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Abstract

Background: The adaptation of pyrosequencing technologies for use in culture-independent diversity surveys allowed for
deeper sampling of ecosystems of interest. One extremely well suited area of interest for pyrosequencing-based diversity
surveys that has received surprisingly little attention so far, is examining fine scale (e.g. micrometer to millimeter) beta
diversity in complex microbial ecosystems.

Methodology/Principal Findings: We examined the patterns of fine scale Beta diversity in four adjacent sediment samples
(Tmm apart) from the source of an anaerobic sulfide and sulfur rich spring (Zodletone spring) in southwestern Oklahoma,
USA. Using pyrosequencing, a total of 292,130 16S rRNA gene sequences were obtained. The beta diversity patterns within
the four datasets were examined using various qualitative and quantitative similarity indices. Low levels of Beta diversity
(high similarity indices) were observed between the four samples at the phylum-level. However, at a putative species
(OTUq03) level, higher levels of beta diversity (lower similarity indices) were observed. Further examination of beta diversity
patterns within dominant and rare members of the community indicated that at the putative species level, beta diversity is
much higher within rare members of the community. Finally, sub-classification of rare members of Zodletone spring
community based on patterns of novelty and uniqueness, and further examination of fine scale beta diversity of each of
these subgroups indicated that members of the community that are unique, but non novel showed the highest beta
diversity within these subgroups of the rare biosphere.

Conclusions/Significance: The results demonstrate the occurrence of high inter-sample diversity within seemingly identical
samples from a complex habitat. We reason that such unexpected diversity should be taken into consideration when
exploring gamma diversity of various ecosystems, as well as planning for sequencing-intensive metagenomic surveys of

highly complex ecosystems.
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Introduction

The adaptation of pyrosequencing technologies [1] for use in
culture-independent diversity surveys allowed for deeper sampling
of ecosystems of interest. During the last few years, pyrosequenc-
ing surveys of prokaryotic diversity has been instrumental for more
accurate exploration of species richness, evenness, and total
diversity in highly diverse ecosystems [2,3,4,5], detailed phyloge-
netic description of microbial community structure at the phylum,
class, and order levels [6,7], gaining access to members of the
community present in low abundance [8,9], and for zooming in on
the diversity of specific phylogenetic lineages of interest [4,10]. In
addition to phylogenetic and statistical examination of microbial
diversity in a single sample (i.e. alpha diversity), pyrosequencing
has been used recently for comparative diversity studies, in which
various aspects of microbial community composition is compared
between multiple (few to hundreds) samples. The use of a bar-
coding strategy [11], in which unique sequence identifiers to PCR
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primers allowed for pooling and simultaneous sequencing of a
large number of distinct samples in a single pyrosequencing run
followed by bioinformatic sorting of sequences, allowed for
comparative diversity studies to be conducted across hundreds of
samples simultaneously in a single sequencing run. Comparative
studies have been wused in multiple habitats to: correlate
environmental variables to observed microbial community struc-
ture and composition [12], investigate the effect of natural and
anthropogenic disturbances on a specific ecosystem, delineate intra
and inter variations in microbial community patterns amongst skin
and internal organs of healthy and diseased subjects [13,14,15,16],
and conduct time depth, and spatial surveys of microbial
communities in marine ecosystems [6,9,17,18].

One potential area of interest that is extremely well suited for
pyrosequencing-based diversity surveys that has received surpris-
ingly little attention so far, is examining fine scale (e.g. micrometer
to millimeter) beta diversity in complex microbial ecosystems. Fine
scale beta diversity in seemingly identical (replicate) samples from
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complex ecosystems is an extremely important, yet poorly-
understood issue that could have various implications on estimates
of overall species diversity within an ecosystem (i.e. Gamma
diversity), on understanding and gauging level of ecosystem
resiliency and capability to respond to natural and anthropogenic
environmental disturbances, on patterns of microbial dispersal and
immigration in an ecosystem, as well as on planning for
metagenomic surveys of highly diverse ecosystems. We here
present our effort in gauging the level of fine scale beta diversity in
a complex highly diverse ecosystem (Zodletone spring, Oklahoma
USA). The source of Zodletone spring is composed of highly
sulfidic sediments overlaid by sulfide-laden water, and are largely
undisturbed and unexposed to atmospheric air. The anaerobic
nature of the spring prevents any plant growth that might affect
bacterial patterns. As such, replica fine scale sampling from such
sediments could be regarded as a true measure of spatial difference
between samples exposed to identical geochemical and environ-
mental parameters, rather than an exploration of the effect of
environmental variations on microbial communities. We used
these replica samples to demonstrate that significant levels of beta
diversity exist on a mm-scale in Zodletone spring, that these
changes are truly spatial and could not be explained by sample size
madequacy, and that rare members of the microbial community
are primarily responsible for such levels of diversity.

Materials and Methods

Site description and sampling

Sediments were collected from the source area of Zodletone
spring, a sulfide- and sulfur-rich spring in southwestern Oklahoma
in May 2009. The source of the spring is a contained arca (1 m?)
in which anaerobic, biomass-laden, and sulfide-rich black viscous
sediments are covered by an anoxic, sulfide-rich (8.4 mM) 40-cm
water column (Figure Sla). Detailed description of the spring
geochemistry has been described elsewhere [19,20].

Previous exploration of the bacterial diversity, m-situ activities,
and prevalent geochemical conditions at the spring suggested that
multiple factors contribute to the high level of bacterial alpha
diversity reported at the source sediments (66 OTUs identified
within a library of 116 clones from the spring source) [20]. The
prevalence of strict anoxic conditions, coupled to the abundance of
multiple sulfur species (sulfide, elemental sulfur, thiosulfate, and
sulfate), and direct exposure to sunlight result in a thriving
chemolithotrophic, anoxygenic phototrophic, as well as sulfate-,
thiosulfate- and sulfur-reducing and disproportionating commu-
nities involved in sulfur cycling in the spring [20]. As well, the
abundance of short chain hydrocarbons results in the presence of
thriving hetertrophic community [20,21].

While the microbial community at Zodletone spring source
sediments could be affected by depth due to subtle attenuation in
light-penetration and intensity by depth, and the subsequent
alteration of phototrophic-driven sulfur cycling patterns [22], we
reason that no significant changes in geochemical conditions
would be encountered between adjacent samples at the same
depth (e.g. surface sediments from the same height in the source).
The source sediments at the surface are quite immobile and are
overlaid by sulfidic water that maintains near constant tempera-
ture throughout the year. Moreover, due to the anoxic, sulfidic
conditions at the spring source, no plant growth, or plant root
structures are present in the spring source, which would lead to
drastic nutrient and colonization-driven variations in bacterial
abundance and composition, an issue often encountered in soil
and rhizosphere studies. As such, we believe that source sediments
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from Zodletone spring are ideal for examining fine scale beta
diversity in natural ecosystems.

Sampling was conducted to obtain four samples (quadrants) that
are Imm apart. The sampling technique is shown in figure S1b.
Briefly, a sampling grid with 1-in” squares, and grid of 1 mm was
used to capture anaerobic sediment from the source of the spring.
Sediments were stored undisturbed on ice until transferred to the
lab where 4 samples (1 g each) from the grid corners (Figure S1b),
obtained from the same depth were used for DNA extraction.

