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The bacterial community of a potato phytosphere at the flowering stage was examined using both culture-dependent
and -independent methods. Tissues (leaves, stems, roots and tubers) were sampled from field-grown potato plants
(cultivar Matilda), and the clone libraries of 16S rRNA genes and the isolate collections using R2A medium were
constructed. By analyzing the combined data set of 16S rRNA gene sequences from both clone libraries and isolate
collections, 82 genera from 8 phyla were found and 237 OTUs (297% identity) at species level were identified across
the potato phytosphere. The statistical analyses of clone libraries suggested that stems harbor the lowest diversity
among the tissues examined. The phylogenetic analyses revealed that the most dominant phylum was shown to be
Proteobacteria for all tissues (62.0%—-89.7% and 57.7%—72.9%, respectively), followed by Actinobacteria (5.0%—
10.7% and 14.6%-39.4%, respectively). The results of principal coordinates analyses of both clone libraries and isolate
collections indicated that distinct differences were observed between above- and below-ground tissues for bacterial
community structures. The results also revealed that leaves harbored highly similar community structures to stems,
while the tuber community was shown to be distinctly different from the stem and root communities.
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A phytosphere is an attractive habitat for microbes due
to the high availability of nutrients and the relatively stable
environment under field conditions. The plant-associated
microbes are considered to be one of the important environ-
mental factors for plants as it is well known that these
microbes can assist plants for the uptake of nutrients from
soils and the suppression of pathogen infections. To date,
numerous studies for surveying and characterizing beneficial
plant-associated microbes have been conducted worldwide
over a few decades (26, 31, 38, 51, 68); however, only limited
success has been achieved for the development of commercial
microbial products for the biological control and growth
promotion of plants. Several factors account for the difficulty
of commercial utilization of beneficial microbes. Among
them, the inconsistency of product performances under
field conditions is the most important technical issue in
the utilization of beneficial microbes in an agronomic
environment.

Under field conditions, the persistency and functions are
still not well characterized for most plant-associated microbes
(11, 52). Therefore, as pointed out by several research groups
(4, 37), the successful utilization of beneficial microbes in
agronomic environments largely depends on the compre-
hensive knowledge of plant-microbe interactions at a
community level under field conditions. Thus, better
understanding of the diversity and functionality of a plant-
associated microbial community under field conditions would
promote the utilization of beneficial microbes to increase
plant growth and the biological control of plant pathogens
in agricultural practices (4).

Potato (Solanum tuberosum L.) is one of the world’s most
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important crops. Since it was found that environmental
microbes have intimate interactions with potato plants (17),
phylogenetic and functional diversities of potato-associated
microbes have been investigated, mainly by using culture-
dependent methods (4, 7, 52, 64). These culture-dependent
analyses revealed some degree of information about the
phylogenetic and functional diversities of potato-associated
microbes and identified several beneficial and deleterious
microbes. However, it is now evident that community
analyses by culture-dependent methods are seriously biased
due to the lack of information about the growth requirements
for most microbes in the environment and the status of cells
that are known as viable but not culturable even for known
culturable microbes (60). Moreover, another considerable
bias in these previous studies was the intentional selection
of different colony morphologies, which was aimed to gain
more diversity than random selection. This causes a serious
bias for species abundance in an ecological evaluation;
therefore, an appropriate ecological assessment could not be
conducted in most previous studies of plant-associated
bacteria. In recent years, methodological advances have been
made in the field of molecular microbial ecology by
developing a series of sophisticated molecular tools. These
advances can provide a less biased, more comprehensive
picture of the diversity of environmental microbes without
culturing environmental microbes, and could enhance the
efficiency of the survey of beneficial microbes in a phyto-
sphere. More importantly, they would allow assessments of
the dynamics and functionality of a microbial community in
a phytosphere in a practical agronomic environment.
Recently, a series of studies have reported the charac-
teristics of the community structures of potato-associated
bacteria analyzed by culture-independent methods (4, 14,
29, 44, 49, 50). These culture independent analyses revealed
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the tissue-specific distribution of potato-associated bacteria
(29), and also showed that abiotic as well as biotic
environmental factors have considerable impacts on the
community structures of potato-associated bacteria (44, 50).
More recently, massive sequencing technologies also have
been employed for community analysis of the potato
rhizosphere (25, 34). Although these culture-independent
analyses have provided significant information to reveal the
community structure in potato plants (14, 29, 45, 49), most
of these studies have only focused on a rhizosphere- or tuber-
associated community. Thus, a comprehensive investigation
of microbial community structures has not been conducted
for an entire phytosphere of potato plants, including both
upper and under underground tissues.

Despite the successful application of diverse culture-
independent methods to the analyses of microbial communi-
ties in a wide range of natural habitats, there is a serious
limitation of these methodologies for analyzing the microbial
community in a phytosphere due to a plant-inherent problem,
which is the presence of an excess amount of plant DNA
in the tissues. This causes outcompeting of plant DNA in
the PCR amplification of 16S or 18S rRNA genes and
considerably reduces the efficiency of sequencing derived
from microbial DNAs, even with massive sequencing
technologies. Hence, most culture-independent analyses of
plant-associated bacteria have been limited to rhizosphere
soil where the microbial biomass is relatively abundant in a
phytosphere (49, 50).

In 2009, a method was developed for enriching bacterial
cells from plant tissues (20). This cell enrichment method
enables the comprehensive assessment of plant-associated
bacteria in both above- and below-ground tissues by culture-
independent analyses. In addition, recent advances in
sequencing technologies and bioinformatics, a sequence-
based community analysis, have provided powerful tools for
obtaining unambiguous ecological information, considering
both species richness and abundance. In conjunction with the
cell enrichment method, such ecological assessments are now
capable of providing data on plant-associated microbial
communities for conducting efficient screening of beneficial
microbes for reliable utilization under field conditions (21).

In the present study, the community structures of potato-
associated bacteria in an entire phytosphere were examined
at the flowering stage using both culture-dependent and
-independent methods. The flowering stage was chosen and
investigated using community analyses in the present study,
since vegetative growth until the flowering stage is the main
determinant for the entire productivity of potatoes. The results
suggested the presence of tissue specificity for different
taxonomical units ranging from phylum to species levels.
This ecological information, such as the specificity and
abundance in various tissues, obtained in the present study
would be useful for surveying beneficial bacteria from a
bacterial isolate collection for plant growth promotion and
disease control in agricultural practices.

