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An understanding of how communities are organized is a fundamental goal of ecology but one which has
historically been elusive for microbial systems. We used a bar-coded pyrosequencing approach targeting the V3
region of the bacterial small-subunit rRNA gene to address the factors that structure communities along the
thermal gradients of two alkaline hot springs in the Lower Geyser Basin of Yellowstone National Park. The
filtered data set included a total of nearly 34,000 sequences from 39 environmental samples. Each was assigned
to one of 391 operational taxonomic units (OTUs) identified by their unique V3 sequence signatures. Although
the two hot springs differed in their OTU compositions, community resemblance and diversity changed with
strikingly similar dynamics along the two outflow channels. Two lines of evidence suggest that these community
properties are controlled primarily by environmental temperature. First, community resemblance decayed
exponentially with increasing differences in temperature between samples but was only weakly correlated with
physical distance. Second, diversity decreased with increasing temperature at the same rate along both
gradients but was uncorrelated with other measured environmental variables. This study also provides novel
insights into the nature of the ecological interactions among important taxa in these communities. A strong
negative association was observed between cyanobacteria and the Chloroflexi, which together accounted for
~70% of the sequences sampled. This pattern contradicts the longstanding hypothesis that coadapted lineages
of these bacteria maintain tightly cooccurring distributions along these gradients as a result of a producer-

consumer relationship. We propose that they instead compete for some limiting resource(s).

Elucidating how biodiversity is distributed and the mecha-
nisms underlying those patterns is a central goal of ecology.
Although microorganisms make critical contributions to eco-
system function through their participation in biogeochemical
cycles, we still have only a limited understanding of the factors
that control the spatial structure and diversity of microbial
communities (37). For example, although it is clear that mi-
crobial community composition is influenced by environmental
variation (11, 17, 18, 28), the question of how diversity changes
along environmental gradients remains generally unresolved.
Of particular interest is the relationship between microbial
diversity and temperature, as this environmental variable is
strongly correlated with diversity over a broad range of spatial
scales for many plant and animal taxa in terrestrial, freshwater,
and marine ecosystems (1, 12, 36, 39, 43). In addition, because
spatially resolved abundance data for individual microbial taxa
are scarce, we have only limited information regarding the
patterns of association among microorganisms. Consequently,
microbial ecology has developed with little clarity regarding
the potential roles of either negative or positive biotic interac-
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tions for structuring communities or whether microbial com-
munity organization along environmental gradients conforms
to either individualistic (e.g., see references 13 and 20) or
organismal (e.g., see reference 9) community ecology para-
digms developed for macroscopic organisms.

Hot spring microbial ecosystems present an excellent oppor-
tunity to investigate fundamental questions regarding commu-
nity organization. Steep temperature gradients enable the ex-
plicit investigation of the importance of environmental
variation for structuring diversity while controlling for other
factors that typically vary across sampling locations on larger
geographic scales, such as solar energy availability and geolog-
ical history. Decades of biological research on the alkaline-
silica hot springs of Yellowstone National Park (reviewed in
reference 49) further inform predictions regarding the nature
of the ecological interactions among abundant community
members.

These systems are particularly notable for the presence of
ecologically diverse groups of cyanobacteria and photosyn-
thetic green nonsulfur bacteria (i.e., the Chloroflexi). The
former group includes lineages of Synechococcus, the most
thermotolerant of which delimits the thermal maximum for
photosynthesis, whereas the latter includes divergent “green”
(the genus Chloroflexus and relatives) and “red” (the genus
Roseiflexus) clades. The conventional view is that interactions
among cyanobacteria and the Chloroflexi are generally positive.
Specifically, it has been proposed that coadapted lineages of
Synechococcus and Chloroflexi maintain tightly cooccurring dis-
tributions due to a producer-consumer relationship in which



4566 MILLER ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 1. Temperature and water chemistry data summary for sampling sites”

