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INTRODUCTION

Intertidal microbial mats are comprised of distinctly colored millimeterthick layers whose
communities organize in response to environmental gradients such as light availability, oxy-
gen/sulfur concentrations, and redox potential. Here, slight changes in depth correspond to
sharp niche boundaries. \We explore the patterns of biodiversity along this depth gradient as
it relates to functional groups of bacteria, as well as trait-encoding genes. We used molec-
ular techniques to determine how the mat’s layers differed from one another with respect
to taxonomic, phylogenetic, and trait diversity, and used these metrics to assess potential
drivers of community assembly. We used a range of null models to compute the degree
of phylogenetic and functional dispersion for each layer. The SSU-rRNA reads were dom-
inated by Cyanobacteria and Chromatiales, but contained a high taxonomic diversity. The
composition of each mat core was significantly different for developmental stage, year, and
layer. Phylogenetic richness and evenness positively covaried with depth, and trait richness
tended to decrease with depth. We found evidence for significant phylogenetic clustering
for all bacteria below the surface layer, supporting the role of habitat filtering in the assembly
of mat layers. However, this signal disappeared when the phylogenetic dispersion of partic-
ular functional groups, such as oxygenic phototrophs, was measured. Overall, trait diversity
measured by orthologous genes was also lower than would be expected by chance, except
for genes related to photosynthesis in the topmost layer. Additionally, we show how the
choice of taxa pools, null models, spatial scale, and phylogenies can impact our ability to
test hypotheses pertaining to community assembly. Our results demonstrate that given
the appropriate physiochemical conditions, strong phylogenetic, and trait variation, as well
as habitat filtering, can occur at the millimeterscale.

Keywords: microbial mat, community assembly, biodiversity, phylogenetics, null models, metagenomics, salt
marsh

between environmental samples (Tyson et al., 2004; Sogin et al.,

The mounting evidence that biodiversity per se positively affects
the emergent functions of an ecosystem justifies further stud-
ies of the mechanisms by which taxa coexist (Loreau et al,
2001; Hooper et al., 2005). Much of this theory is built on data
from eukaryotes, due mainly to our inability to survey bacte-
rial, archaeal, and viral (henceforth microbial) assemblages in
their natural environments (but see Bell et al., 2005). Beyond
driving a number of critical biogeochemical functions, microbes
encompass a tremendous pool of undescribed biodiversity on
earth (Curtis and Sloan, 2004; Quince et al., 2008). Censuses
of microbial diversity commonly encounter staggering levels of
genetic and taxonomic information, and often lead to the discovery
of novel biological functions (Cowan et al., 2005). In partic-
ular, the metagenomic and targeted-gene amplicon approaches
to microbial ecology can be combined to visualize and statis-
tically compare multiple dimensions of biodiversity within and

2006).

Biodiversity within a microbial community can be defined in
three fundamental ways. Taxonomic diversity, or the number of
arbitrarily similar units and their abundance distributions, is the
traditional metric by which communities are defined and com-
pared. Trait diversity, or the breadth of phenotypic, rather than
genotypic, differences among individuals also has a rich history of
use in ecology. Certain traits are used to signify the role an organ-
ism plays in the context of biotic and abiotic interactions. These
traits are termed “functional” in the sense that they influence the
properties of the greater ecosystem. Because traits are a product
of evolutionary dynamics within a population, a phylogenetic per-
spective on diversity is a useful bridge between taxonomic and trait
diversity (Faith, 1992).

It is now recognized that communities are dynamic, arbitrar-
ily bounded assemblages whose members are products of both
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contingent, historical processes, and semi-deterministic assembly
rules (Ricklefs, 2006). Historical processes that structure com-
munities include the constraints on diversification imposed by
biogeography (e.g., dispersal limitation) and evolution (e.g., adap-
tive radiation, Red Queen dynamics; MacArthur and Wilson, 1967;
Vermeij, 1987; Losos et al., 1998; Gillespie, 2004). In contrast,
assembly rules are generally defined as contemporary mecha-
nisms which either permit or prohibit an individual or taxon from
occupying a particular local habitat (Diamond, 1975; Weiher and
Keddy, 1999). While phylogenetic approaches have been a corner-
stone in evolutionary biogeography for some time, ecologists have
only recently adopted a phylogenetic perspective to tease apart
community assembly mechanisms (Webb et al., 2002; Cavender-
Bares et al., 2004). Most commonly, the phylogenetic relatedness
(or trait similarity) of taxa within a particular habitat is compared
to the averaged relatedness of randomized communities whose
taxa are sampled from a pool of potential colonizers (called a
regional pool). If the observed phylogenetic relatedness of a com-
munity is significantly lower or higher than the mean (or median)
of the randomized communities, then the community is said to
be either phylogenetically clustered or overdispersed, respectively
(Webb, 2000). If the assumption of phylogenetic niche conser-
vatism is justified, then the differences between two organisms’
traits should positively covary with phylogenetic distance (Peter-
sonetal., 1999). Thus, if habitat filtering is a dominant community
assembly mechanism, we expect to find phylogenetic and trait
clustering in that habitat due to trait-driven niche conservatism.
Alternatively, in a scenario involving character displacement, com-
petition between sister taxa will result in divergent selection on
their traits (and hence their realized niches). In this case, habitat
filtering results in independence between the phylogenetic diver-
sity and trait diversity of a community, and manifests as functional
clustering with no pattern to the phylogenetic structure of the
community.

The assumption of phylogenetic niche conservatism appears
robust at very broad taxonomic levels (e.g., among all
Angiosperms), but can break down within smaller clades (e.g.,
oak species; Cavender-Bares et al., 2006). In microbial commu-
nities, horizontal gene transfer (HGT) among distantly related
taxa weakens such an assumption at all taxonomic levels. Con-
versely, certain mono- and polyphyletic clades do possess a suite
of traits which make certain habitats much more favorable. For
example, the Cyanobacteria require both light and oxygen to carry
out photosynthesis and respiration, and thus should generally be
found in oxic, photic habitats. Likewise, the microaerophilic and
anaerobic non-oxygenic phototrophs require light of particular
wavelengths, as well as reduced inorganic sulfur and hydrogen for
photosynthesis. Many obligate anaerobes (e.g., order Clostridi-
ales) can similarly be found in habitats satisfying certain abiotic
conditions.