Materials and Methods

Plant materials and sampling
The cultivar “Matilda” was used for assessing the diversity of
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potato-associated bacteria. The seed tubers were planted on 27 April
2010 in an experimental field (42°89.2' N/143°07.7' E) at Memuro
Research Station of Hokkaido Agricultural Research Center
(Memuro, Hokkaido, Japan). The field was dressed with a
commercial fertilizer (60, 170, and 102 kg for N, P, K ha™) for
basal fertilization. Plants at flowering time were sampled on 5 July
2010 and separated into leaves, stems, roots and tubers. Each tissue
was washed with tap water and stored at —30°C until used for DNA
extraction. Nine plants were sampled, and the individual plant was
processed for bacterial cell enrichment, DNA extraction and PCR.
General soil characteristics at the time of sampling were analyzed
by Tokachi Nokyoren Agricultural Research Institute (Obihiro,
Japan). Characteristics of the soil sample were as follows: soil type,
andosol; pH 5.8; available P (Truog-P), 0.07 mg g~'; phosphate ab-
sorption coefficient, 1,591; cation exchange capacity, 0.18 me g';
total nitrogen, 0.28%; available nitrogen, 46.1 g kg~!; humic con-
tent, 5.45%; CaO content, 0.31 mg g'; MgO content, 0.31 mg g';
K,0 content, 0.15 mg g~'; NOs-N content, 17.1 g kg™!; and NH4-N
content, 7.6 g kgl

Isolation of potato-associated bacteria

Three potato plants at flowering time were sampled on 5 July
2010 and were immediately transported on ice to a laboratory. The
plants were separated into leaves, stems, roots and tubers. Stems
and tubers were washed well with tap water to remove loosely
attached soil. Each tissue of three plants was combined and
homogenized with phosphate buffer using a mortar and pestle. An
aliquot of the homogenate was serially diluted and 100 pL aliquot
from each dilution was spread onto a R2A (Difco, Detroit, MI,
USA) agar plate containing cycloheximide at 25 pg mL-'. After
incubation of the inoculated plates at 25°C for 7 d, bacterial colonies
were detected at 8.8x107 cfu g7, 1.6x107 cfu g, 6.2x107 cfu g,
and ca. 5.4x10° cfu g' for leaves, stems, roots and tubers, re-
spectively. Approximately 200 colonies were randomly picked up for
each tissue. The bacteria were purified by single colony isolation, and
genomic DNA was prepared as described previously (39).

Clone library construction and sequencing

For each plant, approximately 50 g leaves or 100 g stems were
homogenized with a buffer in a blender without surface sterilization
to prepare leaf- and stem-associated bacterial cells (including both
epiphytes and endophytes), and the cells were extracted and purified
by an cell enrichment method (20). Approximately 20 g roots or
50 g tubers derived from an individual plant were ground into
powder in liquid nitrogen with a mortar and pestle, and were used
for cell extraction. Total DNA was extracted from an enriched
bacterial cell sample by a DNA extraction method (23). A final
DNA sample derived from an individual plant was suspended in 50
pL sterilized water. The quality and quantity of DNA were assessed
spectrophotometrically by calculating absorbance at a wavelength
of 260 nm (Az(,o) and the Az@o/Az}o and Az()()/Azgo ratios. PCR clone
libraries for 16S rRNA genes were constructed as follows. Briefly,
25 ng total bacterial DNA was used as a template in a final reaction
volume of 12.5 pL, including 25 pmol of each primer and 1 U Ex
Tag DNA polymerase (Takara Bio, Otsu, Japan). The universal
primers 27F (5'-AGAGTTTGATCMTGGCTCAG-3') and 1525R
(5'-AAGGAGGTGWTCCARCC-3") were used (30). Cycling con-
ditions 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. PCR products
derived from the same tissues of nine plants were combined into a
composite sample, and the PCR product was resolved by 1%
agarose gel electrophoresis in 1XTBE (89 mM Tris-Borate, 0.2 mM
EDTA) buffer. The PCR product of predicted size (approximately
1,500 bp) was extracted from a gel using NucleoSpin Extract 11
(Macherey-Nagel, Diiren, Germany) and was ligated into a pGEM-
T Easy plasmid vector (Promega Japan, Tokyo, Japan) at 25°C for
1 h. Clone library construction and sequencing of 16S rRNA genes
were carried by the Takara Bio Dragon Genomic Center (Takara
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Bio, Yokkaichi, Japan). A partial sequence of the 16S rRNA gene
was obtained using the 27F primer. The 16S rRNA genes were
amplified using a template DNA derived from isolate DNAs under
the same PCR conditions as described for the construction of clone
libraries, and direct sequencing was conducted by the Takara Bio
Dragon Genomic Center (Takara Bio) using the 27F primer.
Sequences were manually edited to eliminate primer sequences and
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 sequence analyses.

Sequence analysis

Sequences were analyzed for orientation and detection of non-
16S rRNA gene sequences using OrientationChecker (2). The
presence of chimeras was assessed by MALLARD (2). A sequence
identified at the 99.9% threshold was discarded as a chimera. The
remaining sequences were aligned using CLUSTAL W (61). On
the basis of the alignment, a distance matrix was constructed
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 Mothur (46) to
generate diversity indexes and clustering analyses. The operational
taxonomic units (OTUs) were defined with >97% identity for
clustering analyses. Library coverage was calculated with the non-
parametric estimator C (15), as described by Kemp and Aller (27).
The reciprocal of Simpson’s index (1/D) was used as a measure of
diversity to evaluate the level of dominance in a community (69).
UniFrac (32) was applied to examine the similarities between clone
libraries or isolate collections. A tree file generated by CLUSTAL
W and an environment file, which links a file to a library, were
uploaded to UniFrac. Principal coordinates analysis (PCoA) was
performed by using UniFrac with the abundance-weighted option.

Phylogenetic analysis

The phylogenetic composition of each clone library or isolate
collection was evaluated by using the LibCompare program of RDP-
II release 10 (65), with confidence levels of 80%. BLASTN (1) was
also used to classify the clones and to identify the closest relatives
in the public databases. For phylogenetic tree analyses, sequences
were aligned using the CLUSTAL W program. The neighbor-joining
method was used to build the trees (45). The PHYLIP format tree
output was obtained by using the bootstrapping procedure (12);
1,000 bootstrap trials were used. The trees were constructed using
TreeView software (40).

Nucleotide sequence accession numbers

The nucleotide sequences reported in the present study were
deposited in the DDBJ/EMBL/GenBank database. The sequence
data of clone libraries for leaf, stem, root and tuber were
deposited under accession numbers AB729140-AB729289,
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AB729290-AB729458, AB729459-AB729632 and AB729633-
AB729793, respectively. The sequence data of isolate collections
for leaf, stem, root and tuber were deposited under accession
numbers AB729794-AB729998,AB729999-AB730173,AB730174
—AB730371 and AB730372-AB730583, respectively.

Results

Statistical analyses of clone libraries and isolate collections

In the present study, the clone libraries and isolate
collections were constructed for potato-associated bacteria
for leaves, stems, roots and tubers. The statistical character-
istics of these clone libraries and isolate collections are
summarized in Table 1. The numbers of OTUs and diversity
indexes for the libraries of leaf, stem, and root were clearly
higher than those for the corresponding isolate collections as
expected; however, in the case of tubers, the number of OTUs
and diversity indexes for the isolate collections were shown
to be higher than those for the clone library. The library
coverage was considered to be experimentally high enough
for most of the clone libraries and isolate collections (ranging
from 83.9% to 98.5%), except the root clone library showing
only 55.6% of library coverage. In both clone libraries and
isolate collections, the highest diversity was observed in
root-associated bacteria. Meanwhile, the stem- and leaf-
associated bacteria were shown to have the lowest diversities
in the clone libraries and isolate collections, respectively. By
analyzing the combined data set from the clone libraries and
isolate collections for all tissues, 82 genera from 8 phyla
were found and 237 OTUs (clustering with >97% identity)
were identified across the entire potato phytosphere.