Concn
Site Temp (°C)
NH, (M) NO; (M) NO, (M) PO, (11M) Mg (1M) As (uM) Na (mM)
WC1 39 6.71 9.14 0.49 2.60 3.7 6.4 5.90
WC2 43 — — — — — — —
WC3 46.5 0.35 0.35 0.08 0.97 5.8 1.5 3.85
WC4 51 — — — — — — —
WC5 54 0.32 0.38 0.08 0.52 8.6 BD 2.97
WC6 57 — — — — — — —
WC7 61 7.77 9.22 0.14 0.67 4.5 BD 3.10
WC8 64 — — — — — — —
WC9 67.5 — — — — — — —
WC10 72.5 1.03 0.89 0.21 0.51 3.8 BD 2.90
RC1 38.5 0.44 1.50 0.85 8.14 BD 17.8 14.55
RC2 47 — — — — — — —
RC3 51 2.31 4.81 1.08 8.66 BD 17.4 14.42
RC4 53 — — — — — — —
RC5 55 4.49 8.70 1.18 7.53 BD 17.0 14.69
RC6 61 — — — — — — —
RC7 63.5 2.24 1.96 1.46 9.40 BD 15.8 13.50
RC8 63.5 — — — — — — —
RC9 67.5 — — — — — — —
RC10 69 0.49 0.67 1.34 5.08 BD 16.6 14.20

¢ Temperature estimates for White Creek site 1 (WC1) to White Creek site 5 represent the mean annual temperatures for data collected at 10-min intervals between
September 2004 and September 2005. All other estimates are point estimates. —, not sampled; BD, below the detection limit; RC1, Rabbit Creek site 1.

the Chloroflexi grow as photoheterotrophs on low-molecular-
weight organic compounds excreted by the cyanobacteria (48,
49). In turn, the filamentous Chloroflexi were previously sug-
gested to provide a matrix within which Synechococcus cells
become stably embedded (5). According to this model, we
would expect to observe coincident peaks in abundance be-
tween coadapted lineages of cyanobacteria and Chloroflexi
along alkaline hot spring gradients as well as a general positive
correlation between the abundances of both groups. However,
other evidence raises the possibility that these groups may not
share a strict cross-feeding relationship. The genus Chlo-
roflexus is metabolically flexible in laboratory culture, and cer-
tain strains have been grown as photoautotrophs with hydro-
gen sulfide or hydrogen as an electron donor (16, 26, 30).
Although Roseiflexus is yet to be grown autotrophically in the
laboratory, comparative genomics of laboratory strains and
metagenomic data from microbial mat communities have also
revealed the presence of Roseiflexus genes involved in the au-
totrophic hydroxypropionate pathway (24). In addition, stable
carbon isotope data (46, 47) suggest that certain members of
the Chloroflexi may have the capacity to grow autotrophically
in situ. The issue of the nature of the ecological interactions
between cyanobacteria and the Chloroflexi therefore requires
clarification.

In the present study, we investigated the patterns of distri-
bution of bacteria along the temperature gradients of two
alkaline-silica hot springs in Yellowstone National Park to
determine how community properties changed in response to
temperature and whether the realized distributions of cyano-
bacteria and the Chloroflexi meet the prediction of the coad-
aptation hypothesis. To do so, we used bar-coded mass parallel
pyrosequencing of the V3 variable region of the bacterial
small-subunit (SSU) rRNA gene to simultaneously interrogate
the sequence diversity of environmental samples from multiple
locations along both hot springs. This strategy is distinct from

recent applications of next-generation DNA sequencing tech-
nology for investigating microbial diversity, as previous efforts
focused principally on the deep sampling of one or a few
discrete habitats for the purpose of quantifying the magnitude
of diversity (e.g., see references 21, 38, and 41). We report that
community properties changed with similar dynamics in re-
sponse to temperature despite differences between hot springs
in water chemistries and taxon composition, and we reject the
coadaptation hypothesis for these communities based on a
strong negative association in abundances of cyanobacteria
and Chloroflexi.

MATERIALS AND METHODS

Field methods. Microbial mat samples were collected in June 2006 from along
the outflow channels of two alkaline-silica hot springs located approximately 2
km from each other in the Lower Geyser Basin of Yellowstone National Park:
White Creek (Universal Transverse Mercator 516823E 4930490N [location of
White Creek site 10]) and Rabbit Creek (Universal Transverse Mercator
515009E 4929570N [location of Rabbit Creek site 10]). Triplicate samples of
approximately 0.5 g (wet weight) were sterilely collected from 10 locations along
each channel covering a similar thermal gradient, ranging from approximately
39°C to the respective upstream boundaries for visible microbial growth (Table
1). The sampling sites spanned distances of approximately 1.5 km at White Creek
and 0.4 km at Rabbit Creek, respectively. Samples were cryopreserved on-site
and returned to the University of Montana. Water samples sterilely collected in
June 2008 at five of the sampling sites along each creek channel were analyzed
by anion chromatography, inductively coupled plasma analysis, and flow injection
analysis (SEAL Analytical) of low-level inorganic nitrogen and phosphorus by
the Montana State University Microbial Biogeochemistry Laboratory.