DNA extraction, PCR amplification and pyrosequencing

DNA was extracted from each of the 4 samples using the
FastDNA Spin kit for Soil (MPBiomedicals, Solon, OH). Variable
regions V1 and V2 of the 16S rRNA gene were then amplified
using primers for bar-coded mass parallel sequencing using the
FLX technology. The forward primer was constructed by adding
FLX adaptor A (GCCTCCCTCGCGCCATCAG) to the 27F
primer sequence (AGAGTTTGATCCTGGCTCAG). The re-
verse primer was constructed by adding FLX adaptor B (GC-
CTTGCCAGCCCGCTCAGT) to the 338R primer sequence
(GCTGCCTCCCGTAGGAGT). PCRs were conducted in 100l
volume. The reaction contained 4 pl of the extracted DNA, 1x
PCR buffer (Promega, Madison, WI), 2.5 mM MgSO4, 0.2 mM
dNTPs mixture, 0.5U of the GoTaq flexi DNA polymerase
(Promega, Madison, WI), and 10uM each of the forward and the
reverse primers. PCR was carried out according to the following
protocol; initial denaturation at 95°C for 5 minutes, followed by
35 cycles of denaturation at 95°C for 45 sec, annealing at 52°C for
45 sec, and elongation at 72°C for 30 sec. A final elongation step
at 72°C for 5 minutes was included. PCR products for each
sample were combined and purified using a PCR cleanup kit
(Invitrogen corp., Carlsbad, CA). Eleven to fifteen pg-DNA of
purified PCR products were sequenced using FLX technology at
the Environmental Genomics Core facility at the University of
South Carolina.

Sequence quality filtering

MOTHUR software [23] was used for most of the sequence
processing and operational taxonomic unit (OTU) assignments.
Raw sequence data were subjected to various assessments to
eliminate poor quality sequences. An average quality score of 25
was chosen as the threshold value below which sequences were
considered of poor quality and removed from the dataset. In
addition, sequences that did not have the exact primer sequence,
sequences that contained an ambiguous base (N), sequences
having a homopolymer stretch longer than 8 bases, and sequences
shorter than 80 bp were also removed from the datasets using
trim.seqs command in MOTHUR. A total of 348,086 sequences
were obtained from the four quadrants. After implementation of
all quality control criteria described above, only 292,130
sequences (83.9%) were considered of high quality and retained
for further analysis (Table S1).

OTU identification and phylogenetic assignments
High-quality reads from each quadrant were aligned in
MOTHUR platform [23] using the Greengenes alignment
database available at the MOTHUR website as a template.
Aligned sequences were then filtered to remove columns that
corresponded to ‘.’ or -’ in all sequences. Filtered alignments were
then used to generate an uncorrected pair wise distance matrix
using dist.seqs command in MOTHUR. To assign sequences into
OTUs, a further neighbor-clustering algorithm was employed
using the cluster command in MOTHUR, with 97% sequence
similarity as the designated cutoff. Representative OTUs defined
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at this cutoff (OTUg3) were then classified using Hugenholtz
taxonomy scheme in Greengenes pipeline [24]. Phylum level
affiliation of sequences were determined according to the classifier
output, and sequences with less than 85% similarity to their closest
relative in Greengenes database were considered unclassified.

Defining rare and abundant species in Zodletone sprin

In addition to comparing beta diversity patterns between entire
datasets, we also examined beta diversity relationships between
both rare and abundant members of each dataset. We defined
rarity of OTUs at multiple empirical cutoffs (n=1, n=2, n=5,
n=10), as well as at a percentage abundance of =0.004%. The
later percentage-based cutoff was used to compensate for the fact
that one of the datasets (dataset 4) has fewer sequences than the
three other datasets (Table 1). Galand et al. [9] used cutoff for a
rare species as the lowest frequency of occurrence (n=1) in their
smallest dataset. This represents 0.002% in our pyrosequencing
datasets. That small percentage abundance corresponds ton=1in
our smallest dataset (quadrant 4) and n=1.5-1.6 in our larger
datasets (quadrants 1, 2, and 3). Since an abundance of 1.5-1.6 is
not possible, we expanded our percentage abundance cutoff for
rare species definition to 0.004%. This corresponds to n=2 in
quadrant 4 and n=3 in the other quadrants.

Abundant species were also defined at two empirical cutofls:
n>10 and percentage abundance >1%. The former definition
includes many of the OTUs with intermediate abundance and
results in the classification of all sequences in the dataset into either
rare or abundant, while the later only considers sequences that are
truly present in very high levels in such a diverse ecosystem as
abundant sequences.

Sub-classification of rare members of the community

according to their novelty and uniqueness patterns

We further sub-classified rare OTUs based on their relationship
to the more abundant members of the community, as well as
according to their phylogenetic novelty (i.e. level of similarity to
closest relatives in public databases), and examined beta diversity
relationships amongst these subgroups of the rare biosphere. We
blasted all sequences of the rare biosphere (defined as n=5) from
all 4 quadrants (84,532 sequences) against the combined abundant
members (total of 3962 OTUs, 182,122 clones) using blastall
function from the NCBI ftp site at ftp://ftp.ncbi.nih.gov/blast/
executables/blast+/LATEST/. Those rare members that were
>85% similar to an abundant OTU with alignment length of at
least 100 bp were considered non-unique, non-novel (NUNN) i.e.
with relatives encountered within the more abundant members of
the dataset, and does not belong to a novel phylogenetic lineage,
since all abundant OTUs within the dataset were readily
assignable to a phylogenetic group. A total of 76,491 sequences
within the rare biosphere were classified in this NUNN category.

Table 1. Number of high quality reads and OTUs o3
identified for each of the samples (quadrants) studied.

Quadrant Number of high-quality reads = Number of OTUsg o3
1 77361 18265
2 86240 17288
3 76693 18408
4 51836 13266

doi:10.1371/journal.pone.0012414.t001
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The phylogenetic affiliations of the remaining 8041 sequences,
previously obtained using Greengenes classifier, were examined.
Sequences with more than 85% similarity to a database relative
were considered unique in our dataset but non-novel i.e. with no
close relatives within the abundant members of the community,
but with closely related relatives previously encountered in other
ecosystems (UNN; 4237 sequences). Sequences that did not fulfill
either of the above criteria were considered both unique and novel
(UN; 3804 sequences). The NUNN, UNN, and UN fractions of
the rare biosphere in each of the four samples were then extracted
to separate files and various alpha and beta diversity comparisons
were conducted between these groups.

Beta diversity estimates and statistical comparisons
Rarefaction curves of various datasets were generated in
MOTHUR using a re-sampling without replacement approach.
Likelihood-ratio-Chi-squared test was conducted [25] to test for the
significant difference between phyla relative abundances in the 4
quadrants studied. The ¥ values obtained were compared to the
tabulated ? value [with 177 degrees of freedom ((m-1)x(n-1), where
m is the number of phyla and n is the number of quadrants), and o
value of 0.008 (equivalent to Bonferroni correction for o = 0.05 for 6
pair wise comparisons [26]] equivalent to 225.5. The probability of
the result being due to chance (i.e. p-value) was calculated according

—1
to the equation sz)d= {2“,/ zr(g)} J (Z)d%zef%dt, where Q is
the probability that the % value for an exf)eriment with d degrees of
freedom is consistent with the null hypothesis. Q) was evaluated
using the Chi-square calculator available at http://www.fourmilab.
ch/rpkp/experiments/analysis/chiCalc.html.