Phylogenetic analyses

The analyses of phylogenetic compositions by the
LibCompare of RDP II revealed that the clone libraries were
mainly dominated by 2 to 4 phyla (Table 2). The stem clone
library consisted of only 2 phyla (Proteobaceria and
Actinobacteria). The root clone library was shown to be the
most diverse, containing 4 major phyla (Proteobacteria,
Actinobacteria, Frimicutes, and Planctomycetes). The most
dominant phylum among all libraries was Proteobacteria. In
particular, leaf and stem clone libraries were shown to be
highly dominated by Proteobacteria (84.0% and 89.7%,

Table 1. Characteristics of clone libraries and isolate collections derived from potato tissues
Clone libraries Isolate collections
Leaf Stem Root Tuber Leaf Stem Root Tuber

Statistics

No. of sequences 150 174 169 161 205 175 198 212

No. of OTUs (97% identity)? 40 26 101 46 9 16 57 54

No. of singletons 18 9 75 26 3 5 25 27

lerary coverage (%)b 88.0 94.8 55.6 83.9 98.5 97.1 87.4 87.3
Diversity indexes

Chaol 70.6 36.2 327.1 86.6 12.0 18.0 84.3 83.3

ACE 73.2 51.1 695.7 134.8 28.1 19.7 106.6 168.1

Shannon index (H") 33 24 4.3 3.0 1.6 1.9 3.6 33

Simpson index (1/D) 23.1 7.3 81.1 11.9 4.2 4.6 28.7 19.7

2 OTUs were defined at 97% sequence identity.

b Cy=(n/N), where n, is the number of singletons that are encountered only once in a library and N is the total number of clones.
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Table 2. Phylogenetic compositions of 16S rRNA gene libraries and isolate collections derived from potato tissues

Phylogenetic compositions (%0)*

Clone libraries

Isolate collections

Leaf Stem Root Tuber Leaf Stem Root Tuber
Proteobacteria 84.0 89.7 65.7 62.0 62.4 57.7 72.9 60.4
Alphaproteobacteria 40.7 43.7 32.5 50.0 62.4 53.7 38.2 42.5
Methylobacterium 9.3 7.5 — 1.9 41.0 354 — —
Rhizobium/Agrobacterium 18.7 29.9 8.9 18.0 24 — 6.0 8.5
Mesorhizobium — — 4.7 3.7 — — 5.5 3.3
Phyllobacterium — — 3.0 14.3 — — 1.5 1.4
Caulobacter — — — — — — 8.5 14.6
Devosia 0.7 — 3.6 — — — 2.0 0.9
Sphingomonas 8.0 34 1.8 8.1 19.0 17.7 8.0 24
Other genera 4.0 2.9 8.1 3.4 — 0.6 4.2 4.8
Unclassified
Alphaproteobacteria — — 2.4 0.6 — — 2.5 6.6
Betaproteobacteria 33 — 59 5 — 4.0 31.7 17.5
Polaromonas — — — 3.7 — — 8.5 8.5
Variovorax — — — — 2.3 3.5 0.5
Pelomonas — — — — — — 2.5 4.7
Methylibium — — — — — — 4.5 —
Other genera 33 — 5.9 1.3 — 1.7 12.7 3.8
Gammaproteobacteria 40.0 46.0 26.6 5.0 — — 3.0 0.5
Acinetobacter — 36.2 — — — — — —
Pseudomonas 10.0 0.6 0.6 2.5 — — — —
Erwinia 4.7 1.1 — — — — — —
Pantoea 6.0 2.9 — — — — —
Other genera 33 1.8 52 1.9 — — 3.0 0.5
Unclassified
Enterobacteriaceae 16.0 34 — — — — — —
Unclassified
Chromatiales — — 3.6 — — — — —
Unclassified
Gammaproteobacteria — — 17.2 0.6 — — — —
Deltaproteobacteria — — 0.6 — — — — —
Actinobacteria 9.3 10.3 10.7 5 37.6 394 14.6 17.0
Microbacterium — 1.1 — — 36.1 37.7 — 1.4
Arthrobacter 6.7 8.0 1.2 — — 0.6 0.5 —
Streptomyces — — 4.1 1.2 — — 6.5 2.8
Other genera 2.6 1.2 54 3.8 1.5 1.1 7.6 12.8
Firmicutes 6.7 — 10.1 32.0 — 0.6 0.5 0.5
Paenibacillus — — 7.1 5.0 — — — —
Bacillus 1.3 — 3.0 25.0 — 0.6 — 0.5
Other genera 54 — — 2.0 — — 0.5 —
Bacteroidetes — — 2.4 — — 2.3 12.1 21.7
Pedobacter — — — — — 2.3 1.0 12.3
Chitinophaga — — 0.6 — — — 3.5 0.5
Lacibacter — — — — — — — 42
Other genera — — 1.8 — — — 7.6 4.7
Planctomycetes — — 8.9 — — — — —
Schlesneria — — 4.1 — — — — —
Other genera — — 4.8 — — — — —
Verrucomicrobia — — 1.2 — — — — —
Acidobacteria — — 0.6 — — — — —
Bacteria_incertae_sedis — — 0.6 — — — — —
Unclassified Bacteria — — — 1.9 — — — 0.5

216S rRNA gene sequences were classified by RDP Classifier. The compositions of genera are shown for only dominant groups.

respectively). Similarly, the isolate collections were mainly
dominated by only 2 or 3 phyla. Proteobacteria and
Actinobacteria were the dominant phyla in the isolate
collections for all tissues (57.7% to 72.9% and 14.7% to
39.4%, respectively), while Bacteroidetes was mainly
observed in the isolate collections for below-ground tissues

(12.1% and 21.7% for roots and tubers, respectively).
Among the Proteobacteria, Alphaproteobacteria was the
most dominant and was stably found in all clone libraries
and isolate collections (Table 2). Most Alphaproteobacteria
belonged to two orders Rhizobiales and Sphingomonadales.
Within the order Rhizobiales, the group of Rhizobium/



Bacterial Community of Potato Phytosphere

Clone libraries Isolate collections Identity

Leaf Stem Root Tuber Leaf Stem Root Tuber Closest known species Ace.No._ (%)
67 17 - - 132 91 - - Sphingomonas faeni IN990378 100

2 - - - - 06 - - Sphingomonas facni GUSS4979 93

3 - 06 - - Sphingomonas melonis 459931 94

4 - - - - - 1.7 - - Sphingomonas melonis JF459931 97

13 06 - - 59 63 05 - Sphingomonas melonis GU332608 99
- - - 15 24  Sphingomonas asaccharolytica ABGS0SS3 100

P’ 12 - - Sphingomonas astaxanthinifaciens AB277583 98

P: - - 0.6 - - - - Sphingomonas yunnanensis HMO069130 98
AP 0.6 - Sphingomonas abaci AJ575817 9
AP - 12 - - - - Sphingomonas phyllosphaerae HMOG9125 100
AP N 1) - - - - Sphingomonas paucimobilis EFS40853 92
06 - 62 Sphingomonas sanguinis ABG80S28 99