Metagenomic shotgun and targeted-gene amplicon sequenc-
ing are two complementary culture-independent approaches to
assessing microbial biodiversity. The former offers a relatively
unbiased view of the suite of genomic information in an environ-
mental sample, provided adequate sequencing depth and assem-
bly steps. Assembled sequence fragments can then be compared
against reference databases to predict their structures and potential

functions. The downsides to this approach include erroneous pre-
dictions of gene function and limitations assessing overall diversity
due to inadequate sequencing depth. To overcome the second
caveat, phylogenetically informative genes (e.g., SSU-rRNA) can
be amplified by PCR and the resulting amplicon pool sequenced
alongside or independent of a shotgun metagenome. Depend-
ing on the quality and length of shotgun contigs and ampli-
con sequences, both metagenomic and amplicon approaches can
yield information on the taxonomic, phylogenetic, and functional
aspects of microbial biodiversity (Burke et al., 2011). Conse-
quently, these data can also be used to inform our understanding
of the processes structuring microbial communities. For instance,
many studies have found evidence for phylogenetic and func-
tional clustering in microbial assemblages in marine (Barberdn
and Casamayor, 2010; Kembel et al., 2011; Bryant et al., 2012;
Pontarp et al., 2012), freshwater (Horner-Devine and Bohannan,
2006; Newton et al., 2007; Amaral-Zettler et al., 2010; Barberdn
and Casamayor, 2010), and terrestrial habitats (Horner-Devine
and Bohannan, 2006; Bryant et al., 2008; Wang et al., 2012).
Although these results are often taken as evidence for habitat fil-
tering, many are based on comparisons of samples collected at
distances which are often orders-of-magnitude greater than the
scale at which cells are known to interact (Long and Azam, 2001;
Dechesne et al., 2006). Therefore, quantification of niche-based
community assembly may be confounded by historical biogeo-
graphic and evolutionary processes, such as adaptive radiation,
genetic drift, and serial founder effects (Ricklefs, 2006; Vamosi
et al., 2009; Fine and Kembel, 2011). By measuring the phylo-
genetic and functional properties of adjacent habitats at a scale
permissive of genetic admixture (so-called microhabitats), such
results can be more reliably attributed to trait-driven differences
in habitat specialization (Webb et al., 2008).

Microbial mats are one of the more conspicuous and well-
studied microbial communities (Stal and Caumette, 1994; Seck-
bach and Oren, 2010). These mats typically form in habitats too
extreme to support plant growth, such as hypersaline soils, geot-
hermal springs, and tidal flats. Their laminated appearance is due
to vertical segregation of particular guilds of bacteria and diatoms,
which assemble in response to millimeter-scale gradients in both
light intensity and redox potential (Jorgensen et al., 1979; Revsbech
et al., 1983; van Gemerden, 1993). In temperate environments,
the top layer is often dominated by oxygenic cyanobacteria and
eukaryotic algae and takes on a green hue due to its chlorophyll a
content. During daylight hours, the oxygen concentration of this
layer is equal to or higher than atmospheric levels and decreases
with depth to trace levels at 5 mm. Thus, this layer also supports
a rich community of aerobic heterotrophs. The production of
extracellular polysaccharides (EPS) in the upper layers, however,
probably limits the efficacy of larger eukaryotic grazers in captur-
ing prey (Awramik, 1984). Light becomes more diffuse past 3 mm
depth, but can still drive non-oxygenic photosynthesis in groups
such as purple sulfur bacteria and green sulfur bacteria, provided
the appropriate reducing agents are available (Jorgensen and Des
Marais, 1986; Pierson et al., 1990). At depths greater than 10 mm,
light is absent at wavelengths <1 um and photosynthesis does
not occur. Here, the microbial community primarily consists of
anaerobic sulfate-reducers, although this form of respiration also
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occurs in the mats’ photic zones (Pierson et al., 1987; Risatti et al.,
1994).

Despite the historical significance of microbial mats, such as
their role in the ecology of early Earth (Des Marais, 2003), there
have been few molecular surveys of such communities, and even
fewer focusing on temperate salt marsh habitats (Ley et al., 2006;
Buckley et al., 2008; Kunin et al., 2008; Bolhuis and Stal, 2011;
Burow et al., 2012). Our aim was twofold: (1) to present the
results of a shotgun metagenomic and targeted-gene amplicon
survey of a particularly well-studied salt marsh microbial mat
and (2) determine if patterns in the taxonomic, phylogenetic,
and functional diversities of the microbial mat show evidence
for non-random community assembly. The extreme biotic strat-
ification and abiotic gradients evident in microbial mats led us
to predict systematic differences in microscale biodiversity. For
instance, because light, oxygen, and sulfur gradients in the mat
favor particular metabolic strategies, and since many of these
metabolic (particularly photosynthetic) strategies are phyloge-
netically conserved, taxa present within each layer should be
more related to one another than expected by chance, or phy-
logenetically clustered, when measured over the entire bacterial
domain. Under the assumption of phylogenetic niche conser-
vatism, if trait-based habitat filtering is a dominant mechanism
of community assembly, functional traits should also be clus-
tered. Alternatively, if HGT is not a product of phylogenetic
distance, a widespread prevalence of non-homologous recom-
bination should decouple phylogenetic and trait diversity pat-
terns, and manifest as clustered traits with random phylogenetic
dispersion.

MATERIALS AND METHODS

STUDY SITE

The Great Sippewissett salt marsh is located west of Falmouth, MA,
on Buzzard’s Bay (N41°35'13.34”, W70°38/29.10”). The habitat is
typical of New England salt marshes, with braided tidal creeks
running around dense stands of Spartina. Microbial mats form
in sandy intertidal sediments which lack colonization by plants,
and are identifiable by the leathery, green/gold-colored top layer
(Nicholson et al., 1987; Pierson et al., 1987; Figure 1).

We collected samples from the Great Sippewissett salt marsh on
two occasions: June 23, 2010 and July 6, 2011. In 2010, two cores
measuring 2 cm (diameter) x 5cm were collected from two mat
habitats. One of these cores was chosen as an example of an early
successional mat. The early successional mat consisted of a wide
light-green band of cyanobacteria descending from the surface to
approximately 1 cm depth in unconsolidated sandy sediment. The
early successional mat lacked a leathery surface layer, conspicuous
bands attributable to anoxygenic phototrophs, and the cohesive-
ness which are all characteristic of climax mat communities in this
system (Nicholson et al., 1987). The early successional mat was
likely initiated at the end of winter and was developing in close
proximity (1-3m) to an area containing mature mats. Our sec-
ond core from 2010 was taken from this climax mat system which
consisted of a thick leathery surface layer and sharply defined dark
green, pink, and brown cohesive layers (as described in Nichol-
son et al., 1987). Our assumption that these mat sections were of
different ages is based on (1) their qualitative differences (slight

FIGURE 1 | Greater Sippewissett salt marsh microbial mat showing
typical lamination (photo credit: NDY).

green banding vs. multicolored layering, loose vs. stabilized sed-
iment) and (2) their close proximity (similar biotic and abiotic
characteristics). These definitions are consistent with descriptions
of coastal mat development elsewhere (Stal et al., 1985; Mir et al.,
1991; Stal and Caumette, 1994). Henceforth, we refer to the two
cores from 2010 as “young mat” (YM-10) and “old mat,” (OM-
10). We collected an additional core from Great Sippewissett salt
marsh in 2011. This core was representative of a climax micro-
bial mat community and is referred to as OM-11. Intact mat
sections (20 cm?) were returned to the lab for processing. Cores
were taken from the center of mat sections, the cores sectioned,
and DNA extracted within 2-3h of collection. The developed
mats were sectioned with a sterile razor blade at the bound-
aries of their colored layers, and the young mat at corresponding
depth.

