaproteobacteria, the
Bradyrhizobium, Devosia, Sphingomonadaceae, and Acineto-
bacter bacterial groups were exclusively found in the stems and
not in the leaves (see Fig. S7 in the supplemental material).
Interestingly, in the stems of wild-type soybeans under SN
fertilization, the most dominant OTU was a group of Agrobac-
terium sp. (23% relative abundance) (21), whereas an unclas-
sified Rhizobiales bacterial group represented by OTU AUR4
in Fig. S5 in the supplemental material, was highly abundant in
the leaves (27%) compared to stems. Interestingly, the phylo-
genetic analysis of the representative sequences of OTUs re-
vealed that this unclassified bacterial group is closely related to
Aurantimonas sp. (Fig. 5; see Fig. S5 in the supplemental ma-
terial). These results clearly indicate the presence of distinct
tissue specificity—even between stems and leaves—for the col-
onization of symbiotic bacteria in the phytosphere at levels
from phylum to genus. The data in the present study also
highlighted the noticeable differences in results obtained from
the culture-dependent and -independent analyses for the di-
versity of soybean leaf-associated bacteria. While only a trace
amount of leaf bacterial populations was classified as Pseudo-
monas sp. (1.6%), May et al. (30) reported that approximately
20% of culturable epiphytic bacteria on healthy soybean leaves
were Pseudomonas syringae pv. glycinea. These differences may
reflect a bias in the culturability of leaf-associated bacterial
communities (35, 39). Alternatively, the bacterial cell enrich-
ment method employed in the present study may have a bias
regarding the efficiencies of cell extraction from plant tissues
for different taxonomic groups.

In conclusion, this study showed that the community struc-
ture of leaf-associated bacteria was affected by the nodulation
phenotype and nitrogen fertilization level more dramatically
than that of stem-associated bacteria. The nodulation pheno-
type and nitrogen level caused similar directional changes in
the leaf-associated bacterial communities, with a shift of sub-
population in Alphaproteobacteria. The cluster analyses re-
vealed that the relative abundances of Aurantimonas sp. and
Methylobacterium sp. were especially sensitive to the nodula-
tion phenotype and nitrogen level; they were lower in the
wild-type nodulation phenotype and in all the nodulation mu-
tants under HN fertilization than under SN fertilization. These
results imply that there is an important link between the ni-
trogen signaling pathways and symbiotic regulation systems in
plants for interaction with plant-symbiotic microbes other than
rhizobia (20).
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Aurantimonas and Methylobacterium sp. bacteria responding
to the nodulation phenotype and soil N level have been iso-
lated (Anda et al. unpublished data), and tissue localization
and quantitative analyses of these bacteria in the phytosphere
are ongoing. These efforts should facilitate our understanding
of how plants regulate and shape the structures of microbial
communities.
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