- - 25 66 Asticcacaulis biprosthecium AJOOTI99 99

- 07 - - - - - - - Sphingomonas facni HQIII36T 99
05 - Sphingomonas paucimobilis DQ400860 100

20 14 Sphingomonas paucimobilis X94100 99

- - 09  Sphingopyxis witflariensis AJ416410 99

0.6 - - - - - Sphingomonas humi AB220146 98

0.6 - - - - - Kaistobacter terrae AB258386 95

 E— P 1.8 - Nordella oligomobilis AF370880 92
AP - - 0.5 Caulobacter henricii AM921622 97
—E 85 146  Caulobacter henricii FN386774 99
AP - - - - 0.9 Brevundimonas lenta GUISSAl 99
27 23 - 156 217 - Methylobacterium marchantiae 57976 98

5 20 11 - 06 - - Methylobacterium extorquens FP103042 100

47 40 - 12 254 137 Methylobacterium fujisawaense HQ220123 100

AP - - 06 - - - 05 - Boseathiooxidans DQIO4985 100
28 07 - 12 19 10 Bradyrhizobium liaoningense GU43MES 100

il 2 - 06 06 Rhodopseudomonas rhenobacensis FN796846 98
3 - 06 - - - - - Pseudolabrys taiwanensis EU93833 97

3 - 06 - Bradyrhizobium canariense FI390904 92

2 - - 0.6 - - - - Beijerinckia derxii subsp. venezuelae AJ563934 96

P - 0.6 - Methylocystis heyerii AM285681 95
AP34 0.6 - Rhodoblastus acidophilus EF473293 93
AP35 0.7 - - - - - - - Candidaius devosia euplotis AJs48825 98
) 06 - - - - - Devosiasoli DQ303125 99
- 20 09  Devosia insulae EF0I2357 99

- 00 - - - - - Devosia chinhatensis EF433462 95
3 30 143 - - L5 09  Phyllobacterium myrsinacearum ABGSI132 100

- - 0.5 Phyllobacterium myrsinacearum FII61359 95
06 - - - - - Aminobacter aminovorans EF473204 97

4 06 - - - = - Mesorhizobium loti AYS09218 93

43 47 31 - - 55 33 Mesorhizobium huakuii TET30140 100

“w - 06 Mesorhizobium huakuii FI91264 97

4 0.7 - - - Agrobacterium vitis AY826796 94
53 109 12 25 24 Agrobacterium larrymoorei 730542 100

AP 0.7 - - - - - - - Agrobacterium tumefaciens JF700399 96
120 195 47 124 - - - 80 Agrobacterium mumefaciens JET00399 100

AP - 06 - - - - - - Aurantimonas altamirensis ENGSS986 98
APSO - - 05 09  Rhizobium dacjeonense ABGSISR2 98
APSL - - 06 19 - - Rhizobium giardinii ABGS2469 97
213 06 - - - - 40 05 Rhizobiumsullae FI785219 100
APSY - - 18 12 - - 15 - Rhizobium lusitanum GUSS2881 99
0606 - - Rhizobium o AYS09200 99

Fig. 1. Phylogenetic distribution of OTUs for Alphaproteobacteria
based on the 16S rRNA gene sequences of the clone libraries and
isolate collections derived from field grown potato plants. The
dendrogram indicates the phylogenetic relationships among the
representative sequences of OTUs (defined by >97% identity). The
table indicates the relative abundance of clones or isolates belonging to
each OTU in each library or collection and the results of a BLAST
search using the representative sequences. Shading indicates OTUs
described in the main text.

Agrobacterium was shown to be stably present in all clone
libraries (8.9%-29.9%). Clustering analyses identified 2
OTUs (AP46 and AP48), which were distributed in all
clone libraries (Fig. 1). The representative sequences of these
OTUs were identical to Agrobacterium larrymoorei and
Agrobacterium tumefaciens (Fig. 1). In contrast to the clone
libraries, the group of Rhizobium/Agrobacterium in the isolate
collections was mainly detected in the below-ground tissues
(Table 2). The genus Methylobacterium was also found to
be one of the predominant taxa in the clone libraries for
above-ground tissues (9.3% and 7.5% for leaf and stem clone
libraries, respectively) (Table 2), and the corresponding OTUs
(AP24, AP25, and AP26) were identified (Fig. 1). Similarly,
isolates of Methylobacterium sp. corresponding to OTUs
AP24 and AP26 were obtained from above-ground tissues
(41.0% and 35.4% for leaf and stem isolate collections,
respectively) (Fig. 1). In contrast to Methylobacterium sp.,
two genera in the family Phyllobacteriaceae (Mesorhizobium
and Phyllobacterium) were detected for only below-ground
tissues in both clone libraries and isolate collections (Fig. 1).
The genus Caulobacter was observed only in the isolate
collections for the below-ground tissues (8.5% and 14.6%
for root and tuber, respectively) (Table 2). All isolates of
Caulobacter sp. belonged to OTU AP22 (Fig. 1).

In the order Sphingomonadales, the genus Sphingomonas
was found to be present in both clone libraries and isolate
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Clone libraries Isolate collections Identity
OTUs Leaf Stem Root Tuber Leaf Stem Root Tuber Ace.No. (%)
GP1 0.7 1.1 - - - - - - EF635971 98
GP2 07 06 AF493976 99
GP3 40 23 EFI78670 99

Closest known species

Serratia marcescens
Cedecea davisae
Erwinia chrysanthemi

GP4 40 L1 06 Rahnella aquatilis DQ862542 99
GPs 40 - - Hafnia alvei HQ326794 100
GP6 60 29 Pantoea agglomerans EUS98802 100
GPT 60 - Erwinia persicina EUGS1952 98
GPS 47 L1 Pantoea agglomerans AY6I6175 99
GP9 - 276 Acinetobacter hwoffii JE303033 99
GPIO - 86 - - Acinetobacter johnsonii EF204269 100
GPIL - - - 19 Pseudomonas psychrotolerans HQS24988 99
GPI2 20 - - 06 Pseudomonas fragi JE414902 99
GPI3 33 06 06 Pseudomonas graminis HQ256863 100
GPl4 47 - - Pseudomonas putida HQII6825 100
GPIS - - 06 Coxiella burnetii CPOOSY0 91

GPl6 - - 12 Ectothiorhodosinus mongolicus AY298004 85
GPI7 - - 06 Coxiella burneti FIT87329 89
GPIS - - 06 Moraxella ovis DQ647928 91

GPI9 - - 06 Beggiatoa alba AFLI0274 89
GP20 - - 12 Thioploca ingrica FR690997 89
GP2l - - 06 Candidatus Thiopilula aggregata  FR690978 90
G2 - - 06 - Ectothiorhodosinus mongolicus AY298004 89
GP23 - - - 06 - - - - Legionella drozanskii FIS#d34 90
G224 - - 12 Methylomicrobium alcaliphilum EF495157 89
G235 - - 06 Methylosphaera hansonii U77s33 89
GP26 - - 06 Moraxella nonliguefaciens AF005175 90
GP27 - - 06 Nitrosococeus halophilus AI98748 86
GP® - - 06 Methylophaga marina X95459 87
GP29 - - 06 Coxiella burnetii CP000SY0 86
GP0 - - 06 Coxiella burnetii CPO00S90 88
GP3l - - 06 Microbulbifer maritimus EF492022 88
GP2 - - 06 Aquicella siphonis AY350284 91