Multiple approaches were used to gauge beta diversity between
various datasets. All of these approaches/indices are based on
identifying sequences clustering into the same OTUs from
different quadrants (i.e. shared OTUs). Therefore, for each beta
diversity comparison conducted in this study, a joint fasta file of all
sequences within datasets (or fractions of the datasets) to be
compared was created, aligned, and a joint distance matrix was
created in MOTHUR [23]. A shared OTUs file was also
generated in MOTHUR that shows the proportion of shared
versus unique sequences between the datasets compared. This file
was used as a starting point for all subsequent beta diversity
indices. Pair wise comparisons between two datasets were
conducted using qualitative similarity indices (those that use
presence/absence data) e.g. Anderberg [27], Jaccard [28],
Sorensen [29], and Ochiai [30] indices, as well as quantitative
indices (those that take OTUs abundance or relative abundance
into consideration) e.g. Bray-Curtis [31], abundance-based
Jaccard [32], abundance-based Sorensen [32], Smith theta [33],
and Yue and Clayton theta [34] indices. In addition to pair wise
comparison, Venn diagrams for graphical descriptions of un-
shared, as well as shared OTUs between two, three, or four
quadrants were constructed. Non-metric multidimensional scaling
plots for communities using Bray-Curtis similarity indices were
created using the function metaMDS in the vegan library of R
statistical package [35,36]. The proportion of variance (r?) among
communities was estimated from the NMDS plots by first
calculating the Euclidean distance between all pairs of data points

using the equation d\/(xz —x1)?+(2—y1)* where d is the

Euclidean distance between 2 points of coordinates (x;, y;) and (xg,
y) in ordination space. The Euclidean distance was then regressed
on Bray-Curtis similarity indices to estimate r?.
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Evaluating the effect of spatial separation on B-diversity

To test whether the observed B-diversity is truly due to spatial
separation, we created three random subsamples (28,000 sequenc-
es each) from our largest dataset (quadrant 2) and treated the three
subsamples as separate datasets. We also randomly picked a
28,000-sequence subsample from each of the other 3 quadrants.
The hypothesis is that if differences were not random (i.e. truly due
to spatial separation) then the 3 subsamples drawn from the same
quadrant would be more similar to each other than to subsamples
from other quadrants. For all subsamples various beta diversity
estimates were calculated and compared.

Estimating inadequate sampling effect on the shared
species of the rare biosphere

To evaluate whether the observed B-diversity between rare
members of the biosphere is true or due to inadequate sampling,
we first estimated the species richness in each quadrant using
parametric model ‘mixture of 2 exponentials-mixed Poisson’ (since
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this model provided the best fit to our abundance data with the
least standard error, highest truncation point, least x> p-value, and
lowest residuals) as previously explained in detail [37,38]. Using
the obtained model parameters, we estimated the expected
number of singletons in each quadrant. For each quadrant, using
probability laws, we predicted the number of shared singletons
when a virtual community is created by randomly drawing a
number equal to the encountered number of singletons in each
quadrant 4 times (corresponding to the 4 quadrants studied) with
replacement from a pool of the expected number of singletons in
that quadrant. We repeated that for each of the quadrants and the
average predicted % of shared singletons between 2, 3, and 4
quadrants as well as the average predicted % of unshared
singletons were compared to the observed % of shared and
unshared singletons between the 4 quadrants studied. The
hypothesis is that, if the differences observed were true and not
due to inadequate sampling, the % shared OTUs in the virtual
community would be more than the observed %. Similarly, the %
of unshared OTUs in the virtual community would be less than
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Figure 1. Distribution of phyla in Zodletone spring source sediment for the 4 quadrants studied. Percentage abundance is shown on the
Y-axis for (A) abundant phyla with >1% abundance in each quadrant studied, (B) phyla with % abundance ranging between 0.1 and 1% in quadrant
1, (C) phyla with % abundance ranging between 0.01 and 0.1% in quadrant 1, and (D) phyla with % abundance <0.01% in quadrant 1. Color-coding is
as follows: quadrant 1 (blue), quadrant 2 (red), quadrant 3 (green), and quadrant 4 (purple).

doi:10.1371/journal.pone.0012414.g001
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the observed %. Statistical significance of differences between
predicted and observed percentages was tested using a student T
test.

Results

Community structure and phylum-level comparative
beta diversity of Zodletone spring source sediments

datasets

Overall, sequencing from four quadrants yielded a total of
292,130 high quality reads distributed between four quadrants
derived from Zodletone samples 1 mm apart. High quality reads
are available in the supporting Text S1, S2, S3 and S4. The
number of sequences, and number of OTUsjp; from each
quadrant is depicted in Table 1. The incomplete sampling effort in
spite of sequencing an average of 73,000 reads per sample (Figure
S2), and the large number of distinct OTUsj 3 observed per
quadrant (Table 1) clearly indicate a highly diverse microbial
community in the spring, as previously suggested [20].

Phylum level affiliations of sequences encountered in each
quadrant revealed an extremely diverse, phylum-rich bacterial
community. In spite of implementing a conservative cutoff of
>85% sequences similarity to closest relative in Greengenes
database to assign an OT'U into a specific phylum, members of 60
different bacterial phyla and candidate phyla were identified
(Figure 1, Table S2). The number of phyla in Zodletone spring
could potentially be higher than 60 since 32% of the sequences
obtained were unclassified (Figure 1).

Comparison of the phylum level composition between the four
quadrants showed highly similar communities at the phylum level.
Out of the 60 phyla and candidate phyla collectively identified, 44
were identified in all four quadrants, 5 in only 3 quadrants, 6 in
only 2 quadrants, and 7 in only one quadrant (Figure 1, Table S2).
All phyla and candidate phyla not encountered in all four
quadrants (Aquificae, Natronoanaerobium, PIX2b3A04, Sulfobacillr,
Thermoanaerobacteria, WPS-2, Deferribacteres, GAL15, SR1, BRCI,
MBMPE71, VHS-B5-50, Haloanaerobiales, NKB19, SC3, Lent:-
sphaerae, SC4, CV51, ZB3, and KSB3_GNO06) were present in
extremely low (less than 27 total sequences in the 4 quadrants
studied, 0.009% of the total reads) abundance. Likelihood ratio chi

Fine Scale Beta Diversity

squared test showed no significant differences in phylum-level
community composition (likelihood ratio ¥2=33.4, p=0.999).
Further, all pair wise similarity indices at the phylum level were
high (0.72-1) indicating extremely low beta diversity (Table 2).

Fine scale Beta diversity between Zodletone spring

source sediment quadrants

Since no significant differences were observed at the phylum level
between the four quadrants analyzed, beta diversity measures at
OTUj 3 level were conducted to examine whether in such an
ecosystem, high levels of beta diversity would be encountered at the
species levels. Examining shared OTUs showed that, on average,
21.4+0.48% of OTUs, and 79.1£1.25% of clones are shared
between any two samples (n=6), 11.3%0.2% of the OTUs and
74.6%20.9% of clones were shared between 3 samples (n=4), and
only 7.6% of the OTUs and 72.3% of clones are shared between
four samples (Figure 2H, Table S3). Further, qualitative and
quantitative diversity indices between all possible pairs of samples
showed values of 0.12-0.68 (Table 2) indicating higher levels of beta
diversity at the species level compared to the phylum level. These
results argue that while a phylum level diversity of a highly-diverse
ecosystem could accurately be described by a single pyrosequencing
sampling event, the identity of OTUj o3 could differ greatly between
seemingly identical samples within an ecosystem.

