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Abstract

Bacteria are known to be associated endophytically with plants. Research on endophytic
bacteria has identified their importance in food safety, agricultural production and phytore-
mediation. However, the diversity of endophytic bacterial communities and the forces that
shape their compositions in non-cultivated plants are largely uncharacterized. In this study,
we explored the diversity, community structure, and dynamics of endophytic bacteria in dif-
ferent plant species in the Tallgrass Prairie Preserve of northern Oklahoma, USA. High
throughput sequencing of amplified segments of bacterial rDNA from 81 samples collected
at four sampling times from five plant species at four locations identified 335 distinct OTUs
at 97% sequence similarity, representing 16 phyla. Proteobacteria was the dominant phy-
lum in the communities, followed by the phyla Bacteriodetes and Actinobacteria. Bacteria
from four classes of Proteobacteria were detected with Alphaproteobacteria as the domi-
nant class. Analysis of molecular variance revealed that host plant species and collecting
date had significant influences on the compositions of the leaf endophytic bacterial commu-
nities. The proportion of Alphaproteobacteria was much higher in the communities from
Asclepias viridis than from other plant species and differed from month to month. The most
dominant bacterial groups identified in LDA Effect Size analysis showed host-specific pat-
terns, indicating mutual selection between host plants and endophytic bacteria and that leaf
endophytic bacterial compositions were dynamic, varying with the host plant’s growing sea-
son in three distinct patterns. In summary, next generation sequencing has revealed varia-
tions in the taxonomic compositions of leaf endophytic bacterial communities dependent
primarily on the nature of the plant host species.

Introduction

Endophytic bacteria are harbored inside healthy plant tissues but do not lead to pathogenic
reactions [1], and play important roles in phytoremediation[2-5], biological control against
insects or pathogenic microorganisms [6, 7], and plant growth promotion [8-10]. Endophytic
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bacteria may also be pathogenic to other plants, animals, especially cattle, and human beings
[11-14].

Endophytic bacteria can be divided into two types according to where they are harbored on
the host plants: root endophytic bacteria, which are a subset of rhizosphere bacteria, and leaf
endophytic bacteria, which are a subset of phyllosphere bacteria. Traditional microbiological
approaches have been widely applied in endophytic bacterial research with a special emphasis
on the roots of cultivated plants including sugarcane [15, 16], ginseng [17, 18] and potato [19]
to explore plant growth-promoting bacteria [20] because of their large contribution to plant
nutrient intake as well as to the high diversity of soil bacteria. The development of next genera-
tion sequencing (NGS) has revolutionized microbial community research: the Human Micro-
biome Project (HMP) [21, 22] utilized NGS techniques to characterize comprehensively the
human microbiome and to study its role in human health and disease and the Earth Micro-
biome Project (EMP) attempted to characterize global microbial diversity [23]. Similarly, high
throughput sequencing techniques have greatly promoted research on endophytic bacterial
communities: root endophytic bacterial microbiota have been profiled in both model plants
and cultivated crops using NGS techniques.

In contrast to research on root endophytic bacteria, leaf endophytic bacteria have been less
well studied. Leaf endophytic bacteria are a subset of phyllosphere bacteria, along with bacteria
living on the surface of the leaves, termed “epiphytic bacteria” [24, 25]. Leaf endophytic bacte-
ria live inside the leaves and may maintain an endophytic symbiotic relation with the host
plants. The distinction suggests that leaf endophytic bacteria are more involved in plant biology
than leaf epiphytic bacteria and thus their compositions and distributions are more likely to be
determined by the nature of the host plants. Actually the endophytic colonization by epiphytic
bacteria indicates that these microbes have passed the firewall against the host plant’s innate
immunity, which can terminate the microbial growth by detecting the microbe-associated
molecular patterns (MAMPs) [26].

Yang et al. in 2001 first used a culture-independent methodology to reveal that the complex-
ities of phyllosphere bacterial communities are far beyond previous estimation [27]. Following
that report, a few studies characterized the phyllosphere bacterial communities in model [28]
and cultivated plants [29-31]. Being the major part of the plant surface, the leaf surfaces har-
bored a great diversity of phyllosphere microorganisms [25, 28]. Knief et al. found that the host
plant species and locations are important determinants of the Methylobacterium community
compostion [32]. Closely associated with phyllosphere microbiota, leaf endophytic bacterial
communities also have a great diversity. By studying model plants, Bodenhausen et al. found
that leaf and root endophytic bacterial communities have similar diversity, richness and eve-
ness, but their compostions are significantly different [28]. In contrast to our current knowl-
edge about phyllosphere bacterial communities, information on the diversity of leaf
endophytic bacteria is scarce, especially on non-cultivated plants.

Previously, by extensive rising of the leaf surface to remove epiphytic microbiota, we applied
Terminal Restriction Fragment Length Polymorphism (T-RFLP) to study leaf endophytic bac-
terial communities of non-cultivated plants of the Tallgrass Prairie Preserve (TPP) of Osage
Co., Oklahoma [33]. The T-RFLP study suggested a three-factor model for description of varia-
tion in leaf endophytic bacterial communities with host plant species, collection dates and sam-
pling sites all having significant impacts. We also identified some dominant T-RFs,
representing specific bacterial groups. This provided us a quick and efficient method to exam-
ine the variation of leaf endophytic bacterial communities.

In the present study, we applied high-throughput tagged pyrosequencing [34] of the 16S
ribosomal RNA genes of the leaf endophytic bacterial communities from non-cultivated plants
of five different species, to profile the compositions of leaf endophytic bacterial communities,
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to evaluate the community diversity and to determine the factors that significantly shape the
communities. Specifically, we sought to define the dominant taxa at different levels in the leaf
endophytic bacterial community, to compare the bacterial communities hosted in plants of dif-
ferent species or collected at different times to find the key bacterial taxa which characterize the
differences, and thus validate the model we proposed in the T-RFLP study regarding the factors
determining bacterial community structure and diversity in such communities.