GP33 - - 06 Aquicella siphonis AY359283 91

GP34 - - 18 Aquicella siphonis AY359283 91

GP3s - - 06 - Legionella dresdeniensis AM747393 86
GP36 - - 06 06 Legionella pneumophila CR628336 86
GP37 - - 06 - Acidiferrobacter thiooxydans AF3ST301 88
GP® - - 06 Rickettsiella popilliae EUISOS98 88
GP39 - - 4l Natronocella acetinitrilica EFI03128 87
GPO - - 06 Legionella fairfieldensis 7412 89
GP4l - - 06 Legionella birminghamensis 4717 89
GPe2 - - 06 Natronocella acetinitrilica EFI03128 89
GP43 - - 06 Legionella drancourtii X97366 87
GPa4 - - 06 o EFI03128 90

Fig. 2. Phylogenetic distribution of OTUs for Gammaproteobacteria
based on the 16S rRNA gene sequences of the clone libraries and
isolate collections derived from field-grown potato plants. The
dendrogram indicates the phylogenetic relationships among the repre-
sentative sequences of OTUs (defined by >97% identity). The table
indicates the relative abundance of clones or isolates belonging to each
OTU in each library or collection and the results of a BLAST search
using the representative sequences. Shading indicates OTUs described
in the main text.

collections for all tissues (Table 2); however, no OTU
distribution across all tissues was identified for this genus
by clustering analyses at species level (Fig. 1). Thus, OTU
AP1 and OTU APS were exclusively detected in above-
ground tissues for both clone libraries and isolate collections
(Fig. 1). In contrast, OTU AP12 was shown to have relatively
high abundance in the tuber clone library (6.2%) (Fig. 1). In
addition, isolates belonging to 3 OTUs (AP6, AP13 and
AP16) showed biased distribution to the below-ground tissues
(Fig. 1).

The Gammaproteobacteria was also found to be a
dominant taxon in three libraries (leaf, stem and root libraries)
with high abundance comparable to Alphaproteobacteria.
Three genera (Pantoea, Erwinia and Pseudomonas, ranging
from 4.7% to 10.0%) were responsible for the dominance of
Gammaproteobacteria in the leaf clone library, while the
genus Acinetobacter was exclusively found in the stem clone
library (36.2%) (Table 2), and the corresponding two OTUs
(GP9 and GP10) were identified (Fig. 2). The representative
sequences of these OTUs showed 99% and 100% identity
to Acinetobacter Iwoffii and Acinetobacter johnsonii,
respectively (Fig. 2). In analyses with the Classifier of RDPII,
the high abundance of Gammaproteobacteria with uncertain
phylogenetic affiliation was found in the root clone library
(Table 2). This was also reflected in clustering analyses
by the presence of a large cluster that is distantly related
to known species of Gammaproteobacteria (OTUs corre-
sponding to GP15 to GP44 in Fig. 2).

In the Actinobacteria, the genus Arthrobacter was
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mainly found in the clone libraries for above-ground tissues
(6.7% and 8.0% for leaf and stem, respectively) (Table 2),
and the corresponding OTU (AC17) was identified (Fig. 3).
In contrast, the genus Streptomyces was detected for only
below-ground tissues in both clone libraries and isolate
collections. One of the major differences in the phylogenetic
compositions between the clone libraries and isolate collec-
tions was the extremely high abundance of the genus
Microbacterium in the isolate collections for above-ground
tissues (Table 2). All isolates were shown to belong to one
OTU (AC11), and the representative sequence of this OTU
was identical to Microbacterium testaceum (Fig. 3).

In the Firmicutes, the genus Paenibacillus was detected
in the clone libraries for only below-ground tissues (7.1%
and 5.0% for roots and tubers, respectively) (Table 2).
While the tuber clones of Paenibacillus sp. belonged to
several different OTUs showing the scattered phylogenetic
distribution, most of the root clones for this genus belonged
to two OTUs (FC1 and FC2) (Fig. 4). The genus Bacillus
was shown to be extremely highly abundant in the tuber clone
library (25.0%) (Table 2), and most tuber clones for this

Clone libraries Isolate collections Tdentity
OTUs Leaf Stem Root Tuber Leaf Stem Root Tuber Closest known species Ace. No. (%)

AC1 - - 4.1 12 - - 50 0.9  Streptomyces ryensis ABI84517 100
AC2 - - - - - - - 05 Streptomyces mirabilis FJ481081 100
AC3 - - - - - - - 05 Streptomyces prunicolor FN908785 99
AC4 - - - - - - 1.5 09  Streptomyces cinnamonensis DQ462657 100
ACS - - 12 - - - 10 05 Kiasatospora saccharophila AB278568 100
AC6 - - - 0.6 - - - - Streptacidiphilus specus AM422450 99
ACT 13 - - - 0.5 - - - Frigoribacterium faeni HM355665 99
AC8 07 0.6 - - - - 05 - Plantibacter flavus EU977759 100
AC9 - - - - 0.5 - - - Rathayibacter tritici AY167853 100
ACI0 - - 06 - - - 05 - Cryobacterium psychrotolerans DQ515963 98
ACIT - 11 - - 361 377 - - Microbacterium testaceum HM355681 100
ACI12 - - - - - - - 1.4 Microbacterium oxydans EU373400 100
ACI3 - - 06 - - - - 09  [Leifsonia shinshuensis DQ232614 99
ACI4 - - 0.6 - - - - - Terrabacter tumescens X83812 9
ACIS - 23 06 - - - - - Arthrobacter oxydans JF496348 100
AC16 - 0.6 - - - - - - Arthrobacter oxydans JF496348 95
ACI7T 60 40 06 - - - 0.5 - Arthrobacter ilicis FR870442 100
ACI8 - - - - - - 05 - Arthrobacter nitroguajacolicus FM213395 94
ACI9 0.7 1.7 - - - L1 - - FN386709 100

Fig. 3. Phylogenetic distribution of OTUs for Actinobacteria based
on the 16S rRNA gene sequences of the clone libraries and isolate
collections derived from field-grown potato plants. The dendrogram
indicates the phylogenetic relationships among the representative
sequences of OTUs (defined by >97% identity). The table indicates the
relative abundance of clones or isolates belonging to each OTU in
each library or collection and the results of a BLAST search using the
representative sequences. Shading indicates OTUs described in the
main text.