Oxygen concentration and pH measurements were performed
in 2011 using OX-50 and a pH-probes attached to a Microsensor
Monometer (Unisense, Denmark). In situ depth profiling was con-
ducted with a Unisense micromanipulator MM33. We also used
abiotic data from previously published studies of the Sippewissett
microbial mat including chlorophyll g, bacteriochlorophyll 4, and
sulfide (Pierson et al., 1987; Buckley et al., 2008). While these data
are not perfectly matched to our samples, the descriptions and
locations of the mats used in each study closely resemble our own.
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DNA EXTRACTION AND SEQUENCING

DNA was extracted from each sectioned layer using the MoBio
PowerSoil kit according to the manufacturer’s instructions. This
extraction was prepared for sequencing at the Bay Paul Center
(Marine Biological Laboratory, Woods Hole, MA, USA) and the
procedure is detailed elsewhere (Huber et al., 2007 Supplemen-
tary Materials). Briefly, this involved PCR amplification of the
SSU-rRNA v4 through v6 hypervariable regions using degen-
erate primer sets 518F (5-CCAGCAGCYGCGGTAAN-3') and
1064R (consensus: 5 -CGACRRCCATGCANCACCT-3') for the
2010 cores and primers 515F (5'-GTGYCAGCMGCCGCGGTAA-
3’) and 907R (5'-CCGYCAATTCMTTTRAGTTT-3') for the 2011
cores (Morrison and Sogin, Unpublished). The forward primers
were synthesized to include (from 5’ to 3’) Roche A-adapters, a
unique 8-base barcode specific to each sample, a 2-base linker
sequence, and the forward primer. Reverse primers were synthe-
sized with the Roche B-adapter linked to the primer via 2-base
linker. Template concentration among all extractions was normal-
ized to 15 ng/l. PCR templates were amplified using 2 x Phusion
HF polymerase with 8% DMSO for 32-36 cycles, the first 10 cycles
using a touchdown annealing temperature from 68 to 58°C fol-
lowed by 12 cycles of three-step and 10-14 cycles of two step PCR.
We used the PicoGreen assay to quantify PCR product and con-
centrate it to 100 pl. It was then gel-purified using the Montage
Kit (Millipore) and shipped to Penn State Genomics Core Facility
and sequenced on the Roche GS-FLX Titanium platform.

In addition to the SSU-rRNA amplicon libraries, we performed
metagenomic sequencing on the layers of the old mat in 2010.
All five samples were given unique multiplex identifier (MID)
tags prior to pooling on the microtiter plate. Pyrosequencing was
carried out as described above.

SSU-rRNA PROCESSING

All analyses of the SSU-rRNA amplicons were conducted within
the QIIME software package (Caporaso et al., 2010a). Raw 454
reads were quality filtered, dereplicated, and demultiplexed by
removing Roche adapters, linkers, primers, and sample barcodes.
Sequences shorter than 350 bp and longer than 550 bp were dis-
carded. Next, to expedite chimera detection, we clustered identical
reads using uclust (Edgar, 2010). One representative sequence of
each cluster was aligned to the Greengenes core set with PyNAST
1.1 (DeSantis et al., 2006; Caporaso et al., 2010b). Chimeric
sequences (7,804 total) were detected using the ChimeraSlayer
algorithm and subsequently removed (Haas et al., 2011). To exam-
ine the effect of phylogenetic resolution on resulting diversity
metrics, we used uclust to bin SSU-rRNA sequences into opera-
tional taxonomic units (OTUs) using a 97% similarity cutoff using
a greedy algorithm. Singleton OTUs (those appearing in only one
sample, or represented by only one sequence) were discarded. We
assigned taxonomic identities to a sequence representing a par-
ticular OTU using the RDP naive Bayesian classifier (Cole et al.,
2009). These representative sequences were once again aligned to
the Greengenes core set using PyYNAST. Any sequences identified
as belonging to archaea, eukarya, or chloroplasts were removed,
as were singleton OTUs. The sequences were masked and used to
build a phylogenetic tree with FastTree 2.1.4 using the GTR + CAT
approximation for substitution rate heterogeneity (Stamatakis,

2006; Price etal.,2010). This software is optimized for phylogenetic
inference from large datasets and makes use of nearest-neighbor
interchange algorithms to significantly decrease computation time
(Price et al., 2010).

METAGENOME PROCESSING

Shotgun sequences from the 2010 old mat layers were quality
filtered and demultiplexed using QIIME’s split_libraries proce-
dure. Sequences shorter than 75 bp were discarded. This filtering
resulted in approximately 243.8 Mbp. These sequences were then
submitted to MG-RAST for dereplication and screening against
model organismal DNA (Meyer et al., 2008). Protein prediction
was carried out in the MG-RAST pipeline using FragGeneScan
(Rho et al., 2010). We used the categorization of the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) for annotating our
sequences (Kanehisa et al., 2012).

DIVERSITY ESTIMATION

Rather than using a univariate index to characterize the taxonomic
richness and evenness of each mat layer, we computed the series
of effective numbers, 1D?(p), recently presented by Leinster and
Cobbold (2012). This family of metrics is a simple extension of Hill
numbers (Hill, 1973) that also account for the similarity between
taxa, represented by a matrix Z;j;. These numbers are generaliza-
tions of particular diversity indices, and can be plotted against
the parameter g, the sensitivity to rare taxa. At g =0, the num-
ber equals the taxonomic richness S, if a naive similarity matrix
(the identity) is used, otherwise, it is a measure of phylogenetic
diversity (Faith, 1992; Chao et al., 2010). At g = 00, the naive solu-
tion is the reciprocal of the Berger—Parker index and gives the
inverse proportional abundance (p) of the most dominant taxa.
To measure the phylogenetic diversity of a community, we used
the equation.

q/(1—q)

-1

D' = | Y manE@ml,
i,bii€ly,
n(i,h)>0

where 7(;) is the relative abundance of “historical species”
(i,b), where b is a particular branch terminating in the sub-
set of taxa present in the community: i€{l, 2, 3,.., S},
I, C{1, 2, 3,..., S}, and Z;p)c) is an asymmetric related-
ness matrix (details in Leinster and Cobbold, 2012, Appen-
dix). Additionally, we calculated ODZ(p) with Z=1I, which is
simply the taxonomic richness of the community. For each
layer, these values were calculated over a range of q (0-5)
averaged over 100 subsamples rarefied to the smallest num-
ber of sequences in a layer (Old mat 2010, 10-15mm, 1071
sequences).

Mean phylogenetic diversity (MPD) was estimated by calcu-
lating the average phylogenetic distance of all pairwise branch
lengths. For examination of particular mono- and polyphyletic
guilds within the overall phylogeny (e.g., Cyanobacteria, sulfur
oxidizing bacteria), we trimmed the tree to only include particular
clades and recalculated the distance matrix. These values were then
averaged over 100 rarefactions normalized to the smallest sample.
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NULL MODEL ANALYSES