Beta diversity in rare versus abundant members of the
dataset

While the percentages of shared and unshared OTUs between
the four quadrants for the entire dataset were similar (52.3%
shared between 2 or more quadrants, and 47.7% unique,
respectively), the majority of the total sequences (85.9%) were
shared between at least two quadrants (as opposed to 14.1%
unshared). This disparity between the percentage of shared
sequences and the percentage of shared OTUs between the 4
quadrants argues that members with low abundance play a
disproportionate role in the observed high level of beta diversity.
To examine such assumption, each quadrant was divided into rare
versus abundant OTUs, using various rarity (number of clones
m)=1, n=2, n=5, and n=10, or percentage abun-

Table 2. Qualitative and quantitative similarity indices at the species level for the rare and abundant members of the community
(defined at specific empirical cutoffs) as well as for the totals at both the phylum and the species levels.

Bray- Theta Theta
Cutoff” P.level® Anderberg® Jaccard® Ochiai® Sorensen®  Curtis® Abundance-based (Smith)® (Yue & Clayton)®
Jaccard® Sorensen®

Total OTUg03 0.12%0.003 0.21%0.005 0.35*0.005 0.35*£0.007 0.59%0.03 0.67*0.01 0.68+0.01 0.65*0.01 0.65*+0.06

Phylum 0.72+0.09 0.84+0.06 0.91%+0.03 0.91%+0.03 0.85+0.09 1+0 1+0 10 0.99+0.004
n=1 OTUg03 0.02*0.001 0.05*+0.002 0.09%0.003 0.09£0.004 0.09£0.004 0.08+0.02 0.13+0.04 0.05*0.002 0.05*+0.002
n=2 OTUg .03 0.04%0.001 0.08+0.002 0.15%£0.003 0.15*£0.003 0.14£0.003 0.22%+0.01 0.36+0.01 0.09£0.002 0.09%+0.002
n=5 OTUg 03 0.07+0.002 0.13+0.003  0.23*+0.003 0.23*0.004 0.23*£0.004 0.32%+0.01 0.48+0.01 0.18£0.003 0.18+0.005
n=10 OTUg 03 0.09+0.02 0.16+0.003  0.28+0.003 0.28+0.004 0.29£0.006  0.4*+0.008 0.57+0.01 0.26+0.003 0.28%+0.01
n>10 OTUg03 0.4+0.02 0.57+0.02 0.73%+0.01 0.72+0.01 0.71%+0.05 0.86+0.02 0.93+0.01 0.86*0.02 0.82+0.06
a=0.004% OTUg3 0.05*0.005 0.1£0.009 0.18*+0.014 0.18*0.015 0.17*£0.016  0.25*0.01 04+0.018 0.12%£0.012 0.12%0.012
a>1% OTUg03 0.48*0.1 0.65*0.09 0.78%0.07 0.78+0.07 0.61*0.1 0.65+0.08 0.78+0.06 0.65*+0.08 0.65+0.08

@ PLoS ONE | www.plosone.org

*The empirical cutoff used to define rare and abundant members of the community. n: corresponds to the number of clones, a: corresponds to percentage abundance.
Cutoffs n=1, n=2, n=5, n=10, a=0.004% are rare cutoffs, while n>10, and a>1% are the abundant cutoff.
*The phylogenetic level used to bin sequences into operational taxonomic units. OTUg 3 is the 97% cutoff for defining species.
PAll similarity indices values are averages * standard deviations of all possible (6) pair wise comparisons.
doi:10.1371/journal.pone.0012414.t002
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Quad
10135

Quad
10183

Figure 2. Venn diagrams showing the number of unique and shared OTUs between the 4 quadrants studied for (A) empirical cutoff
(n=1) for defining rare species, (B) empirical cutoff (n=2) for defining rare species, (C) empirical cutoff (n=5) for defining rare
species, (D) empirical cutoff (n=10) for defining rare species, (E) empirical cutoff (n>10) for defining abundant species, (F)
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empirical cutoff (% abundance =0.004%) for defining rare species, (G) empirical cutoff (% abundance >1%) for defining abundant
species, and (H) the entire datasets. Color-coding is as follows: quadrant 1 (yellow), quadrant 2 (red), quadrant 3 (green), and quadrant 4 (blue).

doi:10.1371/journal.pone.0012414.9002

dance=0.004%), and abundance (n=10, and percentage abun-
dance>1%) cutoffs. The numbers of OTUs in each of these
groups for each quadrant and the total are shown in Table 3. For
each of the rare and abundant OTU groups, various beta diversity
estimates (as described above) were conducted. In general, Venn
diagram displayed lower proportion of shared OTUs between rare
members of the four communities when contrasted to the
proportion of shared OTUs between abundant members of the
community (Figure 2A—G). Various similarity indices (Table 2)
showed higher beta diversity (i.e. lower similarity) between rare
members of the community in the four quadrants, as opposed to
the abundant fraction of the community, or the entire dataset of
the four quadrants. Finally, non-metric multidimensional scaling
plots using Bray-Curtis similarity indices of rare, abundant, and
total datasets (Figure 3) showed that while various members
belonging to the same quadrant were close to each other in
ordination space, all abundant members from the 4 quadrants
clustered very close together indicating that, regardless of the
quadrant, abundant members are more similar to each other as
opposed to rare members that showed more further apart
positioning in ordination space giving further evidence to the
observation that rare members of the community contribute more
to B-diversity compared to abundant members.

Is the observed B diversity between rare members of the
community due to inadequate sampling?

Rarefaction analysis for the number of OTUs observed in each
quadrant studied (Figure S2) shows that our sampling is far from
adequate to observe all species present in the spring. Since the
probability of missing rare members of the community upon
incomplete sampling is higher than the probability of missing more
numerically abundant members of the community, it is conceiv-
able that the observed B-diversity between the rare members of the
community could be due to inadequate sampling. As such, it could
be argued that the high beta diversity differences observed might
not be truly due to spatial differences in these communities, and
could primarily be mediated by inadequate sampling.

To address such issues, we implemented a sub-sampling
approach in which 3 subsamples from a single quadrant (quadrant
2) were compared to three subsamples, each from a different

Table 3. Number of OTUsg o3 identified for each quadrant at
each of the rare and abundant species definitions used in this
study.

Quadrant n=1 n=2 ns=5 n=10 n>10 a=0.004% a>1%
1 12140 14652 16589 17340 925 15286 7
2 11052 13618 15551 16335 953 14231 7
3 12526 14999 16785 17505 903 15566 6
4 9068 10730 12075 12632 634 10730 5
Total® 39062 44658 47581 48579 2203 46050 21

n: corresponds to the number of clones, a: corresponds to percentage
abundance.