Methods and Materials
Plant sampling & DNA extraction

Leaf samples from plants of five species, Ambrosia psilostachaya DC., Asclepias viridis Walt.,
Panicum virgatum L., Sorghastrum nutans (L.) Nash and Ruellia humilis Nutt., in the TPP
were collected at four different sites in each month from May to August, 2010 as described pre-
viously [35]. Permission to collect samples in the TPP, Osage Co. OK, owned by The Nature
Conservancy, was granted by Dr. Robert G. Hamilton, Director. The five species were chosen
on the basis of their wide distribution among study sites in the TPP and their abundance at
these sites at all of the sampling times. In each of the four months, one sample of each species
was collected at each of the four locations resulting in a total of 81 collected samples.

To eliminate a contribution of epiphytic bacteria to the analysis of leaf endophytic bacteria,
the surfaces of plant samples were washed first with tap water and then with 75% ethanol, and
finally rinsed with running distilled water. The efficacy of this treatment was validated by plat-
ing the rinse water on nutrient agar. All leaves of each plant were ground in liquid nitrogen
and 0.1 g aliquots were used for total DNA (including plant and bacterial DNA) extraction as
described previously [35].

PCR amplification and pyrosequencing

For DNA from each plant sample, PCR was conducted using a pair of primers that incorpo-
rated a unique barcode [36] so that the sequences of the PCR amplicons could be assigned to
the correct samples based on the barcodes. To avoid PCR amplification of plant plastid DNA,
which is highly similar to bacterial 16S rDNA, a pair of primers, 799F and 1492R, which do not
amplify plastid rDNA [37], was used to amplify the bacterial and plant mitochondrial rDNA.
The resulting amplicon fragments covered several variable regions of 16S rDNA including V5
to V8 and part of V4 [38]. The forward primers (5°- CGTATCGCCTCCCTCGCGCCAT
CAGX8CAAACMGGATTAGATACCCKG-3’) contained the 454 sequencing primer A, the
barcode [36] represented by X8, a 2-base linker sequence CA, and the primer 799F. The reverse
primer (5- CTATGCGCCTTGCCAGCCCGCTCAGTCGGCTACCTTGTTACGACTT-3))
contained the 454 sequencing primer B, a 2-base linker sequence TC, and the primer 1492R.
PCR products were separated by electrophoresis in 2% agarose to remove amplicons of plant
mitochondrial DNA. Following PCR and electrophoresis, bacterial 16S amplicons (approxi-
mately 700 bp) were recovered from the gels to exclude the plant mitochondrial 16S amplicons
(approximately 1kb) from downstream analysis. The bacterial amplicon DNA was purified
from the gel using Qiaquick Gel Purification Kit (Qiagen, Hilden, Germany). An equimolar
mix of purified amplicon libraries from all plant samples was made and prepared for pyrose-
quencing by emulsion bead PCR using the recommended Lib-A kit and protocol (454 Life Sci-
ences, Branford CT). Sequencing using the Genome Sequencer Junior Titanium Series
platform (Roche, Indianapolis IN) was conducted at the Oklahoma State University Array and
Bioinformatics Core Facility. Sequencing data and plant metadata have been deposited in the
Sequence Read Archive of the National Center for Biotechnology Information in Project
PRJNA201047.

PLOS ONE | DOI:10.1371/journal.pone.0150895 March 14,2016 3/183



@'PLOS ‘ ONE

High Throughput Sequencing of Leaf Endophytic Bacterial Communities

Sequence analysis

The raw sequencing data were generated as sff files from the Roche 454 Junior sequencer and
were analyzed using the 16S rRNA gene sequence curation pipeline implemented in mothur
software [39]. Briefly, raw sequences, fasta and quality files were extracted from sff files, and
any sequence that had at least one mismatch to the barcode or two mismatches to the primer
sequence were removed. Any sequences that contained eight nucleotide or longer homopoly-
mers or an ambiguous base call were also culled. Trimmed sequencing reads were de-noised
using the PyroNoise algorithm [40] and then aligned against a customized SILVA database ref-
erence alignment [41], followed by the detection and removal of chimaeric sequences using a
de novo Uchime algorithm [42]. The sequences were then clustered using the furthest neighbor
clustering algorithm to build operational taxonomic units [OTUs] at a cutoft of 97% sequence
similarity, and then classified using the naive Bayesian Classifier which had been trained
against a customized RDP training set [43], so that only the bacterial-origin sequences
remained. Finally we obtained a table reporting the counts of observation times of an OTU in
each sample. OTUs that had a total count less than 10 were removed and all samples were sub-
sampled to 200 reads for downstream analysis. Alpha diversity indices were calculated as Shan-
non Index, implemented in mothur. Statistical analysis was performed using Tukey’s HSD test
in the R program. LEFSe analysis was performed based on an algorithm proposed by Segata N.
et al [44] implemented in mothur.

Results

Sequencing summary and composition of endophytic bacterial
communities

We obtained 64,952 raw sequence reads from high throughput 454 sequencing. Using the 16S
rRNA gene sequence curation pipeline resulted in an OTU table reporting 335 OTUs from 55
plant samples representing five plant species. The phylum Proteobacteria dominated (85.42%)
the leaf endophytic bacterial communities on the samples collected from the 5 species of plants
(Fig 1A), followed by Bacteroidetes (7.21%) and Actinobacteria (3.21%), and then by Firmicutes
(0.63%) and Acidobacteria (0.59%).

At the class level, three classes from Proteobacteria (Alpha-proteobacteria (44.68%),
Gamma-proteobacteria (28.88%) and Beta-proteobacteria (10.87%)) were in dominant posi-
tions. In addition, the class of Sphingobacteria (5.68%) from the phylum Bacteriodetes and the
class Actinobacteria (3.21%) of the phylum Actinobacteria were also abundant.