PCR amplification and envir tal ing. Community DNA was
isolated from each environmental sample by a modification of a method de-
scribed previously by Niibel et al. (35). Primers for bar-coded mass parallel
sequencing of the V3 variable region of the bacterial SSU rRNA gene (see Table
S1 in the supplemental material) were produced by adding a unique bar code of
5 nucleotides between the sequences of 454 Life Sciences adapter A (27) and
reverse primer U529R (10). We focused on the diversity of the Bacteria, because
the Archaea and Eukarya are known to be comparatively rare in the alkaline-
silica hydrothermal systems of Yellowstone National Park (49; our unpublished
data). To construct environmental libraries, each sample was amplified using
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forward primer U341F (15) and a reverse primer with a different bar code. The
engineering of reverse primers with unique bar codes enabled amplification
products from the different samples to be pooled by equal mass, sequenced in the
reverse direction via massively parallel sequencing by synthesis (454 Life Sci-
ences), and then reassigned to their original sample based on primer bar code
identification. All PCRs were conducted with 25-ul volumes containing 1 wl of
environmental DNA (~10 ng/pl), 1 unit of Taq polymerase, and final concen-
trations of 30 mM Tricine, 50 mM KCl, 2 mM MgCl,, 0.1 mM each deoxynucleo-
side triphosphate, and 0.32 mM each primer. Reactions were performed using an
MIJ Research (Watertown, MA) PTC-100 thermal cycler with an initial denatur-
ation step at 95°C for 1 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30's,
and 72°C for 30 s and a final extension step at 72°C for 3 min. For each sample,
six replicate PCRs (and two negative control reactions) were conducted, and the
five PCR products exhibiting the strongest amplification were pooled by equal
volumes for sequencing. Pooled PCR products were purified prior to sequencing
using an Agencourt AMPure PCR purification kit. Two samples from each of the
10 White Creek and Rabbit Creek collection locations were processed by these
methods, with the exception of White Creek site 10, for which amplification was
successful for only one sample. These 39 samples were pooled for pyrosequenc-
ing (27) by 454 Life Sciences (Branford, CT). For the White Creek site 10
sample, a 2X (by mass) contribution to the sample pool was made. Because
samples were pooled by equal mass, variation in the number of sequences
recovered from each sample likely reflects slight biases in PCR efficiency among
primer bar codes.

Identification of OTUs. Using customized Perl scripts, raw sequence reads
with a valid bar code were identified and subsequently filtered to minimize the
effects of poor sequence quality and sequencing errors by removing (i) sequences
with greater than one ambiguous base call, (ii) sequences that were shorter than
85 nucleotides, and (iii) sequences that were longer than 135 nucleotides. We
next grouped sequences sharing 99% sequence identity into contigs by CAP3
sequence assembly (19). For each contig, the SSU rRNA gene sequence(s)
producing the alignment with greatest E value was determined with a local
BLAST similarity search (2) of the Michigan State University Center for Micro-
bial Ecology Ribosomal Database Project II (RDP II) database (downloaded on
13 October 13 2006 from http://rdp.cme.msu.edu). Contigs sharing the same top
alignment accession number were provisionally binned together for direct se-
quence alignment comparison using BioEdit, version 2.0 (14). For the purposes
of this study, contigs of unequal sequence length which were identical over the
region of sequence overlap were grouped together as an operational taxonomic
unit (OTU), as were singleton contigs differing from the consensus sequence
solely by an insertion or deletion (typically, this involved the inferred length of a
homopolymer tract). With respect to the first criterion, any contig sequence that
was too short to distinguish specific OTU membership (i.e., information at a
diagnostic nucleotide position was missing) was excluded from the abundance
matrix (see below). However, we were still able to assign about 97% of the
sequences to OTUs. We applied the second criterion because indels appear to
comprise the majority of pyrosequencing errors, particularly with respect to the
resolution of homopolymer length (23). Frequency distributions of contig rela-
tive abundances for individual OTUs were typically dominated by a single contig,
suggesting that these minor indel variants (frequently, these were singletons
recovered from a single sample) were likely sequence read errors (data not
shown). Contig sequences which shared top alignment scores but which did not
meet either of the above-described criteria were separated into different OTUs.

To determine the abundance (i.e., the number of sequences recovered) of
individual OTUs in each sample, we wrote Perl scripts to identify the contig
membership of each sequence by performing a local BLAST similarity search
against the CAP3 contig database. Each sequence was subsequently assigned to
its corresponding OTU on the basis of its contig identity. The resultant 391
(OTUs) X 39 (sample) abundance data matrix was used for subsequent analyses.