“Total OTUs correspond to the number of OTUs identified when reads from all
quadrants are combined at the specified cutoff.
doi:10.1371/journal.pone.0012414.t003
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quadrant (subsamples from quadrants 1, 3, and 4). As such, if the
beta diversity differences observed are truly spatial, then higher
Beta diversity levels would be observed between subsamples from
quadrants 1, 3, and 4 as opposed to the subsamples from quadrant
2. We created 3 random subsamples (28,000 sequences each) from
our largest dataset (quadrant 2) and treated the subsamples as
separate datasets. We also randomly picked a 28,000-sequence
subsample from each of the other 3 quadrants. We hypothesized
that since the 3 random sub-samples from quadrant 2 have no
spatial separation, then they should be more similar to one another
when compared to the 3 random sub-samples from the other 3
quadrants. Moreover, beta diversity observed between the
subsamples of quadrant 2 would also act as a baseline for
comparison where any significantly different B-diversity beyond
that baseline could possibly be a true and not a random difference.
Figure 4A shows that the 3 sub-samples from quadrant 2 have
12.6% of the total OTUs shared between the 3 sub-samples,
23.8%0.55% of the total OTUs shared between 2 subsamples, and
49.6+0.93% of the total OTUs unshared. Student t-test showed
that subsamples from quadrants 1, 3, and 4 had significantly less
shared OTUs percentage (10.8% of the total OTUs shared
between the 3 sub-samples, 20.7+0.46% of the total OTUs shared
between 2 subsamples), and significantly more unshared OTUs
(55.4%0.93% of the total OTUs unshared) (p=0.0016). Non-
metric multidimensional scaling using Bray-Curtis similarity
indices clustered the 3 sub-samples from quadrant 2 close to each
other in ordination space, while the 3 subsamples from quadrants
1, 3, and 4 clustered further apart in ordination space from one
another as well as from the subsamples of quadrant 2 (Figure 4B).
The above results argue that the observed differences between
quadrants are not random and could possibly be due to their
spatial separation.

To examine the possibility that the observed B-diversity between
the rare members of the community is due to inadequate
sampling, we used the best-fit parametric estimator (mixture of 2
exponentials-mixed Poisson) to estimate the species richness, as
well as the predicted distribution patterns within each quadrant,
using the criteria previously outlined [37,38]. Using this approach,
we estimated the number of expected singletons in each quadrant
had a complete census of the microbial community been achieved.
Figure 4C shows the numbers of observed and expected OTUs as
well as singleton OTUs in each of the 4 quadrants studied. In
theory, if we have a pool of the expected number of singletons (e.g.
38,834 singletons in quadrant 1) and we sampled the number of
observed singletons (e.g. 12140 singletons in quadrant 1) from that
pool with replacement 4 times (i.e. four-12140 random draws from
a pool of 38,834 singletons), we should be able to construct a
theoretical Venn diagram and determine the expected percentages
of singletons shared between 4 samples, between 3 samples,
between 2 samples, and the expected percentage of unshared
singletons. A theoretical Venn diagram was constructed for each of
the 4 quadrants and the average percentages of shared and
unshared OTUs were calculated. Those are the predicted
percentages of shared and unshared OTUs. We used these
theoretical values as a baseline for comparison to our actual
(observed) percentages of singletons shared between 4 samples,
between 3 samples, between 2 samples, and the average
percentage of unshared singletons. Since the 4 random draws to
construct the theoretical Venn diagram (and hence calculate the
predicted shared and unshared percentages) come from the same
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Figure 3. Non-metric multidimensional scaling plots of the 4 quadrants studied. Pair wise Bray-Curtis similarity indices for each of the
quadrants at 4 empirical rare cutoffs (n=1 (N;), n=2 (N,), n=5 (Ns), and n=10 (N;)), one empirical abundant cutoff (n>10 (Ab)), as well as for the
entire datasets (All) were used to construct the plot. Grey shapes show rare and abundant members from each quadrant clustering closer together
with the whole quadrant. Stress value was close to 0, and most of the variation (65-95.3%) was explained by 2 axes. The addition of a third axis did

not improve the model substantially.
doi:10.1371/journal.pone.0012414.9003

pool, then any significant difference from the predicted values
should be regarded as true difference and not due to inadequate
sampling. Figure 4D shows the average predicted % of shared and
unshared singletons and the corresponding observed percentages
(shown in Table S3 for n=1). The observed unshared singletons
percentage was significantly higher (77.3%1.78% compared to a
predicted value of 31.1%£6.64%), and the observed shared
singletons percentages were significantly lower (0.1%, 0.59=*
0.04%, and 4.7%£0.19% compared to predicted values of 1.54%,
3.39%1%, and 8.73%£0.23%) compared to the corresponding
predicted values. Therefore we can conclude that, while inad-
equate sampling could contribute to observed beta diversities
within rare biosphere of highly diverse communities, the observed
B-diversity in Zodletone spring quadrants could not be fully
explained by inadequate sampling.

What fraction of the rare biosphere is mostly responsible
for the observed Beta diversity?

As previously suggested [20], members of the rare biosphere are
a heterogeneous mix of microorganisms with various phylogenetic
affiliations and relationships to other members of the community.
Broadly, members of the rare biosphere could be: novel and
unique Le. belong to novel, previously un-encountered phyloge-
netic lineages and have no close relatives within more abundant
members of the community, unique but non-novel, i.e. have no
similarity to any abundant members of the community but belong
to previously described phylogenetic lineages, and non-novel and
non-unique ie. having relatives within the most abundant
members of the community.

We sought to compare levels of beta diversities of each of these
three groups to pinpoint the members of the rare biosphere that
contribute the most to the observed B-diversity (i.e. Across the four
datasets; which specific subgroup of the rare biosphere varies the
most between samples?). We divided our rare biosphere
(arbitrarily defined as n=5) into the 3 subgroups according to
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the criteria described in Materials and Methods. In general, the
majority of rare clones were classified as non-unique non-novel
(NUNN 90.5%), followed by the unique non-novel members
(UNN 5%) then the unique novel members (UN 4.5%). Table 4
shows beta diversity measures for each of the subgroups of the rare
biosphere as well as for the total rare biosphere defined at n=5
studied across the 4 quadrants. Analysis of variance showed that
for all the beta diversity measures, the 3 subgroups of the rare
biosphere as well as the total rare biosphere (n=5) were
significantly different (p<<0.0001). To further pinpoint the member
of the rare biosphere responsible for such significant difference in
beta diversity measures, pair wise t-tests between all possible pairs
(NUNN-UN, NUNN-UNN, NUNN-total, UN-UNN, UN-total,
and UNN-total) were carried out. Results showed that the unique
non-novel members were the most responsible for that significant
difference. Unique non-novel members had significantly higher
percentage of unshared OTUs and significantly lower percentage
of shared OTUs compared to the total rare biosphere as well as
the other 2 rare subgroups with p-values<<0.0083 (Bonferonni-
corrected p-value for the number of pair-wise comparisons).