At the genus-level, the genera of Pseudomonas (19.42%), Sphingomonas (18.79%) and
Methylobacterium (12.83%) were the most dominant. In addition, Aquabacterium (4.58%),
Hymenobacter (4.34%) and Rhizobium (3.24%), Pantoea (2.86%) and Caulobacter (2.27%)
were also abundant genera with relative abundances greater than 2%.

Dominant microbial groups in endophytic bacterial communities

The species of host plants has been shown to be a major factor in determining the endophytic
bacterial communities [35]. The sequencing results also revealed that the dominant phylotypes
varied in the endophytic bacterial communities among plants of different species (Fig 1B).
Although the genus Pseudomonas was the most abundant genus across all microbial communi-
ties (Fig 1 A), its relative abundance in A. viridis is significantly lower than in other plant spe-
cies. In contrast, the two other dominant phylotypes, Sphingomonas and Methylobacterium,
were significantly more abundant in A. viridis than in other plant species. Similarly the phylo-
type Aquabacterium was significantly more abundant in R. humilis than in other plant species.
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Fig 1. Variation of relative abundances of dominant bacterial groups with the host plant species and sampling months. Relative abundances of the
dominant phyla in the leaf endophytic bacterial communities from different host plants (A); Relative abundances of the dominant bacterial genera across
different host plant species (B) and across different sampling months (C).

doi:10.1371/journal.pone.0150895.g001

These discoveries indicate that the relative abundances of specific endophytic bacteria are asso-
ciated with the type of the host plant that harbors the microbial community.

The dominant genera also showed a dynamic pattern, varying across the whole plant-grow-
ing season (Fig 1C). The most dominant genus, Pseudomonas, became less abundant from May
to July, followed by a come-back increase in August. In contrast, the other two dominant gen-
era Sphingomonas and Methylobacterium, turned more abundant from May to July, followed
by a drop in relative abundance in August. These dynamic variations suggested unique and
characteristic growing patterns of endophytic bacteria, patterns which are sensitive to environ-
mental changes associated with seasonal variables.

Diversity of the endophytic bacterial communities

We also calculated the alpha diversity of each endophytic bacterial community. Alpha diversity
is the within sample taxonomic diversity, which contains the information of both the richness
of a sample and the evenness of the organisms’ abundance distribution [45]. Here the alpha
diversity was quantified by the Shannon index [46].

Fig 2A shows the alpha diversity of each endophytic bacterial community grouped by host
plant species. Although the indices showed some difference across multiple host species, no sig-
nificant difference was observed. However, grouping these diversity indices according to time
points (Fig 2B), revealed that the diversity of bacterial communities varied from one month to
another: the diversity index in May was significantly lower than in June (p <0.01), July
(p<0.05) and August (p<0.001). This indicated that the endophytic bacterial communities
become more diverse as the host plants emerged into an intense growing season.

Analysis of molecular variance (AMOVA) [47] was also performed to test the significance
differences of the diversity between different groups. AMOV A has been widely used in popula-
tion genetics to test if the genetic diversity within each population is significantly different
from that of the pooled population. We tested three categories of factors: the host plant species,
collection time points and locations. The results indicated that, despite the finding of no signifi-
cant differences of diversity among different collection locations, significant differences of
diversity were observed from endophytic microbial samples collected from host plants of dif-
ferent species, or from different time points (months) (p-value < 0.001). This result is
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Fig 2. Alpha diversities of each endophytic bacterial community grouped by host plant species (A) and by sampling time (B).

doi:10.1371/journal.pone.0150895.g002

consistent with the previous T-RFLP study, again showing that the host plant species and sam-
pling time points are two factors that have significant impacts on the distribution of endophytic
bacteria. The AMOV A analysis on collection time points (Table 1) shows that diversity of the
communities collected in May was significantly different from June (p-value < 0.05), July (p-
value < 0.001) and August (p-value < 0.05), while analysis on host plant species (Table 2)
shows the diversity of bacterial communities from host plants of different species are distinct
from each other.

Defining the core of the leaf endophytic bacterial community

Among the 355 defined OTUs across all the samples, a core leaf endophytic microbiome was
observed. Although there are no OTUs that exist in all 55 samples after the subsampling and
data filtering, our data reveals that 4 OTUs commonly exist in at least 33 samples (60% of all
samples) with a minimum relative abundance of 1%: OTU 2476 and OTU 1327, both from the
genus Sphingomonas, and OTU 2857 and OTU 3184, both from the genus Methylobacterium.

Table 1. AMOVA analysis of differences in diversity of endophytic bacteria in different. sampling
months.

p-value May June July
June 0.024
July < 0.001 0.068
August 0.016 0.373 0.02
Comparing all four months: p = 0.001
doi:10.1371/journal.pone.0150895.1001
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Table 2. AMOVA analysis of differences in diversity of endophytic bacteria in different host plant species.

p-value A. psilostachya A. viridis P. virgatum S. nutans
A. viridlis < 0.001

P. virgatum 0.016 <0.001

S. nutans 0.106 < 0.001 0.962

R. humilis 0.019 <0.001 < 0.001 <0.001

Comparing all five species: p < 0.001.

doi:10.1371/journal.pone.0150895.t002

It is worth noting that OTU 2476 is a highly abundant core microbe in the leaf endophytic
communities: its relative abundance is greater than 2% in at least 36 samples (65% of the total)
and greater than 5% in at least 27 samples (50% of the total).