Assignment of OTUs to taxonomic groups. We attempted to assign OTUs to
taxonomic groups (i.e., bacterial divisions) on the basis of our BLAST sequence
similarity searches against the RDP II database. To ascertain OTU resolving
power, we generated frequency distributions of pairwise V3 sequence similarities
among 100 randomly selected strains represented in the RDP II database for
four bacterial divisions inferred to be abundant in our data set (Cyanobacteria,
Chloroflexi, Cytophaga-Flavobacter-Bacteroidetes [CFB]-Chlorobi, and Proteobac-
teria). For the Chloroflexi, the complete set of 47 strains was used. The mean
similarity within divisions was variable, exceeding 84% for the Chloroflexi and
Cyanobacteria, but was estimated to be 76% for the CFB-Chlorobi. As expected,
the interdivision pairwise sequence similarity was much lower. For example, the
mean V3 sequence similarity among interdivision pairwise comparisons between
the Cyanobacteria and Chloroflexi was approximately 74%, with >99.8% of pair-
wise comparisons having less than 85% similarity. We therefore assigned an
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OTU to a division if it exhibited sequence similarity to a cultured representative
of greater than 85%. However, the percent similarity was typically much greater.
For example, all OTUs that were assigned to the Cyanobacteria or Chloroflexi
(approximately 70% of the data set) were at least 91% similar to a laboratory
strain. This resolving power is comparable to that achieved by use of the V3
region in simulations (45).

Community richness and diversity. Raw taxonomic richness (S) was calculated
by summing the number of OTUs (including singletons) observed in each sam-
ple. To account for differences in sampling effort (i.e., the number of sequences
obtained), we also estimated richness with the Chaol estimator (7), with the
coverage-based estimator ACE (8), and by rarefaction. We calculated Chaol
with EstimateS, version 8.0 (purl.oclc.org/estimates). Because the coefficient of
variation of the abundance data was greater than 0.5 for some samples, which
results in an imprecision of the bias-corrected formula, we used the classic
version of the estimator according to the author’s recommendation. Estimates of
the mean richness for 500 individuals drawn randomly from each sample were
obtained with EcoSim, version 7.0 (N. J. Gotelliand and G. L. Entsminger,
Acquired Intelligence Inc. and Kesey-Bear), by 1,000 iterations of rarefaction
using the independent sampling algorithm. Shannon’s diversity {e>pi[In(pi)]}
was also calculated for each sample, where pi is the frequency of occurrence of
each OTU. Fisher’s alpha log series was calculated by iterating the equation
S/N = [(1 —x)/x][~In(1 — x)], where N is the number of sequences in the sample.
Once x was solved, the diversity index alpha («) was calculated as N(1 — x)/x.

Ordination methods. Nonmetric multidimensional scaling plots were generated
with Primer, version 5.0 (Plymouth Marine Laboratory, United Kingdom), from a
resemblance matrix of Bray-Curtis similarities calculated for each pair of community
samples from the square-root-transformed OTU abundance matrix. The best two-
dimensional solution presented in this study resulted in a minimum stress value of
0.09 and occurred in 23 of 25 runs (each of 100 iterations maximum). The proportion
of variance (%) among community samples represented by each axis was estimated
by the regression of distance in ordination space of Bray-Curtis similarity for each
pair of samples (29). Rates of community composition change (i.e., OTU turnover
or beta diversity) were estimated by the regression of Bray-Curtis similarity on both
geographic distance and the difference in the estimated environmental temperature
of community samples. For all models, the most linear relationship and the most
homoscedastic distribution of data points were achieved by logarithmic transforma-
tion of Bray-Curtis similarity.

RESULTS

Physical and chemical properties of study sites. Although
both are examples of alkaline-silica hydrothermal systems
common within the Yellowstone National Park caldera, White
Creek and Rabbit Creek differed both in the rates of temper-
ature change along their channels and in water chemistries
(Table 1). The thermal gradient of Rabbit Creek was much
steeper (corresponding to an average change of 7.5°C per
100 m [ = 0.98; F, 5 = 387.62; P < 0.0001]) than that of
White Creek (2°C per 100 m [r* = 0.93; F, 3 = 100.06; P <
0.0001]). In addition, the creeks systematically differed in the
concentrations of several nutrients and trace elements, includ-
ing phosphate, magnesium, sodium, and arsenic (Table 1).
Temperature did not covary with any measured nutrient or
trace element, including nitrate (F, 3 = 0.51; P = 0.50), am-
monium (F, g = 0.14; P = 0.72), and phosphate (I, 3 = 0.16;
P = 0.70).