Discussion

In this study, we examined the bacterial diversity in an
anaerobic sulfur- and sulfide-rich spring in southwestern Okla-
homa. We used 292,130 high quality 16S rRNA gene sequences,
distributed between four samples to study patterns of fine scale -
diversity within the community. While comparative diversity
between multiple communities has been extensively studied using
culture-based [39,40,41,42], and culture independent [6,7,12,
14,18] surveys, most of these studies have focused on elucidating
the effect of specific measurable factor(s) on microbial community
structure e.g. along gradients of various length scales, from cm
[43] to global [44,45] scales. This work is significant since it
examines whether fine scale beta diversity exists in seemingly
identical samples in a highly diverse ecosystem, and what
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Figure 4. Effect of inadequate sampling on the observed beta diversity in Zodletone spring. A sub-sampling approach was implemented
in which 3 subsamples from quadrant 2 (sub1, sub2, and sub3) were compared to three subsamples, each from a different quadrant (Quad 1_r, Quad
3_r,and Quad 4_r). (A) The percentage unshared OTUs, and the percentage shared OTUs between 2 quadrants, and 3 quadrants for the 3 subsamples
from quadrant 2 versus the 3 subsamples from quadrants 1, 3, and 4 (* denotes that the percentage shared/unshared OTUs were significantly
different between the 2 groups). Error bars represent standard deviations from 3 pairs of subsamples (2 quads) and 3 subsamples (1 quad). No error
bars were obtained for the single 3-quads data point. Color-coding is as follows: the 3 subsamples from quadrant 2 (black), and the 3 subsamples
from quadrants 1, 3, and 4 (white). (B) Non-metric multidimensional scaling plot for the 6 subsamples studied. Pair wise Bray-Curtis similarity indices
were used to construct the plot. Stress value was close to 0 and most of the variation (77.8%) was explained by 2 axes. (C) Observed and expected
number of species (Sgps, aNd Sexpected: respectively) and singletons for each of the quadrants studied. The numbers were used to construct theoretical
Venn diagrams as described in text. (D) The percentage shared OTUs between 4 quadrants, 3 quadrants, 2 quadrants, and the percentage unshared
OTUs calculated from the obtained Venn diagram for n=1 (shown in Figure 2A) (observed data), and the average percentages calculated from the
theoretical Venn diagrams (predicted data). Error bars represent standard deviations from 4 data points for each of the observed and predicted
unshared OTUs percentages (1 quad), 6 data point for the observed shared OTUs percentages and 4 data points for the predicted shared OTUs
percentages between 2 quads, 4 data points for each of the observed and predicted shared OTUs percentages between 3 quads, 4 data points for the
predicted shared OTUs percentages between 4 quads. No error bars were obtained for the single 4-quads observed shared OTUs percentage data
point. Color-coding is as follows: Observed data (black), and predicted data (white).

doi:10.1371/journal.pone.0012414.9g004

proportion of the community is responsible for such differences.
The most important findings of this study is the fact that high beta
diversity is detected within spatially (1 mm) separated samples at
Zodletone spring source sediments, with rare members of the
community primarily responsible for such diversity. This issue
should be taken into account when 1: interpreting results of
comparative pyrosequencing surveys, especially those comparing
rare biosphere across various ecosystems; 2: Assessing the overall
microbial diversity (gamma diversity) within highly diverse
ecosystems; and 3. Planning for metagenomic surveys of such
environments.

Our study shows that phylum-level diversity profile from a
specific habitat is highly reproducible (Figure 1), and hence results
from pyrosequencing surveys should be viewed as accurately

@ PLoS ONE | www.plosone.org

representing phylum level diversity within the entire habitat. On
the other hand, our results indicate that the notion that species
level diversity profile of an ecosystem could accurately be
described in a single pyrosequencing survey should be interpreted
with caution. Profiles of the abundant members of a community
appear to be reproducible and highly similar between spatially
separated samples. On the other hand, studies comparing the rare
biosphere across different ecosystems should be handled with
caution, since the composition of the rare biosphere within a
specific ecosystem appear to vary significantly between seemingly
identical samples, and hence a single sample is not truly
representative of the rare biosphere of the entire ecosystem [9].
In our dataset, since only 23-47% on average of the rare OTUs (at
rarity cutoffs of n=1 and n=10) were shared, then considering
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Table 4. Beta diversity measures for the rare biosphere sub-groups across the 4 quadrants compared to the total rare biosphere

Rare sub-group? Percentage of OTUs shared between

Pair wise similarity indices®

4 quads 3 quads® 2 quads® 1 quad® Abundance-based Theta (Smith) Theta (Yue & Clayton)
Jaccard Sorensen
NUNN 2.1 45+012  129+037 57232 03001 0474001 0.17+0.004 0.180.005
UN 23 4.7+0.52 12.1+£0.87 63+2.12 0.3%+0.05 0.48+0.06 0.18%+0.008 0.2%0.007
UNN 1.1 26*0.18 8.2+0.58 71£2.16 0.23+0.02 0.37%0.03 0.11%+0.006 0.12%+0.004
Total 23 4.7+0.09 13.2+0.29 56.9+3.12 0.32%+0.008 0.48+0.01 0.18*+0.005 0.18%+0.005

biosphere defined at the empirical cutoff of n=5.

doi:10.1371/journal.pone.0012414.t004

the rare OTUs from a single quadrants as the signature OTUs of
the community and using such data in comparing rare Zodletone
OTUs to other OTUs is highly problematic.

In addition to the implications on interpreting comparative
pyrosequencing studies, the detected high levels of beta diversity
on a fine scale within a complex ecosystem should be taken into
consideration upon estimating the overall diversity (gamma
diversity) within a specific ecosystem. Efforts to gauge diversity
and species richness in complex habitats (e.g. soil) have been an
area of intense research. However, in most cases, the starting point
of reported analysis would be a single clone library or a
pyrosequencing dataset derived from a single PCR reaction
[37,46,47]. As such, these admirable efforts provide estimates on
the diversity within a fraction of the habitat studied i.e. from the
DNA included in the PCR reaction, which is only a fraction of the
DNA isolated from a single sample (e.g. 0.5 grams of soil). By no
means such numbers would be considered representative of the
species richness and diversity of the entire habitat to be studied.
Therefore estimates of microbial gamma diversity of a specific
habitat should take fine scale beta diversity patterns into account
rather than relying solely on alpha diversity information.

In addition to estimates of species richness and overall diversity,
culture-independent surveys are often used as a starting point for
planning metagenomic surveys of entire communities. Estimates
for sequencing effort required for obtaining high (e.g. 90%)
coverage within such habitats have been reported [48,49], but
have often been based on single 16S rRNA gene datasets. We
argue that ignoring beta diversity patterns could lead to vast
underestimation of sequencing efforts required to achieve the
desirable coverage. This is especially important since recent and
anticipated advances in sequencing technologies [50,51], bioinfor-
matics programs and pipelines [52,53,54], improvements in
existing sequencing technologies [55] have triggered efforts for
conducting coverage-oriented metagenomic surveys aiming at
complete sequencing of an entire ecosystem [56,57]. We argue
that upon taking beta diversity patterns into account, the strict
notion of complete sequencing of an entire ecosystem (e.g. soil) is a
near impossibility. Rather, a more realistic, yet-still extremely
ambitious and desirable goal would be the complete sequencing of
abundant, fine-scale, shared members of the community since
obtaining coverage of these members are achievable. Also, in
addition to the huge additional sequencing efforts required to
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®NUNN are the non-unique non-novel members, UN are the unique novel members, UNN are the unique non-novel members, total correspond to the total rare

PNumbers are averages = standard deviations of shared/unshared OTUs percentages for 4 data points (1 quad, and 3 quads) and 6 data points (2 quads). The
percentages were calculated by dividing the number of shared/unshared OTUs between “x” quadrants by the total number of observed OTUs in those “x” quadrants.
The number of shared OTUs between 2 quadrants also includes the number of OTUs that these 2 quadrants share with either one or two more quadrants. The number
of shared OTUs between 3 quadrants also includes the number of OTUs that these 3 quadrants share with the fourth quadrant.

CAll similarity indices values are averages *+ standard deviations of 6 pair wise comparisons. We only chose those similarity indices that use the relative abundance data
(instead of the abundance or the presence-absence data) due to the difference in sample sizes of the 4 groups compared.

chase the long tail end of the extremely alpha and beta diverse rare
biosphere, genomes derived from cells that are encountered only
once in a single gram of soil could be lost during sample
preparation and titration phases of the project, and hence
completely missed in such census.