Core leaf endophytic microbiome for each species of host plants were also explored. In A.
psilostachaya, a core of 10 OTUs (with minimum relative abundance 1%) exists in at least 50%
of all samples, and OTU 980, from the genus Pseudomonas, is the most abundant core microbe
(relative abundance greater than 7% in all samples). Similarly, in P. virgatum and S. nutans, a
core of 9 and 13 OTUs were found, and OTU 980 was the most abundant core microbe. In A.
viridis, a different core of 11 OTUs were found in at least 50% of all samples, and the most
abundant core microbes were OTU 1327 and OTU 2857 (relative abundance greater than 7%
in all samples). In R. humilis, a core of 8 OTUs were found, and the most abundant core
microbes were OTU 2245, from the genus Pseudomonas, and OTU 2528, from the genus
Aquabacterium.

We also analyzed the core leaf endophytic microbiome for each time point when we col-
lected the samples. In May, at the level of minimum relative abundance 1%, only OTU 2245
existed in at least 50% of all samples, and this OTU had a minimum relative abundance of 7%.
In June, a core of 8 OTUs was found with minimum relative abundance 1% in at least 50% of
all samples, and the most abundant core microbes were OTU 980, and OTU 2476. In July, a
core of 9 OTUs were found, and the most abundant core microbes are OTU 1327 and OTU
2476. In August, a core of 10 OTUs were found and the most abundant core microbe is OTU
980.

Discovery of microbial groups that characterize the differences among
varied host plants and multiple time points

Analysis of endophytic bacterial communities using T-RFLP revealed some important T-RFs,
which represent specific bacterial groups, and found that host plant species and sampling times
are significant factors determining the compositions of endophytic bacterial communities. The
high throughput sequencing data enables discovery of biomarker microbes that characterize
the differences among host plants of different species, or across multiple time points. Here we
employed LDA Effect Size (LEFSe) [44] to identify biomarker microbes that characterize the
differences between two or more host plant species or collecting time points. In general, LEFSe
first identifies statistically different features among biological classes using the Kruskal-Wallis
(KW) sum-rank and Wilcoxon rank-sum tests, and then uses Linear Discriminant Analysis
(LDA) to reduce the dimension of the detected features.

Table 3 shows the result of the LEfSe analysis, discovering biomarker microbes based on the
differences between endophytic bacterial communities between two or more host plant species.
Five OTUs were significantly different in at least one host plant species relative to others
(p<0.05). The relative abundances of OTU 1327, from the genus Sphingomonas, and OTU
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Table 3. LEfSe analysis identification of biomarker microbes for endophytic bacterial communities for different host plant species.

OoTU Type LDA p-Val Phylum Genus Ambrosia Asclepias Panicum Ruellia  Sorghastrum
Otu1327  Asclepias 4701 0.0002 Proteobacteria  Sphingomonas 18.2 65.6 12.4 16.2 10.3
Otu2476  Sorghastrum 4.568 0.0106 Proteobacteria  Sphingomonas 27.9 31.5 421 5 45
Otu2857  Asclepias 4592 0.0255 Proteobacteria  Methylobacterium 9.4 46.9 19.1 6.7 16.7
Otu1215 Sorghastrum 4.341 0.0376  Bacteriodetes Hymenobacter 21 7.9 6.7 1.2 7.5
Otu2934  Asclepias 4.395 0.0483 Bacteriodetes Hymenobacter 16.7 28.5 8.5 2.9 12.2
Otu1088 Ambrosia 4.359 0.0668 Proteobacteria  Pseudomonas 215 21 7.6 25 6.7
Otu1252  Asclepias 4.358 0.0785 Proteobacteria  Methylobacterium 3 26.4 6.1 5.4 9.2
Otu514 Asclepias 4.368 0.0994 Proteobacteria  Sphingomonas 10.9 20.3 3.9 3.3 2.2
Otu2528  Ruellia 4.745 0.3059 Proteobacteria  Aquabacterium 37.3 11.3 7.9 77.5 18.6
Otu2245  Ruellia 5.139 0.3455 Proteobacteria  Pseudomonas 40.9 18.2 24.8 192.9 35.6
Otu3184  Asclepias 4.331 0.4293 Proteobacteria  Methylobacterium 30.6 37.2 13.6 14.6 9.2
doi:10.1371/journal.pone.0150895.t003
2857, from the genus Methylobacterium in A. viridis (6.56% and 4.69% respectively) (Fig 3A)
were significantly higher than those in other host plant species, while OTU 2476 was found by
LEFSe to be significantly higher in S. nutans (4.50%) than in other species. The discoveries of
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Fig 3. Relative abundances of the feature OTUs selected by LEfSe analysis across different host species (A) and across different sampling months (B).

doi:10.1371/journal.pone.0150895.g003
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Table 4. LEfSe analysis identification of biomarker microbes for endophytic bacterial communities for different months of sample collection.

oTuU

Otu2245
Otu1252
Otu3184
Otu2476
Otu1088
Otu1333
Otu2857
Otu1709
Otu1327
Otu2528
Otu2934
Otu1724
Otu514

Otu1863
Otu1215
Otu2077
Otu9s0o

Otu2573
Otu269

Type
May
July
June
July
August
August
July
July
July
August
July
August
June
June
July
July
May
July
July