We estimated the standard effect size of each community’s rarefied
mean phylogenetic distance (MPDsgs) by comparing it to the rar-
efied values of 999 randomized communities generated using null
models. Because the statistical power to detect niche-based com-
munity assembly varies with the choice of null model, we assessed
the agreement of three different randomization routines: (1) the
independent swap algorithm, which shuffles the taxa/sample table;
(2) the phylogeny.pool algorithm, which draws random samples
from the phylogenetic distance matrix to populate the taxa/sample
table; and (3) the taxa.labels algorithm, which shuffles the labels of
a phylogenetic distance matrix (Kembel and Hubbell, 2006; Kem-
bel,2009). In null model three, we calculated phylogenetic diversity
both by weighting the relative number of sequences obtained for
each OTU as either 0 or 1 (presence/absence) or as pj;, the pro-
portional relative abundance of the OTU in its respective sample.
We acknowledge that measuring proportional abundance using
sequence counts is not optimal, but it still provides a more real-
istic view of a community compared to presence/absence data.
We assessed the robustness of our results by first comparing the
results of null model three (taxa.labels) using three definitions of
“taxa pools”: (1) the entire set of OTUs detected in all samples
during all years, (2) the set of OTUs detected in each year, sepa-
rately, and (3) the OTUs only found in each particular core. We
did this with the expectation that phylogenetic dispersion is sen-
sitive to the spatiotemporal scale of the taxa pool (Kembel and
Hubbell, 2006; Swenson et al., 2006; Lessard et al., 2012). The
first, and least conservative species pool assumes that all OTUs
detected in the study are equally likely to colonize all mat lay-
ers, independent of year. The last, and most conservative pool
assumes that the only OTUs capable of colonizing all three mat
cores are those that were detected within all three cores to begin
with. Additionally, because weak bifurcation support values in
our phylogeny might bias our estimates of standard effect size,
we tested the robustness of our findings by collapsing bifurcating
nodes into polytomies if the nodes’ support values were below
a certain threshold (50 and 80%). Samples were considered sig-
nificantly overdispersed or clustered (o= 0.05) if they fell above
or below 95% of the randomized communities’ values, respec-
tively. We ran these tests for all OTUs detected in the sample, and
for three functional guilds: (1) phylum Cyanobacteria (oxygenic
phototrophs), (2) order Chromatiales (purple sulfur bacteria), and
(3) orders Desulfobacterales, Desulfovibrionales, Syntrophobacte-
riales, and Clostridiales (anaerobic sulfate-reducers; Risatti et al.,
1994).

Trait richness and dispersion of the OM-10 sample was mea-
sured using the function-level KEGG ortholog (KO) group,
excluding hypothetical proteins at an e-value equal to or less
than 107> with a minimum alignment length of 50 bp. To cor-
rect for sample size bias, we rarefied KO richness to the lowest
number of KO genes detected in our sample (0-2 mm; 20,121).
We followed the methods of Bryant et al. (2012) in re-sampling
without replacement 1,000 simulated sets of KO genes for each
community from the pool of KO genes detected throughout the
mat core. We compared our observed KO richness to those of our
simulated communities to assess whether or not layers contained
more or fewer trait-encoding genes than would be expected by

chance. We verified our findings by performing the same routine
on non-supervised orthologous groups (NOGs), which are anno-
tated algorithmically rather than by hand (Jensen et al., 2008), and
clustered orthologous groups (COGs), which are manually curated
(Tatusov et al., 1997). We also measured rarefied KO richness
patterns for different groups of genes which may be ecologi-
cally important in structuring the microbial mat and compared
these values to a randomized expectation. These gene categories
included (1) total metabolism, (2) photosynthesis, (3) carbohy-
drate metabolism, (4) sulfur metabolism, (5) ABC transporters,
and (6) oxidative phosphorylation. Significance was assessed using
the rank test described for MPDggs.

STATISTICAL ANALYSES

To statistically compare phylogenetic richness between communi-
ties, we calculated the unweighted SSU-rRNA UniFrac distances
between samples, rarefied to the sample with the lowest number of
sequences, and clustered using Ward’s minimum variance method
(Lozupone and Knight, 2005). Statistical significance was assigned
to clusters as determined by approximately unbiased (AU) p-
values calculated from 10,000 multiscale bootstrap dendrograms
(Shimodaira, 2004). We used the permutation-based analysis of
variance ADONIS to test the null hypotheses of whether differ-
ences existed in community OTU composition between years,
sites, and depth (Anderson, 2001). We used linear regression to
test for a relationship between our Hill diversity measures and pH,
depth, chl a, Bchl g, sulfide, and oxygen concentrations. Because
our data appeared non-linear in exploratory analyses, we com-
pared linear and power law (log-log-transformed) fits for the
same data and selected the top model based on its coefficient of
determination. We calculated regressions both with and without
covariates for the age of the mat sample and the year in which it
was collected. All quantitative analyses were carried out in R 2.14
(R Development Core Team, 2011) using the packages “vegan 2.0”
(Oksanen et al., 2012), “picante 1.3” (Kembel et al., 2010), and
custom scripts for rarefaction and diversity profiling (Bryant!;
Cobbold?; Armitage?).

RESULTS

Our measurements of variation in abiotic conditions with depth
demonstrate clear gradients. Our oxygen profile showed the pre-
dicted spike in concentration between 2 and 3 mm, and decreased
to trace levels past 5 mm (Figure 2). Likewise, pH declined with
depth to 3 mm and remained constant to 6 mm (Figure 2).

After quality filtering, dereplication, and singleton removal, we
were left with a total of 91,392 SSU-rRNA sequences represent-
ing 3,503 OTUs clustered at 97% sequence similarity. The top
layers of each cluster were dominated by Cyanobacteria of the
family Oscillatoriales, while the lower clusters were heavily dom-
inated by Proteobacteria, including many OTUs classified to the
family Chromatiales (Figure 3). UniFrac clustering revealed that
samples were clustered by year and age (Figure 4). Two statis-
tically significant clusters were identified: one containing all but

Uhttp://openwetware.org/wiki/User:Jessica_A._Bryant
Zhttp://www.maths.gla.ac.uk/~cc/supplements/diversity.html
3http://github.com/darmitage
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FIGURE 2 | In situ microsensor depth profile for oxygen concentration
and pH.

the top layers of the old mats, and one containing the top lay-
ers of all mats and the young mat (AU test; p < 0.001; Figure 4).
We rejected the null hypotheses that communities were composi-
tionally identical (o = 0.05) across years (F1,13 =4.20, p < 0.005),
ages (F1,13 =3.34, p < 0.005), and depth (Fy,;3 =2.72, p < 0.005).
However, these three effects only explained 50.6% of the variance
in our data.

Taxonomic richness, °D(p), and phylogenetic richness,
ODZ(m), were both positively associated with depth on the log—
log scale, and this result was significant (p < 0.001, R? =0.64;
p < 0.0001, R? = 0.75). Profiles of 1D?(xt) show that the top layer
of each mat had the lowest phylogenetic richness (¢=0) and
evenness (q > 0). Overall phylogenetic richness was greatest in the
young mat, with the exception of the top layer, which had the lowest
phylogenetic and taxonomic richness of the three cores (Figure 5).

Phylogenetic clustering increased linearly with depth when mat
age was included as a covariate (p < 0.05, R?> = 0.65; Figure 6). The
old mat samples from 2010 to 2011 showed similar patterns in

phylogenetic dispersion, with positive MPDggs values in the top
layer and significantly clustered communities in the underlying
layers. Additionally, we found evidence for an increase in phy-
logenetic clustering with mat age for depths >2 mm (Figure 6).
The young mat was similarly patterned, but the significance of the
clustering was less than that of the older mats. Our results did not
change when phylogenetic bifurcations were collapsed into poly-
tomies at 50 and 80% support values. Our choice of null model did
not change most of our results, but the independent swap algo-
rithm dampened the strength of statistical significance compared
to the phylogeny-shuffling approaches (Table Al in Appendix).
Compared to our first taxa pool (all OTUs in all years and sam-
ples), pools 2 (within-year), and 3 (within-core) altered magnitude
of statistical significance for many of the samples (Table Al in
Appendix). There were no differences in outcomes between rela-
tive abundance-weighted and censored randomizations (Table A1
in Appendix). Chromatiales (purple sulfur bacteria) exhibited no
significant phylogenetic dispersion in any layer. The same was
true for Cyanobacteria, except for one significantly clustered com-
munity in the top layer of the young mat (MPDggs = —2.11,
rank =15, p < 0.05). Sulfate reducing bacteria were phylogenet-
ically clustered in the young mat, but only significantly so for the
2-5 mm (pink) layer (MPDggs = —3.79, rank =7, p < 0.01).