Finally the results reinforce the nation that the rare biosphere is
a near inexhaustible supply of genomic novelty. In Zodletone
spring, a significant proportion of sequences belonged to novel and
unique lineages (3804 sequences). The fact that a high level of beta
diversity (only 37% shared between 2 or more quadrants) was
encountered in this group, argues that the potential for discovering
novel lineages within a specific habitat could not be adequately
assessed using a single sample, an issue that could greatly expand
the inventories of novel lineages within the earth biosphere than
previously implied by single dataset survey of complex habitats.

Supporting Information

Figure S1 (A) Zodletone spring source. Anaerobic, and sulfide-
rich black viscous sediments covered by an anoxic, sulfide-rich
water column were sampled according to the technique in (B). The
grid used for obtaining samples is composed of 1 inch2 grids 1-mm
thick. Four quadrants of sediments were used for DNA extraction
such that all 4 samples are 1 mm apart from each other.

Found at: doi:10.1371/journal.pone.0012414.5001 (1.89 MB TTF)

Figure 82 Rarefaction curves of the observed number of
operational taxonomic units defined at 97% sequence similarity
(OTUs0.03) for each of the quadrants studied. Color-coding is as
follows: quadrant 1 (red), quadrant 2 (black), quadrant 3 (green),
and quadrant 4 (blue).

Found at: doi:10.1371/journal.pone.0012414.s002 (0.31 MB
TIF)

Text S1 Sequences from quadrant 1.

Found at: doi:10.1371/journal.pone.0012414.5003 (4.64 MB ZIP)
Text 82 Sequences from quadrant 2.

Found at: doi:10.1371/journal.pone.0012414.5004 (.96 MB ZIP)
Text 83 Sequences from quadrant 3.

Found at: doi:10.1371/journal.pone.0012414.s005 (4.48 MB ZIP)
Text 84 Sequences from quadrant 4.

Found at: doi:10.1371/journal.pone.0012414.s006 (3.10 MB ZIP)
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Table S1 Effect of quality filtering on the number of reads
obtained for each quadrant.

Found at: doi:10.1371/journal.pone.0012414.s007
DOCX)

(0.06 MB

Table 82 Phyla percentage abundance in the 4 quadrants
studied as well as in the total.

Found at: doi:10.1371/journal.pone.0012414.s008 (0.11
DOCX)

MB

Table S3 Percentage of shared and unique OTUs and clones
between the 4 quadrants studied at all the rare and abundant
empirical cutoffs as well as for the totals.

References
1. Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, et al. (2005) Genome

sequencing in microfabricated high-density picolitre reactors. Nature 437:
376-380.

2. Acosta-Martinez V, Dowd S, Sun Y, Allen V (2008) Tag-encoded pyrose-
quencing analysis of bacterial diversity in a single soil type as affected by
management and land use. Soil Biol Biochem 40: 2762-2770.

3. Claesson MJ, O’Sullivan O, Wang Q, Nikkila J, Marchesi JR, et al. (2009)
Comparative Analysis of Pyrosequencing and a Phylogenetic Microarray for
Exploring Microbial Community Structures in the Human Distal Intestine.
PLoS ONE 4: ¢6669.

4. Jones RT, Robeson MS, Lauber CL, Hamady M, Knight R, et al. (2009) A
comprehensive survey of soil acidobacterial diversity using pyrosequencing and
clone library analyses. ISME J 3: 442-453.

5. Chariton AA, Court LN, Hartley DM, Colloff MJ, Hardy CM (2010) Ecological
assessment of estuarine sediments by pyrosequencing cukaryotic ribosomal
DNA. Front Ecol Env 8: 233-238.

6. Brown MV, Philip GK, Bunge JA, Smith MC, Bissett A, et al. (2009) Microbial
community structure in the North Pacific ocean. ISME J 3: 1374-1386.

7. Brazelton WJ, Ludwig KA, Sogi ML, Andreishcheva EN, Kelley DS, et al.
(2010) Archaeca and bacteria with surprising microdiversity show shifts in
dominance over 1,000 year time scales in hydrothermal chimneys. Proc Natl
Acad Sci USA 107: 1612-1617.

8. Sogin ML, Morrison HG, Huber JA, Welch DM, Huse SM, et al. (2006)
Microbial diversity in the deep sea and the underexplored “rare biosphere”.
Proc Nat Acad Sci USA 103: 12115-12120.

9. Galand PE, Casamayor EO, Kirchman DL, Lovejoy C (2009) Ecology of the
rare microbial biosphere of the Arctic Ocean. Proc Nat Acad Sci USA 106:
22427-22432.

10. Liggenstoffer AS, Youssef NH, Couger MB, Elshahed MS (2010) Phylogenetic
diversity and community structure of anaerobic gut fungi (phylum Neocallimas-
tigomycota) in ruminant and non-ruminant herbivores. ISME JIn Press:
doi:10.1038/ismej.2010.1049.

11. Hamady M, Walker JJ, Harris JK, Gold NJ, Knight R (2008) Error-correcting
barcoded primers for pyrosequencing hundreds of samples in multiplex. Nat
Methods 5: 235-237.

12. Miller SR, Strong AL, Jones KL, Ungerer MC (2009) Bar-Coded Pyrosequenc-
ing Reveals Shared Bacterial Community Properties along the Temperature
Gradients of Two Alkaline Hot Springs in Yellowstone National Park. Appl
Environ Microbiol 75: 4565-4572.

13. Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, et al. (2009)
Bacterial Community Variation in Human Body Habitats Across Space and
Time. Science 326: 1694-1697.

14. Andersson AF, Lindberg M, Jakobsson H, Backhed F, Myren P, et al. (2008)
Comparative analysis of human gut microbiota by barcoded pyrosequencing.
Plos One 3: ¢2836.

15. McKenna P, Hoffmann C, Minkah N, Aye PP, Lackner A, et al. (2008) The
Macaque gut microbiome in health, lentiviral infection, and chronic enteroco-
litis. Plos Pathog 4: 20.

16. Dethlefsen L, Huse S, Sogin ML, Relman DA (2008) The pervasive effects of an
antibiotic on the human gut microbiota, as revealed by deep 168 rRNA
sequencing. PLoS Biol 6: ¢280.

17. Galand PE, Casamayor EO, Kirchman DL, Potvin M (2009) Unique archacal
assemblages in the Arctic Ocean unveiled by massively parallel tag sequencing.
ISME J 3: 860-869.

18. Andersson AF, Riemann L, Bertilsson S (2010) Unique archaeal assemblages in
the Arctic Ocean unveiled by massively parallel tag sequencing. ISME J 4:
171-181.

19. Senko JM, Campbell BS, Henricksen JR, Elshahed MS, Dewers TA, et al. (2004)
Barite deposition mediated by photootrophic sulfide-oxidizing bacteria.
Geochim Cosmochim Acta 68: 773-780.

. Elshahed MS, Senko JM, Najar FZ, Kenton SM, Roe BA, et al. (2003) Bacterial
diversity and sulfur cycling in a mesophilic sulfide-rich spring. Appl Environ
Microbiol 69: 5609-5621.

21. Savage KN, Krumholz LR, Gieg LM, Parisi VA, Suflita JM, et al. (2010)

Biodegradation of low-molecular-weight alkanes under mesophilic, sulfate-

@ PLoS ONE | www.plosone.org

1

Fine Scale Beta Diversity

Found at: doi:10.1371/journal.pone.0012414.s009 (0.11 MB
DOCX)
Acknowledgments

We thank Brandi L. Bavido for technical assistance.