LDA

5.042
4.302

4.38
4.573
4.203

4.24
4.346

3.94
4.345
4.408

4.12
4.087
4.078
3.894
3.873
3.862
4.275
4.036
3.767

doi:10.1371/journal.pone.0150895.t004

pValue Phylum Genus May June July August
0 Proteobacteria Pseudomonas 12.8 3.24 3.02 0.44
0.0004 Proteobacteria Methylobacterium 0.27 0.49 2.54 0.85
0.0027 Proteobacteria Methylobacterium 0.64 3.18 3.27 1.1
0.0038 Proteobacteria Sphingomonas 1.2 3.04 5.6 2.52
0.0083 Proteobacteria Pseudomonas 0.11 0.62 0.96 2.04
0.0505 Proteobacteria Caulobacter 1.02 1.62 0.42 2.52
0.0661 Proteobacteria Methylobacterium 1.07 1.98 3.6 1.59
0.0736 Proteobacteria Unclassified 0.22 0.56 0.83 0.41
0.085 Proteobacteria Sphingomonas 2.22 211 419 1.37
0.1715 Proteobacteria Aquabacterium 2.78 3.73 0.96 3.96
0.188 Bacteroidetes Hymenobacter 1.6 14 1.96 0.59
0.3628 Proteobacteria Unclassified 0.78 1.24 1.56 1.85
0.3672 Proteobacteria Sphingomonas 0.76 1.64 0.58 0.3
0.5506 Actinobacteria Curtobacterium 0.24 0.98 0.92 0.56
0.7169 Bacteroidetes Hymenobacter 0.49 0.33 0.81 0.52
0.7716 Proteobacteria Sphingomonas 0.58 0.82 0.94 0.44
0.8057 Proteobacteria Pseudomonas 5.82 4.91 5.62 5.78
0.8927 Proteobacteria Rhizobium 1.58 1.96 2.19 1.26
0.9565 Proteobacteria Sphingomonas 0.38 0.38 0.42 0.41

these OTUs as biomarkers, indicates that the differences among the endophytic bacterial com-
munities from diverse host plant species are not only measured by diversity index or dominant
microbes, which are generally categorized as characteristics of the whole community, but also
reflected in the existence and/or relative abundance of single microbe or microbial groups.

Table 4 shows the result of LEfSe analysis of the biomarker microbes for endophytic bacte-
rial communities between two or more sampling sampling months. Five OTUs were signifi-
cantly different in at least one month from others (p<0.05). One of the most abundant OTUs,
OTU 2245, from the genus Pseudomonas, was significantly more abundant in May than in
other months: its relative abundance in May (12.8%) was even more than the sum of its relative
abundances in the other three months (Fig 3B). Two other OTUs, OTU 1252 and OTU 3184,
both from the genus Methylobacterium, are, respectively, more abundant in July and June. The
varied abundance of these biomarker OTUs in different months shows that microbes can have
their own variation independent of the whole community, and that the dynamics of single
microbial groups, as part of the dynamics of the whole bacterial community, are associated
with the dynamics of the host plants.

Discussion

The present study is the first to apply next generation sequencing on the leaf endophytic bacte-
rial communities harbored on multiple species of non-cultivated plants. After denoising
sequencing errors and chimeras, we obtained 335 97% sequence similarity OTUs from the
sequencing of a 700bp fragment of 16S ribosomal DNA gene, representing 16 bacterial phyla,
31 classes, 50 orders, 110 families and 221 genera. Plant leaves cover a significant proportion of
the land area of the earth, and thus also provide habitats for colonization of a high diversity of
microorganisms. This study provided a survey of the distribution of leaf endophytic bacteria
harbored in non-cultivated plants, making an important contribution to the bacterial diversity
research of the ecosphere.
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Davide Burgarelli et al. studied Arabidopsis root-inhabiting bacterial microbiota [26] and
found it is dominated by three phyla, Proteobacteria, Bacteriodetes and Actinobacteria. Later,
Bodenhausen et al. compared bacterial communities that are associated with leaves and roots
of Arabidopsis thaliana [28], and found that the same three phyla noted above are the most
abundant phyla in both types of bacterial communities. In the present study, we found similar
results in the five non-model plant species studied, consistent with these three phyla being the
most dominant in endophytic bacterial communities from both roots and leaves across multi-
ple species of host plants.

Profiling the microbial communities based on the sequencing results allowed us to calculate
the alpha diversity of each community. Bodenhausen et al. compared the diversity of root and
leaf associated microbiota on Arabidopsis thaliana model plants [28] and found that although
their compositions are completely different, they have similar richness, diversity and evenness.
Hunter et al. studied phyllosphere bacterial communities collected from 26 Lettuce accessions
and calculated the alpha diversities as Shannon indices [29], and found that the diversity of
phyllosphere microbiota was significantly varied among different accessions and concluded
that host plant leaf properties determine phyllosphere bacterial diversity. In the present study,
we compared the diversity of endophytic bacterial communities collected from different host
plants and from different time points. Although we did not observe significant differences in
alpha diversity [calculated as Inverse Simpson index) from the five plant species tested, we
observed a significant difference of diversity between communities that were collected from
different months: the diversity of the community collected in May was significantly lower than
those collected in later months (June, July and August]. The core microbiome analysis also sug-
gested that the May microbiome was dominated solely by OTU 2245 and no multi-microbe
core microbiome existed. This discovery, together with the determining effects of leaf property
proposed by Hunter et al. [29], suggested that the endophytic bacterial diversity is associated
with host plant properties. After entering the flowering stage, the metabolic level of the host
plants reached maximum. The sequencing data suggest that the prosperity of the host plants
leads to a high diversity of associated microbial communities,

The core microbiome analysis shows that no multi-microbe core can be found in endo-
phytic communities across different plant species and locations. This result indicates that the
variations in endophytic communities are largely due to the features of host plant or sampling
locations. However, microbes from the genera Sphingomonas and Methylobacterium are found
to be abundant core microbes existing in most samples. Interactions between these common
endophytes and their host plants should be further explored. The core microbiome for each
plant species suggests that the interactions between endophytes and host plants in A. psilosta-
chya, P. virgatum and S. nutans probably share similar features since Pseudomonas OTU 980 is
the most abundant core microbe in all of these three species.

Here, we also performed AMOVA analysis to evaluate the differences of beta diversity of
microbial communities collected from different host plant species or from varied time points.
Although no significant differences were observed for communities collected from varied loca-
tions, both host plant species and collection time points have significant impacts on the beta
diversities of the endophytic bacterial communities (Tables 1 and 2). This result is consistent
with the conclusion we made previously with T-RFLP studies [35] that the endophytic bacterial
distributions are significantly determined by the factors of host plant species and collection
time points. Through AMOVA, the beta diversity of the bacterial communities collected in
May was significantly smaller than those collected in other months; this discovery, together
with what we found in the alpha diversity study, indicated that endophytic bacteria are affected
by the temporal factors and host plant blooming phenology.
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Important in comparative studies of microbial communities is what bacterial groups or taxa
are responsible for differences between communities, or are the key features of a specific type
of microbial communities. In this study, we employed the LEfSe algorithm and identified spe-
cific OTUs that characterized the differences of endophytic bacterial communities collected
from varied host plants (Fig 3A) or collected in different months (Fig 3B).