Trait richness, measured by rarefied KO and COG annotations,
decreased with depth, and appeared to negatively covary with taxo-
nomic and phylogenetic richness. Using the NOG gene annotation,
functional richness appeared to slightly increase in the third and
fourth layers, but could not be statistically evaluated with only
four data points. Total trait richness was significantly lower than
expected under a randomized sample for all layers and all ortholog
databases, indicating fewer traits were present in each layer than
expected by chance (Figure 7). Photosynthesis-related KO genes
decreased with depth, and were significantly greater than expected
by chance in the top layer, and reduced in the underlying layers
(Figure 8). Richness of metabolic KO genes decreased with depth.
Genes related to sulfur metabolism and carbohydrate metabo-
lism remained relatively constant with depth, though the former
category had very few KO hits. Genes encoding ABC transporters
decreased in richness to the third (brown) layer, and then increased
in the bottom layer. Genes coding for oxidative phosphorylation
steadily declined with depth.

DISCUSSION

COMMUNITY COMPOSITION

Using a combination of bacterial SSU-rRNA amplicons and
metagenomics, we quantified patterns in taxonomic, phyloge-
netic, and trait diversity within a salt marsh microbial mat. Our
results, taken in concert with other studies, suggest cyanobacte-
rial mats contain a very diverse community with large variation
at the millimeter-scale (Ley et al., 2006; Villanueva et al., 2007;
Kunin et al., 2008; Dillon et al., 2009). This variation appeared
to be primarily driven by light limitation with depth. At the sur-
face, light drives oxygenic photosynthesis in organisms possessing
chlorophyll a and favors the oxidation of water to oxygen. As light
becomes limited at depths greater than 2 mm, phototrophs pos-
sessing bacteriochlorophylls dominate, such as the purple bacteria
(e.g., orders Rhodospirillales and Chromatiales) and the green
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sulfur bacteria (order Chlorobiales). These organisms use sulfide,
hydrogen, and organics as reducing agents, scavenging it from the
anaerobic reduction of sulfate carried out in the underlying layers.
Our finding that all of the young mat’s layers most closely resem-
bled the top green layers of the developed mats is not surprising,
considering that in the absence of thick EPS layers, light probably
penetrates much deeper into the mat. While the young mat sample
did not display laminae, it still contained numerous taxa identified
as sulfate-reducers, as well as potential sulfur oxidizing bacteria.
This result is in agreement with other studies of intertidal mats,
which demonstrate patterns of succession initiated by Oscillato-
ria spp. and other oxygenic phototrophs (Stal et al., 1985; Bolhuis
and Stal, 2011). These early colonizers contribute to the formation
of the underlying layers by stabilizing the sediment and making
available organic carbon to the heterotroph communities, whose
activities in turn create anoxic conditions and permit dissimila-
tory sulfate reduction and photosynthetic oxidation of hydrogen
sulfide as life history strategies (Herbert and Welsh, 1994).

DIVERSITY PATTERNS

In all three mat cores, phylogenetic and taxonomic richness was
lowest in the top layer. Similar patterns have been found in marine
systems (Stevens and Ulloa, 2008; Kembel et al., 2011; but see
Bryant et al., 2012), hypersaline lakes (Humayoun et al., 2003),
subtidal sand (Boer et al., 2009), and hypersaline microbial mats
(Dillon et al., 2009). Because the sharpest increase in diversity
occurred during the transition between the first and second layers,
we hypothesize that the top layer of the mat may be a habitat
unfavorable to the majority of OTUs detected in our samples
due to a combination of UV irradiation, temperature, and flood
scouring (Calkins and Thordardottir, 1980; Garcia-Pichel and Cas-
tenholz, 1994; Ibelings and de Winder, 1994; Bossio and Scow,
1998). Because these factors fluctuate on a daily cycle, and because
these communities undergo massive diel migrations, the daytime
top layer of the mat is likely composed of stress-tolerant aerobes,
while at night, microaerophiles and UV-sensitive taxa temporarily
migrate to the top layer (Villanueva et al., 2007; Dillon et al., 2009).
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Niche theory predicts that areas of higher resource heterogeneity
will support a greater diversity of taxa (MacArthur and Levins,
1967; but see Stevens and Carson, 2002). Thus, if a particular
mat layer has a greater diversity of resources, we might expect an
equally proportional diversity of genes relating to resource use.
However, we did not find evidence of a decreasing diversity with
depth of metabolic strategies measured by overall metabolic KO
genes, nor genes encoding for carbohydrate metabolism, and ABC
transporters, suggesting that an increase in resource heterogene-
ity does not explain the correlation between diversity and depth.
Competition theory presents an alternative mechanism to explain
the increase in diversity with mat depth. We speculate that the pool
of nutrients available for assimilation (primarily N and P) may be
limiting to heterotrophs in the oxic layer due to the large biomass
of primary producers such as heterocystous Cyanobacteria and
diatoms (Herbert and Welsh, 1994; Camacho and de Wit, 2003;
Jonkers et al., 2003; Yannarell and Paerl, 2007). If competition for
limiting nutrients, rather than competition for sources of C and
energy, are resulting in competitive exclusion then we might expect
competitive exclusion should not be as dominant a force deeper in

the mat, allowing more taxa to coexist (Hutchinson, 1961). Indeed,
we found indirect support for competition being greater in the top
mat layer than in underlying layers based on phylogenetic disper-
sion measurements. At the domain level, the top layers of each
core often showed phylogenetic overdispersion, meaning OTUs
detected in this layer were less related than would be expected by
chance. These results match those of Bryant et al. (2012), who
found significant phylogenetic overdispersion only in the upper-
most photic layers of their pelagic depth series, a region also dom-
inated by primary production and aerobic metabolism. In soils,
Horner-Devine and Bohannan (2006) found a negative relation-
ship between total organic carbon and the phylogenetic relatedness
of the community. If the assumption of phylogenetic niche con-
servatism holds for the domain bacteria, and if competitive inter-
actions are greatest among sister clades, then phylogenetic overdis-
persion can be taken as evidence for limiting similarity within a
set of interacting taxa (MacArthur and Levins, 1967; Webb et al.,
2002). Currently, there is limited evidence for either assumption in
microbial communities, and this remains a fertile area for research
(Boyd et al., 2010; Mayfield and Levine, 2010; Violle et al., 2011).
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The qualitatively negative relationship between taxo-
nomic/phylogenetic richness and trait richness measured via KO
and COG pathways was unexpected. The KEGG and COG data-
bases we used to annotate gene function in our samples were
obtained from sequenced genomes, which are heavily biased
toward model organisms and those from well-studied environ-
ments. Thus, the decrease in trait richness we observe may be
due to annotation bias if deeper mat layers contain more organ-
isms with poorly characterized genes and pathways. Our data do
not support this claim, however, as we did not observe either a
decrease in the proportion of unassigned reads nor an increased
mean e-value with depth. Differences in OTU abundance between
layers might also impact the observed pattern of trait richness. If
the layer with the highest taxonomic richness is also the least even
of the samples, the set of genes identified in that community will
be biased toward the dominant taxa. Our diversity profiles clearly
show that both diversity and evenness increase with depth, and so
trait bias toward dominant OTUs cannot explain the decrease in
trait richness that occurs with mat depth. Finally, our omission of
archaeal reads from the amplicon library may explain the pattern,
since Archaea are probably proportionally more abundant in the
anaerobic layers. However, they do not exhibit as wide a physi-
ological breadth as the domain Bacteria and are not expected to
strongly bias measurements of trait diversity.