Clone libraries Isolate collections Tdentity
OTUs Leaf Stem Root Tuber Leaf Stem Root Tuber Closest known species Acc. No. (%)

I - - 30 06 - Paenibacillus pectinilyticus JF496380 99
FC2 - - 30 06 - - - -
FCG3 - - - 06 B
FC4 - - - 06 - -
FCS 07 - - - -
FC6 0.7 - 0.6 1.9 - - - -
FC7 - - 06 - - - B -
FC8 - - - 06 R
FCO 07 - - - -
FCI0 13 - - - -
FC11 0.7 - - - - - - -
FCI2 07 - - - - - 05 -
FCI3 - - 24 205 - - - -
FCl4 13 - - - - -
FCIS 07 - - - -
FCl6 - - - 0.6 - - - -
FCI7 - - 06 - -6 - -
FCI8 - - - 31 - - - 05

Paenibacillus alginolyticus AB073362 98
Paenibacillus agarexedens AJ345020 98
Paenibacillus turicensis JN378529 9
AB245384 9
FJ174615 100
EF108320 99
GQ214052 95
AY943820 99
GU372708 100
Fig. 4. Phylogenetic distribution of OTUs for Firmicutes based
on the 16S rRNA gene sequences of the clone libraries and isolate
collections derived from field-grown potato plants. The dendrogram
indicates the phylogenetic relationships among the representative
sequences of OTUs (defined by >97% identity). The table indicates
the relative abundance of clones or isolates belonging to each OTU in
each library or collection and the results of a BLAST search using the
representative sequences. Shading indicates OTUs described in the
main text.

Paenibacillus panacisoli
Paenibacillus barcinonensis
Pacnibacillus polymyxa
Cohnella luojiensis
Enterococcus caccae
Enterococcus mundiii
Lactococcus lactis GU735481 100
Staphylococeus pasteuri FI795661 100
Bacillus halmapalus FI188305 100
Bacillus gibsonii AB6I7549 100
ABS39825 94
EU334358 99
HQ647270 98
JF343149 100

Oceanobacillus picturae
Bacillus bataviensis
Bacillus pumilus
Bacillus megaterium
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genus belonged to one OTU (FC13) (Fig. 4). The represen-
tative sequence of this OTU was identical to Bacillus
halmapalus.

In the present study, Planctomycetes was only detected in
the root clone library (8.9%) (Table 2). The genus Schlesneria
was the most dominant in this phylum (4.1%) (Table 2 and
Supplemental Fig. S1).

One of other major differences in phylogenetic composi-
tions between the clone libraries and isolate collections was
the high abundance and high diversity of Betaproteobacteria,
especially Burkholderiales bacteria, in the isolate collec-
tions for below-ground tissues (31.7% and 17.5% for roots
and tubers, respectively) compared to those in the clone
libraries. Within the Burkholderiales, three genera in the
family Comamonadaceae (Polaromonas, Variovorax and
Pelomonas) were found to be the dominant taxa (Table 2).
Three OTUs corresponding to each of these genera were
identified (BP3, BP5 and BP15) (Fig. 5). As another genus
in the order Burkholderiales, the genus Methylibium was
detected in the root isolate collection (4.5% in Table 2), and
most isolates of Methylibium sp. belonged to OTU BP12
(Fig. 5). In addition, clustering analysis revealed that OTU
BP10, closely related to Leptothrix sp., was also responsible
for the high abundance of Befaproteobacteria in the root
isolate collection (Fig. 5).

Similar to the Betaproteobacteria, high abundance of
Bacteroidetes was found in the collections for below-ground
tissues (12.1% and 21.7% for root and tuber, respectively)
(Table 2). The abundance of Pedobacter sp. was especially
high in the tuber collection (12.3% in Table 2), and the
corresponding dominant OTUs (BA1 and BA2) were iden-
tified (Fig. 6). BLAST analyses suggested that these OTUs
could represent a novel species in this genus (Fig. 6). The
representative sequence of OTU BA13 showed only 86%
identity to Chitinophaga niabensis as the closest known
species. Phylogenetic analyses of clones in OTU BAI13
showed that this culturable OTU is distantly related to
known Chitinophagaceae bacteria, suggesting that this OTU
may represent a novel genus or family in the order
Sphingobacteriales (Fig. 6 and Supplemental Fig. S2).

Clone libraries Isolate collections Identity
OTUs Leaf Stem Root Tuber Leaf Stem Root Tuber Closest known species Ace.No. (%)
BP1 - - - - - - 0.5 0.9  Polaromonas aquatica AMO039831 98
BP2 - - - - - - - 0.5 Polaromonas aquatica AMO039831 94
BP3 - - 12 37 - - 80 7.1

Polaromonas ginsengisoli AB245355 9
BP4 - - - - - - 05 - Asticcacaulis benevestitus HM032870 97
BP5 20 - - - - 1.1 35 0.5 Variovorax paradoxus HQ005422 9
BP6 - - - - - 23 - - Variovorax paradoxus EU977737 98
BP7 - - 0.6 - Comamonas aquatica HQ893540 96
BP8 - - - 0.6 Azospira restricta DQY74114 90
BP9 - - 06 - - - - - Pusillimonas terrae DQ466075 95
BPIO - - - - - 0.6 55 1.9 Leptothrix ginsengisoli FMB886840 96
BP11 - - - - - - 0.5 0.5 Methylibium aquaticum DQ664244 96
BP12 - - - - - - 4.0 - Methylibium petroleiphilum CP000555 96
BP13 - - - - - - L5 0.9  Roseateles depolymerans AB495143 99
BP14 - - - - - - 05 05  Pelomonas saccharophila AB495144 98
BPIS - - - = - - 25 42 Pelomonas soli EF660749 9

Fig. 5. Phylogenetic distribution of OTUs for Betaproteobacteria
based on the 16S rRNA gene sequences of the clone libraries and
isolate collections derived from field-grown potato plants. The
dendrogram indicates the phylogenetic relationships among the repre-
sentative sequences of OTUs (defined by >97% identity). The table
indicates the relative abundance of clones or isolates belonging to each
OTU in each library or collection and the results of a BLAST search
using the representative sequences. Shading indicates OTUs described
in the main text.
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Closest kno
Pedobacter agri
Pedobacter agri

BAL
BA2
BA3
BA4
BAS - - - - - -
BAG - - - - - - -0
BA7T - - 06 - - - -
BAS - 00 - - - - 05
BA9 - -2 - - - 05

BAIO - - - - - -0 -
BAIl - - - - - - - 05
BAI2Z - - - - - - - 05
BAI3 - = = - = = - 47
BAl4 - - - - - - - 05
BAIS - - - - - - 1505
BAI6 - -0 - - - - -
BAIT - - - - - - 20

BAIS - - - - - -5 -
BAI9 - - - - - - - 05
BA2 - - - - - -5 -
BA2l - - - . . .05

BA2 - - - . . .05

BA2 - - - - - - -
BAM - - - - - - 05 05

EF660751 95
EF660751 97
EF660751 95
EU030687 97
EU030688 97
EF693742 94
AB267718 95
AM490402 97
DQS30073 98

JF496404 96
JF496261 96
FJ609714 99
AB682428 86
AB245374 90
AB245374 100
ABO78055 95
AM2BTI3 97
EF067860 91
EF067860 92
FI719709 90
DQ244077 95
DQ244076 96
DQ244076 97
DQ244076 92

Fig. 6. Phylogenetic distribution of OTUs for Bacteroidetes based
on the 16S rRNA gene sequences of the clone libraries and isolate
collections derived from field-grown potato plants. The dendrogram
indicates the phylogenetic relationships among the representative
sequences of OTUs (defined by >97% identity). The table indicates the
relative abundance of clones or isolates belonging to each OTU in each
library or collection and the results of a BLAST search using the
representative sequences. Shading indicates OTUs described in the
main text.