In summary, the present study provided a comprehensive survey of leaf endophytic bacte-
rial communities that inhabited non-cultivated plants. Host plants of diverse species with mul-
tiple collection time points and locations were included, which allowed us to compare the
endophytic bacterial communities collected from different environment. Our research found
that leaf surfaces provided habitats for a large diversity of endophytic bacteria, and their distri-
bution was shaped by the host plant species and dates of collection. The communities from dif-
ferent host plant species or varied time differed in multiple aspects including compositions,
alpha and beta diversity, dominant and characteristic bacterial groups.

Acknowledgments

Authors acknowledge the support of the Oklahoma Agricultural Experiment Station, whose
Director has approved this publication, the R. J. Sirny Professorship at Oklahoma State Univer-
sity and the National Science Foundation through EPS-0447262. They thank Michael W.
Palmer for suggestions of the study design and Peter R. Hoyt and Hong Jin Hwang for assis-
tance in Roche 454 sequencing.

Author Contributions

Conceived and designed the experiments: UM TD. Performed the experiments: TD. Analyzed
the data: TD. Contributed reagents/materials/analysis tools: TD UM. Wrote the paper: TD
UM.

References

1. Quadt-Hallmann A, Kloepper JW, Benhamou N. Bacterial endophytes in cotton: mechanisms of enter-
ing the plant Canada Journal of Microbiology. 1997; 43:(6):577-582.

2. Barac T, Taghavi S, Borremans B, Provoost A, Oeyen L, Colpaert JV, et al. Engineered endophytic
bacteria improve phytoremediation of water-soluble, volatile, organic pollutants. Nat Biotech. 2004; 22
(5):583-8.

3. Germaine KJ, Liu X, Cabellos GG, Hogan JP, Ryan D, Dowling DN. Bacterial endophyte-enhanced

phytoremediation of the organochlorine herbicide 2,4-dichlorophenoxyacetic acid. FEMS Microbiol
Ecol. 2006; 57(2):302—-10. PMID: 16867147

4. Moore FP, Barac T, Borremans B, Oeyen L, Vangronsveld J, van der Lelie D, et al. Endophytic bacterial
diversity in poplar trees growing on a BTEX-contaminated site: The characterisation of isolates with
potential to enhance phytoremediation. Syst Appl Microbiol. 2006; 29(7):539-56. PMID: 16919907

5. Newman LA, Reynolds CM. Bacteria and phytoremediation: new uses for endophytic bacteria in plants.
Trends Biotechnol. 2005; 23(1):6—8. PMID: 15629849

6. Duijff BJ, Gianinazzi-Pearson V, Lemanceau P. Involvement of the outer membrane lipopolysaccha-
rides in the endophytic colonization of tomato roots by biocontrol Pseudomonas fluorescens strain
WCS417r. New Phytologist. 1997; 135(2):325-34.

7. Ryan RP, Germaine K, Franks A, Ryan DJ, Dowling DN. Bacterial endophytes: recent developments
and applications. FEMS Microbiol Lett. 2008; 278:1-9. PMID: 18034833

8. BentE, Chanway CP. The growth-promoting effects of a bacterial endophyte on lodgepole pine are par-
tially inhibited by the presence of other rhizobacteria. Canadian Journal of Microbiology. 1998 1998/10/
01; 44(10):980-8.

9. Chanway CP. Inoculation of Tree Roots with Plant Growth Promoting Soil Bacteria: An Emerging Tech-
nology for Reforestation. Forest Sci. 1997; 43(1):99—-112.

10. Lee S, Flores-Encarnacion M, Contreras-Zentella M, Garcia-Flores L, Escamilla JE, Kennedy C.
Indole-3-Acetic Acid Biosynthesis Is Deficient in Gluconacetobacter diazotrophicus Strains with

PLOS ONE | DOI:10.1371/journal.pone.0150895 March 14,2016 11/183


http://www.ncbi.nlm.nih.gov/pubmed/16867147
http://www.ncbi.nlm.nih.gov/pubmed/16919907
http://www.ncbi.nlm.nih.gov/pubmed/15629849
http://www.ncbi.nlm.nih.gov/pubmed/18034833

@ PLOS | one

High Throughput Sequencing of Leaf Endophytic Bacterial Communities

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Mutations in Cytochrome ¢ Biogenesis Genes. J Bacteriol. 2004 August 15, 2004; 186(16):5384-91.
PMID: 15292139

Cooley MB, Miller WG, Mandrell RE. Colonization of Arabidopsis thaliana with Salmonella enterica and
Enterohemorrhagic Escherichia coli O157:H7 and Competition by Enterobacter asburiae. Appl Environ
Microbiol. 2003 August 1, 2003; 69(8):4915-26. PMID: 12902287

Fletcher J, Leach JE, Eversole K, Tauxe R. Human pathogens on plants: designing a multidisciplinary
strategy for research. Phytopathology. 2013 2013/04/01; 103(4):306—15. doi: 10.1094/PHYTO-09-12-
0236-I1A PMID: 23406434

Guo X, van lersel MW, Chen J, Brackett RE, Beuchat LR. Evidence of Association of Salmonellae with
Tomato Plants Grown Hydroponically in Inoculated Nutrient Solution. Appl Environ Microbiol. 2002 July
1,2002; 68(7):3639-43. PMID: 12089054

Ingham SC, Fanslau MA, Engel RA, Breuer JR, Breuer JE, Wright TH, et al. Evaluation of Fertilization-
to-Planting and Fertilization-to-Harvest Intervals for Safe Use of Noncomposted Bovine Manure in Wis-
consin Vegetable Production. J Food Protection. 2005; 68(6):1134—42.