That our data show clear patterns of phylogenetic clustering
with depth suggests that niche-based habitat filtering impacts

community assembly as oxygen and light become limited. This
claim is strengthened by our finding of significantly fewer KO
genes in each layer than are expected by chance. When particular
functional guilds of taxa were examined, however, this pattern dis-
solved, indicating that this clustering may only be apparent at very
broad taxonomic levels, or in clades which we did not investigate.
Other studies have also found an effect of taxonomic resolution on
community clustering patterns (Horner-Devine and Bohannan,
2006; Pontarp etal.,2012). Habitat filtering in this community may
be driven by the phylogenetic conservatism of phenotypes capa-
ble of anaerobic respiration. However, the metagenomic approach
does not allow us to test this prediction directly due to both our
inability to match taxon and gene, and our inability to match
genotype with phenotype. Nonetheless, phylogenetic clustering
patterns dominate the literature, and appear to covary with a
number of factors, such as chlorophyll a content, organic car-
bon, nitrate (Horner-Devine and Bohannan, 2006), ocean depth
(Kembel et al., 2011; Bryant et al., 2012), elevation (Bryant et al.,
2008; Wang et al., 2012), and salinity (Barberdn and Casamayor,
2010). More generally, the principle of habitat filtering has been
the basis for enrichment culturing of microbes since the early days
of microbiology, and it is not surprising that different habitats,
characterized by different metabolic substrates and abiotic condi-
tions, will selectively filter out all but a subset of taxa in the same
way as a defined medium in a culture flask. One model of phy-
logenetic succession predicts that if the traits of early colonizers
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are phylogenetically conserved, then habitat filtering should give
way to facilitative and competitive interactions as succession pro-
gresses, which should manifest as a switch from phylogenetically
clustered to random/overdispersed communities with time (Verda
etal., 2009). In our samples, the increased phylogenetic clustering
with mat age at depths below 2 mm, along with the composi-
tional clustering among the young mat and the top layers of the
old mats, suggests the increased importance of habitat filtering
with succession, as poorly adapted initial colonizers are lost from

underlying layers while taxa more suited to the changing abiotic
conditions are recruited into the habitat.

NULL MODEL CONSIDERATIONS

In many cases, our choice of null model affected the interpreta-
tion of our analyses. By decreasing the size of our regional taxa
pools from the entire suite of OTUs in a sample to the set of OTUs
in one particular mat layer, we were limiting the dispersal poten-
tial for taxa not shared among samples. Little is known about the
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scale at which microbes disperse (Whitaker et al., 2003), but we
found relatively similar results between the two most extreme taxa
pools (Table Al in Appendix). It is likely that no two taxa have
the same likelihood of occupying a habitat, and future studies
should consider a spatially explicit metacommunity approach to
identifying more realistic taxa pools (Lessard et al., 2012; Peres-
Neto et al., 2012). Likewise, we found that the independent swap
algorithm decreased the effect sizes of MPD. This null model has
been identified as being the most conservative in detecting niche-
based community assembly in simulations (Kembel, 2009). This
randomization routine, compared with the two phylogeny-based
approaches, did not identify overdispersion in our 0-2 mm layers.
The statistical power to detect limiting similarity in communities
requires testing, as do alternative null models which incorporate
the effects of real ecological processes (Gotelli and Ulrich, 2012).
By weighting our randomizations by a taxon’s relative abundance,
we were assuming that the probability of colonization in a mat
layer was proportional to the taxon’s abundance in the commu-
nity, while presence/absence data give all taxa an equal probability
(Kembel and Hubbell, 2006). In reality, the true dispersal proba-
bility for a taxon lies somewhere in between these two extremes,
but has yet to be quantified so that an appropriate null model
can be developed. In the absence of more sophisticated, semi-
mechanistic null models, we advocate a pluralistic view of null
modeling schemes focusing efforts on interpretation of a suite of
models in light of their constraints and assumptions. Additionally,
most, if not all, of the assumptions surrounding null models and
community assembly (e.g., dispersal scale, niche conservatism)
have yet to be assessed for the majority of organisms, microbial or
otherwise, and we strongly urge ecologists to interpret their results
in the light of these knowledge gaps.

CONCLUSION

Microbial mats exhibit marked variation in diversity at scales
much smaller than typically considered in ecological studies. Our
observations of phylogenetic and trait clustering within the lay-
ers of a salt marsh microbial mat indicate habitat filtering as
the main driver for community assembly. However, the effects
of biotic interactions such as competition and syntrophy cannot
be dismissed as alternative factors affecting community structure,
especially in the mat’s topmost Cyanobacteria-dominated layer.
Nevertheless, until rigorous manipulative studies are carried out
to test the assumptions of phylogenetic niche conservatism and
dispersal limitation in bacteria, results from community phyloge-
netic approaches must be interpreted with caution. We suggest that
these types of studies be carried out using microbial mat commu-
nities, which have historically proven tractable to both laboratory
and field experimentation.

ACKNOWLEDGMENTS

We thank C. Pepe-Ranney and L. Kelly for help with data process-
ing. H. Morrison and the staff of the MBL Bay Paul center provided
assistance with sequencing. This research was performed by par-
ticipants in the MBL Microbial Diversity Course in Woods Hole,
MA, and was supported in part by The Howard Hughes Med-
ical Foundation, The Gordon and Betty Moore Foundation under
grant No. (2493), the National Science Foundation under grant
No. (DEB-0917499), the US Department of Energy under grant
No. (DE-FG02-10ER13361),and the NASA Astrobiology Institute.
David W. Armitage was supported by an NSF Graduate Research
Fellowship. The authors thank the NSF Dimensions of Diversity
distributed graduate seminar (DEB-1050680) and the Sousa Lab
for valuable input.

REFERENCES

Amaral-Zettler, L. A., Zettler, E. R,
Theroux, S. M., Palacios, C., Aguil-
era, A., and Amils, R. (2010). Micro-
bial community structure across the
tree of life in the extreme Rio Tinto.
ISME ]. 5, 42-50.

Anderson, M. J. (2001).
method for non-parametric multi-
variate analysis of variance. Austral
Ecol. 26, 32-46.

Awramik, S. M. (1984). “Ancient stro-
matolites and microbial mats,” in
Microbial Mats: Stromatolites, eds Y.
Cohen, R. W. Castenholz, and H. O.
Halvoroson (New York: Alan R. Liss
Inc), 1-22.

Barberan, A., and Casamayor, E. O.
(2010). Global phylogenetic com-
munity structure and B-diversity
patterns in surface bacterioplankton
communities. Aquat. Microb. Ecol.
59, 1-10.

Bell, T., Newman, J. A., Silverman,
B. W, Turner, S. L., and Lilley,
A. K. (2005). The contribution of
species richness and composition
to bacterial services. Nature 436,
1157-1160.