Author Contributions

Conceived and designed the experiments: NHY MSE. Performed the
experiments: NHY. Analyzed the data: NHY MC MSE. Wrote the paper:
NHY MSE.

reducing conditions: metabolic intermediates and community patterns. FEMS
Microbiol Ecol 72: 485-495.

Biihring SI, Sievert SM, Jonkers HM, Ertefai T, Elshahed MS, et al. (2010)
Chemotaxonomic composition and carbon cycling in phototrophic microbial
mats in a sulfur-rich spring (Zodletone, Oklahoma, USA). Geobiol Submitted.
Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, et al. (2009)
Introducing mothur: open-source, platform-independent, community-supported
software for describing and comparing microbial communities. Appl Environ
Microbiol 75: 7537-7541.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, et al. (2006)
Greengenes, a chimera-checked 16S rRNA gene database and workbench
compatible with ARB. Appl Environ Microbiol 72: 5069-5072.

. Levin IP (1999) Relating statistics and experimental design. Quantitative
applications in the social sciences series # 125. Thousand Oaks, CA: Sage
publications.

Schloss PD (2008) Evaluating different approaches that test whether microbial
communities have the same structure. ISME J 2: 265-275.

Anderberg MR (1973) Cluster analysis for applications. New York: Academic
press.

Jaccard P (1901) Etude comparative de la distribution florale dans une portion
des Alpes et des Jura. Bulletin de la Société Vaudoise des Sciences Naturelles 37:

547-579.

22.

23.

24.

26.

27.

28.

29. Serensen T (1948) A method of establishing groups of equal amplitude in plant
sociology based on similarity of species and its application to analyses of the
vegetation on Danish commons. Biologiske Skrifter/Kongelige Danske Videns-
kabernes Selskab 5: 1-34.

30. Ochiai A (1957) Zoogeographical studies on the Soleoid fishes found in Japan

and its neighbouring regions-II:. Bull Japan Soc Sci Fisheries 22: 526-530.

31. Bray JR, Curtis JT (1957) An ordination of the upland forest communities of
southern Wisconsin. Ecol Monogr 27: 325-349.

. Chao A, Chazdon RL, Colwell RK, Shen T-J (2005) A new statistical approach
for assessing compositional similarity based on incidence and abundance data.
Ecol Lett 8: 148-159.

Smith W, Solow AR, OPreston PE (1996) An estimator of species overlap using
a modified beta-binomial model. Biometrics 52: 1472-1477.

. Yue JC, Clayton MK (2005) A similarity measure based on species proportion.
Commun Stat Theory Methods 34: 2123-2131.

. Oksanen J, Kindt R, Legendre P, O’Hara B, Simpson GL, et al. (2009) vegan:

Community Ecology Package. R package version 1.15-4.

R Development Core Team (2009) R: A language and environment for

statistical computing. Vienna, Austria: R Foundation for Statistical Computing.

Hong S-H, Bunge J, Jeon S-O, Epstein SS (2006) Predicting microbial species

richness. Proc Natl Acad Sci USA 103: 117-122.

Youssef NH, Elshahed MS (2008) Species richness in soil bacterial communities:

a proposed approach to overcome sample size bias. J Microbiol Methods 75:

86-91.

Franklin RB, Garland JL, Bolster CH, Mills AL (2001) Impact of Dilution on

Microbial Community Structure and Functional Potential: Comparison of

Numerical Simulations and Batch Culture Experiments. Appl Environ

Microbiol 67: 702-712.

. Furlong MA, Singleton DR, Coleman DC, Whitman WB (2002) Molecular and
Culture-Based Analyses of Prokaryotic Communities from an Agricultural Soil
and the Burrows and Casts of the Earthworm Lumbricus rubellus. Appl Environ
Microbiol 68: 1265-1279.

41. Legard DE, McQuilken MP, Whipps JM, Fenlon JS, Fermor TR, et al. (1994)
Studies of seasonal changes in the microbial populations on the phyllosphere of
spring wheat as a prelude to the release of a genetically modified microorganism.
Agric Ecosyst Environ 50: 87-101.

36.

37.

38.

39.

42. Thompson IP, Bailey MJ, Fenlon JS, Fermor TR, Lilley AK, et al. (1993)
Quantitative and qualitative seasonal changes in the microbial community from
the phyllosphere of sugar beet (Beta vulgaris). Plant Soil 150: 177-191.

43. Leiinger S, Urich T, Schloter M, Schwark L, Qi J, et al. (2006) Archaca

predominate among ammonia-oxidizing prokaryotes in soils. Nature 442:
806-809.

August 2010 | Volume 5 | Issue 8 | e12414



44.

46.

47.

48.

49.

50.

Pommier T, Canbick B, Riemann L, Bostrom KH, Simu K, et al. (2007) Global
patterns of diversity and community structure in marine bacterioplankton. Mol

Ecol 16: 867-880.

. Fuhrman JA, Steele JA, Hewson I, Schwalbach MS, Brown MV, et al. (2008) A

latitudinal diversity gradient in planktonic marine bacteria. Proc Nat Acad Sci
USA 105: 7774-7778.

Schloss PD, Handelsman J (2006) Toward a census of bacteria in soil. PLoS
Comput Biol 2: 786-793.

Roesch LFW, Fulthorps RR, Riva A, Casella G, Hadwin AKM, et al. (2007)
Pyrosequencing enumerates and contrasts soil microbial diversity. ISME J 1:
283-290.

Quince C, Curtis TP, Sloan WT (2008) The rational exploration of microbial
diversity. ISME J 2: 997-1006.

Tringe SG, von Mering C, Kobayashi A, Salamov AA, Chen K, et al. (2005)
Comparative metagenomics of microbial communities. Science 308: 554-557.
Eid J, Fehr A, Gray J, Luong K, Lyle J, et al. (2009) Real-Time DNA
Sequencing from Single Polymerase Molecules. Science 323: 133-138.

@ PLoS ONE | www.plosone.org

12

51.

52.

o
)

54.

56.

57.

Fine Scale Beta Diversity

Clarke J, Wu H-C, Jayasinghe L, Patel A, Reid S, et al. (2009) Continuous base
identification for single-molecule nanopore DNA sequencing. Nat Nanotechnol
4: 265-270.

Mitra S, Gilbert JA, Field D, Huson DH (2010) Comparison of multiple
metagenomes using phylogenetic networks based on ecological indices.

ISME J doi:10.1038/isme;j.2010.51.

. Pati A, Ivanova NN, Mikhailova N, Ovchinnikova G, Hooper SD, et al. (2010)

GenePRIMP: a gene prediction improvement pipeline for prokaryotic genomes.
Nat Methods 7: 455-457.

Zhu W, Lomsadze A, Borodovsky M (2010) Ab initio gene identification in
metagenomic sequences. Nucleic Acids Res: gkq275.

. Hiatt JB, Patwardhan RP, Turner EH, Lee C, Shendure J (2010) Parallel, tag-

directed assembly of locally derived short sequence reads. Nat Methods 7:
119-122.

Vogel TM, Simonet P, Jansson JK, Hirsch PR, Tiedje JM, et al. (2009)
TerraGenome: a consortium for the sequencing of a soil metagenome. Nat Rev
Microbiol 7: 252.

Singh BK, Campbell CD, Sorenson SJ, Zhou J (2009) Soil Genomics. Nat Rev
Microbiol 7: 756.

August 2010 | Volume 5 | Issue 8 | e12414