Magnani GS, Didonet CM, Cruz LM, Picheth CF, Pedrosa FO, Souza EM. Diversity of endophytic bac-
teria in Brazilian sugarcane. Genetics and molecular research: GMR. 2010; 9(1):250-8. doi: 10.4238/
vol9-1gmr703 PMID: 20198580

Quecine MC, Araujo WL, Rossetto PB, Ferreira A, Tsui S, Lacava PT, et al. Sugarcane growth promo-
tion by the endophytic bacterium Pantoea agglomerans 33.1. Applied and Environmental Microbiology.
2012 November 1,2012; 78(21):7511-8. doi: 10.1128/AEM.00836-12 PMID: 22865062

ChoK, Hong S, Lee S, Kim Y, Kahng G, Lim Y, et al. Endophytic bacterial communities in ginseng and
their antifungal activity against pathogens. Microbial Ecology. 2007 2007/08/01; 54(2):341-51. PMID:
17492474

Vendan R, YuY, Lee S, Rhee Y. Diversity of endophytic bacteria in ginseng and their potential for plant
growth promotion. J Microbiol. 2010 2010/10/01; 48(5):559-65. doi: 10.1007/s12275-010-0082-1
PMID: 21046332

Pavlo A, Leonid O, Iryna Z, Natalia K, Maria PA. Endophytic bacteria enhancing growth and disease
resistance of potato (Solanum tuberosum L.). Biological Control. 2011 1//; 56(1):43-9.

Compant S, Clément C, Sessitsch A. Plant growth-promoting bacteria in the rhizo- and endosphere of
plants: Their role, colonization, mechanisms involved and prospects for utilization. Soil Biology and Bio-
chemistry. 2010 5//; 42(5):669-78.

A framework for human microbiome research. Nature. [doi: 10.1038/nature11209]. 2012 06/14/print;
486(7402):215-21. PMID: 22699610

Structure, function and diversity of the healthy human microbiome. Nature. [doi: 10.1038/nature11234].
2012 06/14/print; 486(7402):207—14. PMID: 22699609

Gilbert JA, Meyer F, Jansson J, Gordon J, Pace N, Tiedje J, et al. The Earth Microbiome Project: Meet-
ing report of the "1 EMP meeting on sample selection and acquisition" at Argonne National Laboratory
October 6 2010. Stand Genomic Sci. 2010; 3:249-53. doi: 10.4056/aigs.1443528 PMID: 21304728

Lindow SE, Brandl MT. Microbiology of the Phyllosphere. Appl Environ Microbiol. 2003 April 1, 20083;
69(4):1875-83. PMID: 12676659

Vorholt JA. Microbial life in the phyllosphere. Nature reviews Microbiology. 2012; 10(12):828—40. doi:
10.1088/nrmicro2910 PMID: 23154261

Bulgarelli D, Rott M, Schlaeppi K, Ver Loren van Themaat E, Ahmadinejad N, Assenza F, et al. Reveal-
ing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature. 2012; 488
(7409):91-5. doi: 10.1038/nature11336 PMID: 22859207

Yang C-H, Crowley DE, Borneman J, Keen NT. Microbial phyllosphere populations are more complex
than previously realized. Proceedings of the National Academy of Sciences of the United States of
America. 2001 12/29/accepted; 98(7):3889—94. PMID: 11274410

Bodenhausen N, Horton MW, Bergelson J. Bacterial communities associated with the leaves and the
roots of Arabidopsis thaliana. PloS one. 2013; 8(2):e56329—¢. doi: 10.1371/journal.pone.0056329
PMID: 23457551

Hunter PJ, Hand P, Pink D, Whipps JM, Bending GD. Both leaf properties and microbe-microbe interac-
tions influence within-species variation in bacterial population diversity and structure in the lettuce (Lac-
tuca Species) phyllosphere. Applied and environmental microbiology. 2010; 76(24):8117-25. doi: 10.
1128/AEM.01321-10 PMID: 20952648

Lopez-Velasco G, Welbaum GE, Boyer RR, Mane SP, Ponder MA. Changes in spinach phylloepiphytic
bacteria communities following minimal processing and refrigerated storage described using pyrose-
quencing of 16S rRNA amplicons. Journal of Applied Microbiology. 2011; 110(5):1203—-14. doi: 10.
1111/j.1365-2672.2011.04969.x PMID: 21371219

PLOS ONE | DOI:10.1371/journal.pone.0150895 March 14,2016 12/183


http://www.ncbi.nlm.nih.gov/pubmed/15292139
http://www.ncbi.nlm.nih.gov/pubmed/12902287
http://dx.doi.org/10.1094/PHYTO-09-12-0236-IA
http://dx.doi.org/10.1094/PHYTO-09-12-0236-IA
http://www.ncbi.nlm.nih.gov/pubmed/23406434
http://www.ncbi.nlm.nih.gov/pubmed/12089054
http://dx.doi.org/10.4238/vol9-1gmr703
http://dx.doi.org/10.4238/vol9-1gmr703
http://www.ncbi.nlm.nih.gov/pubmed/20198580
http://dx.doi.org/10.1128/AEM.00836-12
http://www.ncbi.nlm.nih.gov/pubmed/22865062
http://www.ncbi.nlm.nih.gov/pubmed/17492474
http://dx.doi.org/10.1007/s12275-010-0082-1
http://www.ncbi.nlm.nih.gov/pubmed/21046332
http://dx.doi.org/10.1038/nature11209
http://www.ncbi.nlm.nih.gov/pubmed/22699610
http://dx.doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
http://dx.doi.org/10.4056/aigs.1443528
http://www.ncbi.nlm.nih.gov/pubmed/21304728
http://www.ncbi.nlm.nih.gov/pubmed/12676659
http://dx.doi.org/10.1038/nrmicro2910
http://www.ncbi.nlm.nih.gov/pubmed/23154261
http://dx.doi.org/10.1038/nature11336
http://www.ncbi.nlm.nih.gov/pubmed/22859207
http://www.ncbi.nlm.nih.gov/pubmed/11274410
http://dx.doi.org/10.1371/journal.pone.0056329
http://www.ncbi.nlm.nih.gov/pubmed/23457551
http://dx.doi.org/10.1128/AEM.01321-10
http://dx.doi.org/10.1128/AEM.01321-10
http://www.ncbi.nlm.nih.gov/pubmed/20952648
http://dx.doi.org/10.1111/j.1365-2672.2011.04969.x
http://dx.doi.org/10.1111/j.1365-2672.2011.04969.x
http://www.ncbi.nlm.nih.gov/pubmed/21371219