Pyrosequencing data set. A total of 47,267 sequences with a
valid bar code were obtained from a total of 39 samples col-
lected from 10 sites along the thermal gradients of each hot
spring. The data set was reduced to 33,863 sequences (includ-
ing 32,018 sequences with no ambiguous base calls) after fil-
tering of poor-quality sequences (see Materials and Methods).
This approximately 28% reduction is comparable to that de-
scribed previously Sogin et al. (41). Groups of sequences shar-
ing 99% sequence identity were next determined by CAP3
sequence assembly. A total of 1,424 sequence groups were
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FIG. 1. Nonmetric multidimensional scaling plot of hot spring
community samples. Color coding of samples from White Creek
(squares) and Rabbit Creek (diamonds, shaded in gray) indicate the
temperatures of sampling locations.

identified. Groups with low E values (representing 169 se-
quence reads) when queried against the RDP II database were
removed from the data set at this stage, as subsequent NCBI
GenBank BLAST analyses revealed that they were not bacte-
rial V3 sequences (these included sequences with no match
against the database, mitochondrial V3 sequences, and other
nonhomologous loci). From the remaining contigs, we identi-
fied a total of 391 distinct OTUs (see Materials and Methods)
representing 33,140 sequences (see Tables S2 and S3 in the
supplemental material), the eight most abundant of which
comprised 50% of the sequences recovered. Rarefaction anal-
yses (see Fig. S1 in the supplemental material) indicated that
all samples had reached the curvilinear phase of sampling
effort and that the curve had started to plateau for White
Creek site 10, the sampling site with the highest temperature.

Decay dynamics of community similarity. To estimate com-
munity resemblance among samples, Bray-Curtis similarities
(ie., the shared abundance between communities) were first
calculated for each pair of community samples from the
square-root-transformed 391 X 39 OTU abundance matrix. A
nonmetric multidimensional scaling plot in two-dimensional
taxon space (Fig. 1) represented most (~86%) of the variation
in community structure among samples (74.2% for axis 1 and
10.7% for axis 2, respectively, based on regression analyses;
P < 0.0001 and n = 741 for each). The stress value was low
(0.09), and the addition of a third dimension did not substan-
tially improve the model.

Community samples from each hot spring were generally
oriented sequentially along axis 1 (Fig. 1). Samples collected
from the same location were typically near each other in ordi-
nation space. Still, contingency analyses indicated that the null
hypothesis of no difference in community composition could be
rejected for most within-site pair comparisons (for 6 of 9 White
Creek locations and for 8 of 10 Rabbit Creek locations) (see
Fig. S2 in the supplemental material). Axis 1 values were
strongly correlated (r = —0.93; F, 5, = 254.64; P < 0.0001)
with the estimated environmental temperature from which
samples were collected. Community similarity (estimated be-
tween all pairwise combinations of samples) decreased expo-
nentially with an increasing difference in the temperature of
the sample collection locations regardless of the creek of origin
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FIG. 2. Exponential decay dynamics of community similarity
among White Creek and Rabbit Creek samples. The negative corre-
lation (r = —0.80) between log-transformed Bray-Curtis similarity and
the difference in environmental temperature for all pairwise commu-
nity sample comparisons was highly significant by a Mantel test (P <
0.0001; n = 741).

for the respective samples (Fig. 2). Rates of community change
along the gradients were indistinguishable (means * standard
errors of —0.075 = 0.0030 at White Creek and —0.076 =
0.0032 at Rabbit Creek). In contrast, community similarity was
only weakly associated with the physical distance between sam-
ples (r = —0.21; F, 539 = 35.33; P < 0.0001), suggesting that
contemporary environmental variation primarily shapes the
observed spatial decay dynamics.

Although they share similar community resemblance decay
dynamics, White Creek and Rabbit Creek did exhibit broad
differences in taxon composition that distinguish their respec-
tive samples as roughly parallel clusters in ordination space
(Fig. 1). In addition to differences in the relative abundances
among shared OTUs (see below), the majority of OTUs were
observed only in a single spring. A total of 162 OTUs were
unique to White Creek, and 67 were unique to Rabbit Creek.
Although nearly 75% (n = 170) of these OTUs were rare (<10
sequences recovered) and together accounted for only about
10% of the data set (3,440 sequences), several represent abun-
dant community members (e.g., OTU 54) (see Table S3 in the
supplemental material).