Principal coordinates analyses of clone libraries and isolate
collections

The results of PCoA revealed that the community structures
of potato-associated bacteria were mainly grouped into
above- and below-ground tissues, as supported by PCI1 for
both clone libraries and isolate collections (Fig. 7A and B).
The results also showed that the difference in community
structures between root- and tuber-associated bacteria was
considerably larger than that between leaf- and stem-
associated bacteria.

Discussion

It has long been known that bacteria naturally inhabit
healthy plant tissues of potato plants (10, 17); however,
comprehensive assessment of the bacterial diversity of a
potato phytosphere has not been studied. In the present study,
we conducted bacterial community analyses for a phytosphere
of potato plants grown under field conditions by employing
both culture-independent and -dependent methods. In the
initial attempts, culture-independent analyses without bacte-
rial cell enrichment failed for all potato tissues, because the
chloroplast DNA out-competed the bacterial DNAs in the
amplification of 16S rRNA genes as template DNA (data not
shown). Therefore, the employment of bacterial cell enrich-
ment was thought to be essential for culture-independent
assessment of a bacterial community closely associated with
potato plants. In general, the diversity observed in culture-
independent analysis of an environmental sample is higher
than that in culture-dependent analysis, as expected for leaves,
stems, and roots in the present study. However, in the case
of tuber-associated bacteria in the present study, higher
diversity was observed for the isolate collection than for the
corresponding clone library (Table 1). Another unexpected
result was the extremely low diversity of certain bacterial
groups, such as Betaproteobacteria and Bacteroidetes, in
the clone libraries compared to those in isolate collections
(Table 2). The low abundance of Betaproteobacteria may be
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Fig. 7. Principal-coordinates analysis of the 16S rRNA gene

sequences of clone libraries and isolate collections for potato-
associated bacteria derived from field-grown potato plants. The
ordinations were constructed for clone libraries (A) and isolate collec-
tions (B) using UniFrac distances weighted by the relative abundance.
LL, leaf clone library; SL, stem clone library; RL, root clone library;
TL, tuber clone library; LC, leaf isolate collection; SC, stem isolate
collection; RC, root isolate collection; TC, tuber isolate collection.

attributed to a technical bias caused by the cell enrichment
method based on Nycodenz density gradient centrifugation
employed in the present study, since Nycodenz density
gradient centrifugation is known to recover fewer betaproteo-
bacteria and actinobacteria from soils relative to alpha-
and gammaproteobacteria (18). These findings suggest the
presence of potential biases in culture-independent analyses,
which need to be improved in a future study. Despite these
technical problems, the results of community analyses of
both clone libraries and isolate collections indicated that the
diversity of stem-associated bacteria is extremely low, even
in comparison with leaf-associated bacteria (Table 2). In
general, a leaf'tissue is considered to be a harsher environment
as a microbial habitat than a stem tissue, and the diversity
of leaf-associated bacteria is often shown to be lower than
that of stem-associated bacteria (19, 22). The low diversity
of stem-associated bacteria may be one of the characteristics
of a potato phytosphere.

The analyses of phylogenetic compositions for both
clone libraries and isolate collections revealed that potato-
associated bacterial communities are dominated by only a
few phyla, mainly consisting of Proteobacteria, Actino-
bacteria, Frimicutes, Planctomyces and Bacteroidetes (Table
2). The overall phylogenetic composition at phylum level
was consistent with a series of previous studies (4, 9, 25, 34,
42, 49, 50, 52, 53). The Alphaproteobacteria and Actino-
bacteria appeared to be dominant bacterial groups in both
clone libraries and isolate collections for all tissues.

The detailed phylogenetic analyses identified six dominant
genera in Alphaproteobacteria (Rhizobium/Agrobacterium,
Methylobacterium, Mesorhizobium, Phyllobacterium, Caulo-
bacter and Sphingomonas). Among them, Rhizobium/
Agrobacterium and Sphingomonas were observed in all
tissues at genus level (Table 2). Two dominant OTUs
(AP46 and AP48) showing high similarity to Agrobacterium
larrymoorei and Agrobacterium tumefaciens, respectively,
were identified in all potato tissues examined. The patho-
genicity and presence of pathogenic genes were examined in
isolates belonging to these OTUs by an inoculation test using
a tomato seedling and a PCR amplification test. Both
examinations were negative for all isolates (data not shown).
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The genus Rhizobium/Agrobacterium has been ubiquitously
detected in a phytosphere of diverse plant species (5, 22),
including potato (11, 42, 52, 53, 57). Meanwhile, dominant
OTUs belonging to the genus Sphingomonas showed biased
distribution to above-ground tissues (OTUs AP1 and AP5)
or below-ground tissues (AP6, AP12 and AP13) (Fig. 1),
suggesting genetic differentiation at intra-genus level for
adapting microenvironments within a phytosphere, as
reported for Pseudomonas sp. (4). Indeed, the representative
sequences of OTUs (AP1, AP2, AP3, AP4, and APS5) for
Sphingomonas sp. showed high identity to Sphingomonas
faeni or Sphingomonas melonis, both of which have been
reported for the association with above-ground tissues of
plants (43, 59). In addition, interestingly, an isolate in
OTU AP6 showed plant growth-promoting activity to
potato seedlings (data not shown). As expected, the genus
Methylobacterium was exclusively found in above-ground
tissues (Table 2), and two dominant OTUs (AP24 and AP26)
were found in both clone libraries and isolate collections
(Fig. 1). Methylobacterium sp. are well known plant-
associated bacteria (8), and an isolate of Methylobacterium
sp. from a potato endosphere has been reported to have
antagonistic activity against Verticillium dahiae and
Rhizoctonia solani, two important soilborne pathogens for
potato (49). In contrast, two genera in Phyllobacteriaceae
(Mesorhizobium and Phyllobacterium) were only found in
roots and tubers (Table 2 and Fig. 1). The genus Caulobacter
was found only in the isolate collections of below-ground
tissues (Table 2). Rasche ef al. reported the dominancy of
Caulobacter sp. in the endophytic bacterial community by
isolating bacteria from lower parts of stems using R2A
medium (42).

In the present study, Betaproteobacteria were exclusively
detected in the isolate collections for below-ground tissues
(Table 2). A similar result has been reported by Berg et al.
(4). Among the Betaproteobacteria, Polaromonas sp. was
shown to be the most dominant genus in both roots and
tubers, and three genera, Variovorax, Methylibium and
Leptothrix, were mainly detected in roots as predominant
groups. The high abundance of the family Comamonadaceae,
including two genera, Polaromonas and Variovorax, in a
potato rhizosphere has been reported by Sessitsch ef al. (49).
Recently, these genera were considered to be important
groups for geochemical cycles of sulfur through desulfonation
of aromatic sulfonates in a rhizosphere (47), and could be
important for plant nutrition uptake, as freely available sulfur
can be limited in arable soils (28, 48). The association of
Methylibium sp. with potato roots has also been reported in
a recent report (34), and an isolate of this genus in the present
study showed plant growth-promoting activity in potato
seedlings (data not shown). Although the presence of
Leptothrix sp. in a potato phytosphere has not been reported,
interestingly, this species is known for the microbial oxidation
of metals such as Fe and Mn, mainly in a rhizosphere of
wetland plants (36).