A new

Boer, S. 1., Hedtkamp, S. 1. C., van
Beusekom, J. E. E., Fuhrman, J. A.,
Boetius, A., and Ramette, A. (2009).
Time- and sediment depth-related
variations in bacterial diversity and
community structure in subtidal
sands. ISME J. 3, 780-791.

Bolhuis, H., and Stal, L. J. (2011).
Analysis of bacterial and archaeal
diversity in coastal microbial mats
using massive parallel 16S rRNA
gene tag sequencing. ISME J. 5,
1701-1712.

Bossio, D. A., and Scow, K. M. (1998).
Impacts of carbon and flooding on
soil microbial communities: phos-
pholipid fatty acid profiles and sub-
strate utilization patterns. Microb.
Ecol. 35, 265-278.

Boyd, E. S., Hamilton, T. L., Spear,
J. R., Lavin, M., and Peters, J. W.
(2010). [FeFe] — hydrogenase in Yel-
lowstone National Park: evidence
for dispersal limitation and phyloge-
netic niche conservatism. ISME J. 4,
1485-1495.

Bryant, J. A., Lamanna, C., Morlon,
H., Kerkhoff, A. J., Enquist, B. J,
and Green, J. L. (2008). Microbes

on mountainsides: contrasting ele-
vational patterns of bacterial and
plant diversity. Proc. Natl. Acad. Sci.
U.S.A. 105, 11505-11511.

Bryant, J. A,, Stewart, E. ], Epply, J. M.,
and DeLong, E. E (2012). Micro-
bial community phylogenetic and
trait diversity declines with depth
in a marine oxygen minimum zone.
Ecology 93, 1659-1673.

Buckley, D. H., Baumgartner, L. K., and
Visscher, P. T. (2008). Vertical dis-
tribution of methane metabolism in
microbial mats of the great sippewis-
sett salt marsh. Environ. Microbiol.
10, 967-977.

Burke, C., Steinberg, P., Rusch, D.,
Kjelleberg, S., and Thomas, T.
(2011). Bacterial community assem-
bly based on functional genes rather
than species. Proc. Natl. Acad. Sci.
U.S.A. 108, 14288-14293.

Burow, L. C., Woebken, D., Bebout,
B. M., McMurdie, P. J., Singer, S.
W., Pett-Ridge, J., Prufert-Bebout,
L., Spormann, A. M., Weber, P.
K., and Hoehler, T. M. (2012).
Hydrogen production in photosyn-
thetic microbial mats in the Elkhorn

Slough estuary, Monterey Bay. ISME
J. 6,863-874.

Calkins, J., and Thordardottir, T.
(1980). The ecological signifi-
cance of solar UV radiation on
aquatic organisms. Nature 283,
563-566.

Camacho, A., and de Wit, R. (2003).
Effect of nitrogen and phos-
phorous additions on a benthic
microbial mat from a hyper-
saline lake. Aquat. Microb. Ecol. 32,
261-273.

Caporaso, J. G., Kuczynski, J,
Stombaugh, J., Bittinger, K., Bush-
man, E. D, Costello, E. K., Fierer,
N., Gonzalez Pena, A., Goodrich,
J. K., Gordon, J. L, Huttley, G. A,,
Kelley, S. T., Knights, D., Koenig,
J. E., Ley, R. E., Lozupone, C. A,
McDonald, D., Muegge, B. D,
Pirrung, M., Reeder, J., Sevinsky,
J. R., Turnbaugh, P. J., Walters,
W. A., Widmann, J., Yatsunenko,
T., Zaneveld, J., and Knight, R.
(2010a). QIIME allows analysis
of high-throughput community
sequencing data. Nat. Methods 7,
335-336.

Frontiers in Microbiology | Aquatic Microbiology

August 2012 | Volume 3 | Article 293 | 12


http://www.frontiersin.org/Aquatic_Microbiology
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Aquatic_Microbiology/archive

Armitage et al.

Biodiversity of microbial mats

Caporaso, J. G., Bittinger, K., Bushman,
E.D.,DeSantis, T. Z., Andersen, G. L.,
and Knight, R. (2010b). PyNAST: a
flexible tool for aligning sequences to
atemplate alignment. Bioinformatics
26, 266—267.

Cavender-Bares, J., Ackerly, D. D., Baum,
D. A,, and Bazzaz, F. A. (2004). Phy-
logenetic overdispersion in florid-
ian oak communities. Am. Nat. 163,
823-843.

Cavender-Bares, J., Keen, A., and Miles,
B. (2006). Phylogenetic structure
of floridian plant communities
depends on taxonomic and spatial
scale. Ecology 87, s109-s122.

Chao, A., Chiu, C. H., and Jost, L.
(2010). Phylogenetic diversity mea-
sures based on hill numbers. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 365,
3599-3609.

Cole, J. R., Wang, Q., Cardenas, E., Fish,
J., Chai, B., Farris, R. J., Kulam-Syed-
Mobhideen, A. S., McGarrell, D. M.,
Marsh, T., Garrity, G. M., and Tiedje,
J. M. (2009). The ribosomal data-
base project: improved alignments
and new tools for rRNA analysis.
Nucleic Acids Res. 37, D141-D145.

Cowan, D., Meyer, Q., Stafford, W,
Muyanga, S., Cameron, R., and Wit-
twer, P. (2005). Metagenomic gene
discovery: past, present and future.
Trends Biotechnol. 23, 321-329.

Curtis, T. P,, and Sloan, W. T. (2004).
Prokaryotic diversity and its limits:
microbial community structure in
nature and implications for micro-
bial ecology. Curr. Opin. Microbiol.
7,221-226.

Dechesne, A., Pallud, C., Bertolla, F.,, and
Grundmann, G. L. (2006). Impact
of the microscale distribution of
a Pseudomonas strain introduced
into soil on potential contacts with
indigenous bacteria. Appl. Environ.
Microbiol. 71, 8123-8131.

Des Marais, D. J. (2003). Biogeochem-
istry of hypersaline microbial mats
illustrates the dynamics of modern
microbial ecosystems and the early
evolution of the biosphere. Biol. Bull.
204, 160-167.

DeSantis, T. Z., Hugenholtz, P., Larsen,
N., Rojas, M., Brodie, E. L., Keller,
K., Huber, T., Dalevi, D., Hu, P,, and
Andersen, G. L. (2006). Greengenes,
a chimera-checked 16S rRNA gene
database and workbench compatible
with ARB. Appl. Environ. Microbiol.
72, 5069-5072.

Diamond, J. M. (1975). “Assembly of
species communities,” in Ecology
and Evolution of Communities, eds
M. L. Cody and J. M. Diamond
(Cambridge, MA: Harvard Univer-
sity Press), 342—444.

Dillon, J. G., Miller, S., Bebout, B.,
Hullar, M., Pinel, N., and Stahl,
D. A. (2009). Spatial and temporal
variability in a stratified hypersaline
microbial mat community. FEMS
Microbiol. Ecol. 68, 46-58.

Edgar, R. C. (2010). Search and clus-
tering orders of magnitude faster
than BLAST. Bioinformatics 26,
2460-2461.

Faith, D. P. (1992). Conservation eval-
uation and phylogenetic diversity.
Biol. Conserv. 61, 1-10.

Fine, P. V. A, and Kembel, S. W. (2011).
Phylogenetic community structure
and phylogenetic turnover across
space and edaphic gradients in west-
ern Amazonian tree communities.
Ecography 34, 552-565.