Richness and diversity decrease with increasing tempera-
ture. The two creeks exhibited strikingly similar decreases in
richness and diversity with increasing environmental tempera-
ture (Fig. 3; see Fig. S3 in the supplemental material). All data
fit a linear model (with adjusted * values ranging between 0.56
and 0.62 for analyses of covariance with creek as a factor and
temperature as a covariate; P < 0.0001 for all models). The
rate of decrease in diversity was not significantly different be-
tween springs for any diversity measure (i.e., the creek X
temperature interaction was not significant for any model, with
P values ranging between 0.11 and 0.26). The estimated slopes
(b = standard errors) for different richness estimators ranged
between —1.7% = 0.29% (rarefaction) and —3.3% = 0.36%
(Chaol); that is, richness decreased by roughly 8 to 16 OTUs
per 5°C increase in temperature. Comparison of within-creek
marginal means additionally indicated that the expected rich-
ness at a particular temperature was generally highly similar
between creeks (data not shown). Estimates of richness and
diversity for the most diverse community samples in our data
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FIG. 3. Community OTU richness decreased with increasing envi-
ronmental temperature. Richnesses at White Creek (closed diamonds)
and Rabbit Creek (open diamonds) exhibited similar temperature
responses by Chaol (A) and rarefaction (B) (per 500 sequences sam-
pled). (See Fig. S3 in the supplemental material for analyses with other
diversity measures.)

set (Fig. 3; see Fig. S3 in the supplemental material) were
approximately 100-fold lower than recent estimates of bacte-
rial richness for communities from a hypersaline microbial mat
(25), deep seawater and hydrothermal vents (21, 41), and soils
(38).

Although the above-described conclusions are robust, we
note that results were clearly sensitive to data collected for
Rabbit Creek site 1 samples (Fig. 3; see Fig. S3 in the supple-
mental material), which were statistical outliers for all diversity
measures, and that the above-described patterns were even
stronger if the data obtained for these samples were excluded
from the analyses (model 7* values of 0.62 to 0.76 and inter-
action P values ranging between 0.38 and 0.82).

Community composition. We could assign greater than 90%
of OTUs to a taxonomic group (i.e., a bacterial division) (see
Materials and Methods). Cyanobacteria and Chloroflexi ac-
counted for nearly 70% of the sequences obtained (Fig. 4).
Other abundant taxa included CFB-Chlorobi, Acidobacteria,
and candidate division OP10 (22). The latter two groups are of
particular interest. At temperatures below 65°C in both creeks,
we observed several OTUs related to a recently described,
novel phototrophic member of the Acidobacteria (“Candidatus
Chloracidobacterium thermophilum”) (6), and the sorting of
these lineages along the gradients suggest that they have di-
verged in thermotolerance (Fig. 5). OP10, a group with at
present only two cultured representatives but which is fre-
quently observed in community diversity surveys of hot springs
and other environments (44), was recovered in all samples but
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FIG. 4. Relative abundances of bacterial divisions in White Creek
(A), Rabbit Creek (B), and the combined data set (C).

was more abundant at temperatures greater than 60°C (data
not shown).

The V3 sequences were sufficient to resolve distinct lineages
of cyanobacteria (see Fig. S4 in the supplemental material),
including four Synechococcus OTUs which composed at least
10% of the sequences recovered from at least one sample. On
the basis of sequence similarity with cultured strains and en-
vironmental clones, three OTUs (OTUs 50, 52, and 53) be-
longed to the A clade of Synechococcus (49), whereas a fourth
(OTU 49) was identical in sequence to members of the B clade.
Analysis of the relative abundances of these OTUs along the
two gradients (Fig. 6) corroborates previously reported obser-
vations that members of the A clade are more thermotolerant
and are generally more abundant at higher temperatures than
are B clade lineages (e.g., see references 32 and 49) but at a
much higher level of resolution than was previously reported.

The V3 sequence signatures likewise distinguished divergent
“green” clades (Chloroflexus and relatives) and “red” clades
(Roseiflexus) of Chloroflexi (see Fig. S4 in the supplemental
material). Green clade OTUs (OTUs 1, 5, and 10) were the
predominant Chloroflexi sequences recovered throughout
White Creek and from Rabbit Creek at lower temperatures
(Fig. 6). Red clade taxa (OTUs 14 and 15) were the principal
Chloroflexi found at higher temperatures in Rabbit Creek.

—&—O0TU 129

N WA OO N 0 ©

Relative Abundance (%)

0 a .