The Gammaproteobacteria were shown to be exclusively
detected in leaf and stem clone libraries; however, each tissue
harbors a totally different phylogenetic composition at lower
taxonomic levels. Thus, the genera Pseudomonas, Pantoea
and Erwinia were mainly found in leaves (Fig. 2). Two
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OTUs for the genus Pantoea were shown to have high identity
to Pantoea agglomerans, which has been reported to have
antagonistic activity against Erwinia carotovora var.
atroseptica, a pathogen of soft rot (55), and Pantoea sp. has
been shown to have high persistency in potato stems (49).
Meanwhile, the representative sequence of OTU GP3 was
identical to Erwinia chrysanthemi (Fig. 2), suggesting that
healthy potato leaves may harbor a potential pathogen for
potato Blackleg. In contrast to leaves, the genus Acinetobacter
dominated in stems (Table 2). The high abundance of
Acinetobacter sp. in a potato phytosphere has also been
reported in a series of previous studies (3, 43, 52). These
studies demonstrated that Acinefobacter spp. are highly
capable of colonizing in potato plants and are known to
function as plant-beneficial microbes (16, 52, 54).

After the Proteobacteria, Actinobacteria were stably
detected at phylum level in both clone libraries and isolate
collections for all tissues (Table 2). The genus Arthrobacter
was relatively abundant in both leaf and stem clone libraries.
The corresponding dominant OTU showed high identity to
Arthrobacter ilicis, which is a pathogen of American holly
(Fig. 3). Arthrobacter sp. has been detected as an endophyte
of potato in several previous reports (13, 49, 57), and an
isolate of Arthrobacter sp. has been reported to have high
activity to promote potato growth (49). Meanwhile, the genus
Microbacterium dominated in leaf and stem isolate collec-
tions (36.1% and 37.7%, respectively). The corresponding
OTU ACI11 showed high identity to M. ftestaceum. The
associations of M. testaceum with potato leaves and stems
have been reported (3, 42, 49, 66). Becker et al. (3) reported
that Microbacterium sp. was abundantly isolated from a
potato phyllosphere regardless of the types of media used.
Plant growth promotion has also been reported for M.
testaceum in potato (49). In contrast, the genus Streptomyces
was mainly detected for below-ground tissues in both clone
libraries and isolate collections. Streptomyces sp. can be a
source of antagonists of soil-borne pathogens (67). An isolate
of OTU AC1 showed growth-promoting activity for potato
seedlings (data not shown). Although a causal agent for
common scab disease belongs to the genus Strepfomyces, no
OTU closely related to pathogenic spremptomycetes was
detected in the present study.

Firmicutes was mainly detected in the clone libraries,
except for stems. Two genera, Paenibacillus and Bacillus,
were exclusively detected in the clone libraries of below-
ground tissues (Table 2). Paenibacillus sp. is also known to
have antagonistic activity against several pathogens of potato
(49). Bacillus sp. was exclusively detected in the tuber clone
library (Table 2). The corresponding OTU FC13 was closely
related to B. halmapalus (Fig. 4). Recently, B. halmapalus
has become known as a source of alpha-amylase for industrial
purposes (33). Berg et al. (4) reported that two species of
Bacillus (B. pumilus and B. subtilis) were isolated throughout
a potato phytosphere (4); however, these species were not
dominant groups in the present study. Weinert et al. (67)
have reported that the high abundance of Bacillus sp. in the
cultural bacterial community of the tuber surface, and showed
that the proportion of Bacillus sp. on the tuber surface was
higher than in the rhizosphere soil. These results suggest the
high affinity of Bacillus sp. with tubers.
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Bacteroidetes was mainly detected in isolate collections
for below-ground tissues (Fig. 6). In the root isolate
collection, the Bacteroidetes community was composed of
diverse genera with low abundance (Table 2 and Fig. 6). In
the tuber isolate collection, half of the isolates of
Bacteroidetes belonged to the genus Pedobacter. Sturz et al.
(58) reported this genus as a community member of a potato
rhizosphere. Recently, Manter et al. (34) have identified
Pedobacter sp. as one of the ten most common genera in
root endophytes of potato. It has been reported that an isolate
of Pedobacter sp. derived from a potato rhizosphere was
antagonistic to Rhizoctonia solani, a soil-borne pathogen of
potato (63).

The results of PCoA for both clone libraries and isolate
collections showed distinct and large differences of bacterial
community structures between above- and below-ground
tissues (Fig. 7). The results also indicated high similarity
between leaf and stem communities compared with between
root and tuber communities. These results indicate that the
tubers harbor a unique community structure which differs
from both roots and stems, regardless of the physical or
anatomical relationships of these tissues with tubers.

Previous studies of culture-based community analyses
showed high similarity between endosphere and rhizosphere
communities, and it has been speculated that the majority of
endophytes would be derived from the rhizosphere (4, 35,
50, 56); however, in the present study, most dominant taxa
at genus or species level showed biased distribution to
different tissues, except two OTUs in the Rhizobium/
Agrobacterium group (AP46 and AP48 in Fig. 1). Another
interesting difference between the present and previous
studies was the abundance of Pseudomonas species.
Pseudomonas sp. has been reported as one of the most
dominant genera throughout all tissues of the potato phyto-
sphere in previous studies (14, 49, 52, 53, 57). In contrast to
these studies, this bacterial group was only predominant in
the leaf clone library in the present study (Table 2).

Recently, community analyses of the potato rhizosphere
have been conducted with pyrosequencing by two groups.
Manter et al. (34) reported 238 known genera in 15 phyla
and found 477 OTUs with 97% identity, as for root
endophytes. Inceoglu er al. (24) reported 450 genera in 25
phyla of the bacterial community of a rhizosphere soil,
while we identified 82 genera from 8 phyla and found 237
OTUs across an entire phytosphere by one-pass sequencing.
Despite the differences in the sample preparations and the
methodologies employed, all of these studies showed that a
potato-associated bacterial community is composed of a few
highly dominant taxa with numerous rare species. Similar
results have been observed in our previous community
analyses of above-ground tissues of soybeans (19, 22);
therefore, such community structures could be one of the
features of plant-associated bacteria.

In conclusion, in the present study, the community
structures of potato-associated bacteria in both above- and
below-ground tissues were comprehensively examined by
analyzing clone libraries and isolate collections. The results
indicated that each microenvironment in a potato phytosphere
harbors a distinct community structure. The results also
suggested that genetic differentiation at intra-genus level is
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present for most potato-associated bacteria to adapt to
microenvironments within a potato phytosphere. In addition,
it is well known fact that culture-dependent and -independent
analyses often show considerable differences in taxonomic
composition due to the unavoidable biases present in both
analyses, as observed in previous studies as well as in the
present study (3, 6, 41, 62). At this moment, the employment
of both culture-dependent and -independent methods seems
to be recommended for comprehensive analyses of the
diversity of a phytosphere community. As shown in the
present study, comprehensive analyses of plant-associated
microbes would provide basic ecological information and
would lead to knowledge-based utilization of beneficial
microbes in an agronomic environment.
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