@' PLOS ‘ ONE

High Throughput Sequencing of Leaf Endophytic Bacterial Communities

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

Rastogi G, Sbodio A, Tech JJ, Suslow TV, Coaker GL, Leveau JHJ. Leaf microbiota in an agroecosys-
tem: spatiotemporal variation in bacterial community composition on field-grown lettuce. The ISME jour-
nal. 2012; 6(10):1812—22. doi: 10.1038/ismej.2012.32 PMID: 22534606

Knief C, Ramette A, Frances L, Alonso-Blanco C, Vorholt JA. Site and plant species are important
determinants of the Methylobacterium community composition in the plant phyllosphere. The ISME
journal. 2010; 4(6):719-28. doi: 10.1038/isme}.2010.9 PMID: 20164863

Ding T, Palmer M, Melcher U. Community terminal restriction fragment length polymorphisms reveal
insights into the diversity and dynamics of leaf endophytic bacteria. BMC Microbiology. 2013; 13(1):1.

Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, Bemben LA, et al. Genome sequencing in
microfabricated high-density picolitre reactors. Nature. [doi: 10.1038/nature03959]. 2005 09/15/print;
437(7057):376-80. PMID: 16056220

Ding T, Palmer Mw Fau—Melcher U, Melcher U. Community terminal restriction fragment length poly-
morphisms reveal insights into the diversity and dynamics of leaf endophytic bacteria. 20130116
DCOM- 20130624(1471-2180 (Electronic)).

Hamady M, Walker Jj Fau—Harris JK, Harris Jk Fau—Gold NJ, Gold Nj Fau—Knight R, Knight R.
Error-correcting barcoded primers for pyrosequencing hundreds of samples in multiplex. 20080229
DCOM- 20080313(1548-7105 (Electronic)).

Chelius MK, Triplett EW. The Diversity of Archaea and Bacteria in Association with the Roots of Zea
mays L. 20010606(1432-184X (Electronic)).

Petrosino JF, Highlander S Fau—Luna RA, Luna Ra Fau—Gibbs RA, Gibbs Ra Fau—Versalovic J,
Versalovic J. Metagenomic pyrosequencing and microbial identification. 20090427 DCOM- 20090611
(1530-8561 (Electronic)).

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur: open-
source, platform-independent, community-supported software for describing and comparing microbial
communities. Appl Environ Microbiol. 2009; 75:7537—41. doi: 10.1128/AEM.01541-09 PMID:
19801464

Quince C, Lanzen A, Curtis TP, Davenport RJ, Hall N, Head IM, et al. Accurate determination of micro-
bial diversity from 454 pyrosequencing data. Nat Meth. [doi: 10.1038/nmeth.1361]. 2009 09//print; 6
(9):639-41.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene
database project: improved data processing and web-based tools. Nucleic Acids Research. [doi: 10.
1093/nar/gks1219]. 2013; 41(D1):D590-D6.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME improves sensitivity and speed of chi-
mera detection. Bioinformatics. 2011 06/23 04/06/received 05/30/revised 06/16/accepted; 27
(16):2194—-200. doi: 10.1093/bioinformatics/btr381 PMID: 21700674

Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al. Ribosomal Database Project: data and
tools for high throughput rRNA analysis. Nucleic Acids Research. [doi: 10.1093/nar/gkt1244]. 2013.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett W, et al. Metagenomic biomarker discov-
ery and explanation. Genome Biology. 2011; 12(6):R60. doi: 10.1186/gb-2011-12-6-r60 PMID:
21702898

Morgan XC, Segata N, Huttenhower C. Biodiversity and functional genomics in the human microbiome.
Trends in Genetics. 2013 1//; 29(1):51-8. doi: 10.1016/j.tig.2012.09.005 PMID: 23140990

Shannon CE, Weaver W. The Mathematical theory of Communication: University of lllinois Press;
1949.

Excoffier L, Smouse PE, Quattro JM. Analysis of molecular variance inferred from metric distances
among DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics. 1992; 131
(2):479-91. PMID: 1644282

PLOS ONE | DOI:10.1371/journal.pone.0150895 March 14,2016 13/13


http://dx.doi.org/10.1038/ismej.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22534606
http://dx.doi.org/10.1038/ismej.2010.9
http://www.ncbi.nlm.nih.gov/pubmed/20164863
http://dx.doi.org/10.1038/nature03959
http://www.ncbi.nlm.nih.gov/pubmed/16056220
http://dx.doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
http://dx.doi.org/10.1038/nmeth.1361
http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.1093/bioinformatics/btr381
http://www.ncbi.nlm.nih.gov/pubmed/21700674
http://dx.doi.org/10.1093/nar/gkt1244
http://dx.doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
http://dx.doi.org/10.1016/j.tig.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23140990
http://www.ncbi.nlm.nih.gov/pubmed/1644282