Temperature (°C)

FIG. 5. Distribution of “Candidatus Chloracidobacterium ther-
mophilum”-like OTUs along the White Creek temperature gradient.
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FIG. 6. Distribution of major cyanobacteria and Chloroflexi OTUs along the thermal gradients of White Creek (A) and Rabbit Creek (B).
Relative abundance represents the percentage of sequences of an OTU recovered from a particular community sample.

Negative association between cyanobacteria and Chloroflexi.
If different lineages of cyanobacteria and Chloroflexi have co-
adapted along these thermal gradients, we would expect to
observe tight niche overlap between members of these groups.
However, peaks in the abundances of individual OTUs of cya-
nobacteria and Chloroflexi did not exhibit the tightly cooccur-
ring distributions predicted by the coadaptation hypothesis.
Rather, they were generally offset with respect to each other in
both creeks (Fig. 6). In fact, in contrast with the positively
correlated abundances characteristic of cooccurring organisms,
we instead observed a strong negative correlation between the
relative abundances of cyanobacteria and Chloroflexi at both
White Creek (r = —0.90; F; ;; = 69.51; P < 0.0001) and Rabbit
Creek (r = —0.76; F, 15 = 24.24; P < 0.0001). We therefore
reject the coadaptation hypothesis for these communities. This
general conclusion also applies to the relationships between
the distribution patterns of cyanobacteria and the individual
green and red clades of Chloroflexi, respectively. Negative cor-
relations with cyanobacterial abundance were observed for
green Chloroflexi and red Chloroflexi at both White Creek (r =
—0.85, F, 13 = 45.17, and P < 0.0001 for green Chloroflexi;r =
—0.63, F, 13 = 10.99, and P < 0.005 for red Chloroflexi) and
Rabbit Creek (r = —0.62, F; ;3 = 11.08, and P < 0.005 for
green Chloroflexi;r = —0.63, F, ;3 = 9.66, and P < 0.01 for red
Chloroflexi).

DISCUSSION

An understanding of the mechanisms that determine the
spatial organization of microbial diversity is essential for re-
solving the relative contributions of historical events and cur-
rent conditions to contemporary distribution patterns and can
inform predictions regarding ecosystem response to future en-
vironmental change. Despite recent interest in the biogeogra-
phy of microorganisms (reviewed in reference 28), we still have

only a limited understanding of the factors that shape the
structure and distribution of microbial communities. Advances
in high-throughput DNA sequencing technologies (e.g., see
reference 27) have enabled a deeper sampling of microbial
communities than was previously possible and therefore offer
the potential to more powerfully address fundamental ques-
tions regarding the spatial distribution of microbial diversity.
In the present study, a relatively modest but strategic alloca-
tion of sequencing effort along known environmental gradients
has enabled novel insights into how microbial communities
respond to environmental variation and suggests the additional
importance of biotic interactions for community organization.

Community response to changing temperature. Because
community similarity was strongly associated with the similar-
ity of environmental temperature (Fig. 2) but only weakly
associated with geographic distance, we conclude that contem-
porary environmental variation is more important than dis-
tance per se for shaping the observed decay of community
similarities, in agreement with data from other recent studies
of microbial communities at different landscape scales (e.g.,
see references 11 and 18). We further believe that taxon sort-
ing along these hot springs is principally a response to temper-
ature rather than water chemistry, because environmental tem-
perature did not covary with the concentration of any
measured nutrient or trace element (Table 1). The decay of
similarity that we observed is rapid compared with rates of
spatial turnover that were previously reported for communities
of macroorganisms (34, 42) and likely reflects the steepness of
the thermal gradients in these structured environments.

Our observation that both richness and diversity decrease
with increasing temperature at indistinguishable rates in White
Creek and Rabbit Creek (Fig. 3; see Fig. S3 in the supplemen-
tal material) suggests the existence of similar temperature-
imposed constraints operating on community properties. We
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propose that this may include an energetic constraint. The thin
Synechococcus-dominated biofilms that develop near the ther-
mal limit for photosynthesis persist under conditions of chronic
stress at temperatures greater than approximately 65°C (31),
and there is a clear productivity gradient as these channels
cool, supporting more biomass, more available energy, and a
potentially more-complex food web. Such a taxon-energy rela-
tionship is one of many hypotheses that have been put forward
to explain biodiversity patterns observed for macroscopic or-
ganisms on larger geographic scales, including the well-known
latitudinal gradient of diversity observed for many taxa (1, 12,
36, 39, 43). Here, however, the relationship would not be
mediated directly by the availability of solar energy, which is
controlled across sampling locations, but rather by the physi-
ology of primary producers.

The similarity of community responses to temperature in
these hot springs further motivates several questions regarding
the generality of organizing principles for microbial communi-
ties. How common are the observed exponential decay dynam-
ics of community similarity? Are they restricted to photosyn-
thesis-based hydrothermal systems, or do they apply more
broadly? How variable are the rates of change of community
resemblance and diversity along different environmental gra-
dients, and what determines these differences? Such questions
remain to be explored in detail, although we note that Fierer
and Jackson (11) did not observe a relationship with temper-
ature (but rather a curvilinear increase in diversity with in-
creasing pH) for North American soil microbial communities.
Future investigations for different kinds of environmental gra-
dients over a range of spatial scales promise a fresh perspective
on the nature of the rules by which microbial communities are
structured.

Although the biological explanation for the observed outlier
behavior at Rabbit Creek site 1 (Fig. 3; see Fig. S3 in the
supplemental material) is not clear, we suggest that we may
have sampled a disturbed, nonequilibrium community dispro-
portionately represented by a cyanobacterium that was abun-
dant only at this location (OTU 55) (Fig. 6). Because the main
channel of Rabbit Creek did not present a suitable collection
site comparable in temperature to the 39°C microbial mat
boundary in White Creek, we instead sampled from a smaller,
cooler side channel. If the low level of diversity that we ob-
served in these samples can be attributed ultimately to their
derivation from a disturbed community, it raises the prospect
that such outlier behavior might be generally useful for iden-
tifying disturbed systems.

Differences in taxon compositions between hot springs. Sev-
eral factors could in principle contribute to the observed dif-
ferences in community structure between White Creek and
Rabbit Creek (Fig. 1 and 6; see Table S3 in the supplemental
material). We suggest that water chemistry may play a role. For
example, at temperatures below ~55°C, the hot springs dif-
fered markedly in the availability of combined nitrogen (Table
1). At these temperatures, the heterocyst-forming, nitrogen-
fixing cyanobacterium Mastigocladus laminosus (OTU 54) was
the most abundant cyanobacterium in White Creek, but no M.
laminosus sequences were recovered from Rabbit Creek (Fig.
6; see Table S3 in the supplemental material). Other possible
explanations for differences in taxon composition between the
two hot springs include dispersal limitations, differences in the
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outcome of interactions among taxa, and/or failure to recover
certain rare OTUs from a particular hot spring at our level of
sampling.

Ecological interactions between cyanobacteria and Chlo-
roflexi. Because simply describing the distribution patterns of
microorganisms has historically been a technological chal-
lenge, there remain several unresolved questions regarding the
organization of microbial communities, which recapitulate
longstanding debates in ecological theory developed for com-
munities of macroorganisms. For example, are microbial com-
munities simply chance assemblages of individuals with similar
environmental requirements (13), or, alternatively, do the out-
comes of ecological interactions among taxa contribute to com-
munity structure? Do these include negative interactions such
as competition, or, rather, do microbial systems consist primar-
ily of closed communities of positively associated populations
that are discretely distributed along an environmental gradient
9)?

The distributions of cyanobacteria and both green and red
Chlorofiexi (Fig. 6) suggest an important role for biotic inter-
actions in community organization although not in the manner
predicted by the coadaptation hypothesis. We do not believe
that the strongly negative association between these taxa can
be explained solely by differences among community members
in environmental tolerance (i.e., by niche-based processes).
For example, the realized distributions of Synechococcus and
Mastigocladus OTUs are much more narrow than the thermal
performance curves of strains grown in the laboratory (32, 33).
We therefore conclude that cyanobacteria and Chloroflexi
likely compete with each other in these communities for hab-
itat (i.e., physical space) and/or a limiting nutrient.

The nature of the potential competitive interactions be-
tween cyanobacteria and Chloroflexi remains to be determined.
Although a producer-consumer relationship would not exclude
competition for a limiting resource, another possibility is that
these groups may instead compete within the same trophic
level as autotrophs for carbon dioxide (16, 24, 26, 30). Al-
though it was previously shown that light stimulates the uptake
of organic carbon within these mat communities in situ (3, 4,
40), stable carbon isotope signatures in Chloroflexi lipids have
deviated from the expectation for cross-feeding alone (46, 47).
Future investigations will seek to clarify the basis of the com-
petition between these groups and whether the observed neg-
ative association between these groups may be generalized to
other microbial mat communities.
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