Garcia-Pichel, E, and Castenholz, R. W.
(1994). “On the significance of solar
ultraviolet radiation for the ecol-
ogy of microbial mats,” in Microbial
Mats: Structure, Development, and
Environmental Significance, eds L. J.
Stal and P. Caumette (Heidelberg:
Springer-Verlag), 77-84.

Gillespie, R. G. (2004). Community
assembly through adaptive radiation
in Hawaiian spiders. Science 303,
356-359.

Gotelli, N. J., and Ulrich, W. (2012).
Statistical challenges in null model
analysis. Oikos 121, 171-180.

Haas, B. J., Gevers, D., Earl, A.
M., Feldgarden, M., Ward, D. V.,
Giannoukos, G., Ciulla, D., Tab-
baa, D., Hichlander, S. K., Soder-
gren, E., Methé, B., DeSantis, T.
Z., The Human Microbiome Con-
sortium, Petrosino, J. E, Knight,
R, and Birren, B. W. (2011).
Chimeric 16S rRNA sequence for-
mation and detection in Sanger and
454-pyrosequenced PCR amplicons.
Genome Res. 21, 494-504.

Herbert, R., and Welsh, D. T. (1994).
“Establishment of phototrophic pur-
ple sulfur bacteria in microbial mat
systems,” in Microbial Mats: Struc-
ture, Development, and Environmen-
tal Significance, eds L. J. Stal and
P. Caumette (Heidelberg: Springer-
Verlag), 51-60.

Hill, M. O. (1973). Diversity and
evenness: a unifying notion and
its consequences. Ecology 54,
427-432.

Hooper, D. U., Chapin, F. S. III, Ewel, ]. ].,
Hector, A., Inchausti, P, Lavorel, S.,
Lawton, J. H., Lodge, D. M., Loreau,
M., Naeem, S., Schmid, B., Setild, H.,
Symstad, A. J., Vandermeer, J., and
Wardle, D. A. (2005). Effects of bio-
diversity on ecosystem functioning:
a consensus of current knowledge.
Ecol. Monogr. 75, 3-35.

Horner-Devine, M. C., and Bohannan,
B. J. M. (2006). Phylogenetic clus-
tering and overdispersion in bacte-
rial communities. Ecology 87, s100—
s108.

Huber, J. A., Welch, D. B. M., Morrison,
H. G.,Huse, S. M., Neal, P. R., Butter-
field, D. A., and Sogin, M. L. (2007).
Microbial population structures in
the deep marine biosphere. Science
318, 97-100.

Humayoun, S. B., Bano, N., and Hol-
libaugh, J. T. (2003). Depth distribu-
tion of microbial diversity in Mono
lake, a meromictic soda lake in Cal-
ifornia. Appl. Environ. Microbiol. 69,
1030-1042.

Hutchinson, G. E. (1961). The para-
dox of the plankton. Am. Nat. 95,
137-145.

Ibelings, B. W., and de Winder,
B. (1994). “The effect of irra-
diance, temperature and desicca-
tion on cyanobacterial photosyn-
thesis: a possible explanation for
diurnal variation in surface water
blooms,” in Microbial Mats: Struc-
ture, Development, and Environmen-
tal Significance, eds L. J. Stal and
P. Caumette (Heidelberg: Springer-
Verlag), 311-318.

Jensen, L. J., Julien, P., Kuhn, M., von
Mering, C., Muller, J., Doerks, T.,
and Bork, P. (2008). eggNOG: auto-
mated construction and annotation
of orthologrous groups of genes.
Nucleic Acids Res. 36, D250-D254.

Jonkers, H. M., Ludwig, R., de Wit, R.,
Pringault, O., Muyzer, G., Niemann,
H., Finke, N., and de Beer, D. (2003).
Structural and functional analysis
of a microbial mat ecosystem from
a unique permanent hypersaline
inland lake: “La Salada de Chiprana”
(NE Spain). FEMS Microbiol. Ecol.
44, 175-189.

Jorgensen, B. B., and Des Marais, D.
J. (1986). Competition for sulfide
among colorless and purple sul-
fur bacteria in cyanobacterial mats.
FEMS Microbiol. Lett. 38, 179-186.

Jorgensen, B. B., Revsbech, N. P., Black-
burn, T. H., and Cohen, Y. (1979),
Diurnal cycle of oxygen and sulfide
microgradients and microbial pho-
tosynthesis in a cyanobacterial mat
sediment. Appl. Environ. Microbiol.
38,46-58.

Kanehisa, M., Goto, S., Sato, Y., Furu-
michi, M., and Tanabe, M. (2012).
KEGG for integration and inter-
pretation of large-scale molecular
datasets. Nucleic Acids Res.40,D109—
D114.

Kembel, S. W. (2009). Disentangling
niche and neutral influences on
community assembly: assessing the

performance of community phylo-
genetic structure tests. Ecol. Lett. 12,
949-960.

Kembel, S. W., Cowan, P. D., Hel-
mus, M. R., Cornwell, W. K., Mor-
lon, H., Ackerly, D. D., Blomblerg,
S. P, and Webb, C. O. (2010).
Picante: R tools for incorporating
phylogeny into ecology. Bioinfor-
matics 26, 1463-1464.

Kembel, S. W., Eisen, J. A., Pol-
lard, K. S, and Green, J. L.
(2011). The phylogenetic diversity of
metagenomes. PLoS ONE 6, e23214.
doi:10.1371/journal.pone.0023214

Kembel, S. W., and Hubbell, S. P. (2006).
The phylogenetic structure of a
neotropical forest tree community.
Ecology 87, s86—s99.

Kunin, V., Raes, J., Harris, J. K., Spear,
]. R., Walker, J. J., Ivanova, N., von
Mering, C., Bebout, B. M., Pace,
N. R, Bork, P.,, and Hugenholtz, P.
(2008). Millimeter-scale genetic gra-
dients and community-level mole-
cular convergence in a hypersaline
microbial mat. Mol. Syst. Biol. 4,198.

Leinster, T., and Cobbold, C. A. (2012).
Measuring diversity: the importance
of species similarity. Ecology 93,
477-489.

Lessard, J. P, Borregaard, M. K., Fordyce,
J. A., Rahbek, C., Weiser, M. D.,
Dunn, R. R, and Sanders, N. J.
(2012). Strong influence of regional
species pools on continent-wide
structuring of local communities.
Proc. R. Soc. Lond. B Biol. Sci. 279,
266-274.

Ley, R. E., Harris, J. K., Wilcox, J.,
Spear, J. R., Miller, S. R., Bebout,
B. M., Maresca, J. A,, Bryant, D. A,
Sogin, M. L., and Pace, N. R. (2006).
Unexpected diversity and complex-
ity of the Guerrero Negro hyper-
saline microbial mat. Appl. Environ.
Microbiol. 72, 3685-3695.

Long, R. A, and Azam, E (2001).
Antagonistic interactions among
marine pelagic bacteria. Appl. Env-
iron. Microbiol. 67, 4975-4983.

Loreau, M., Naeem, S., Inchausti, P,
Bengtsson, J., Grime, J. P., Hector, A.,
Hooper, D. U., Huston, M. A., Raf-
faelli, D., Schmid, B., Tilman, D., and
Wardle, D. A. (2001). Biodiversity
and ecosystem functioning: current
knowledge and future challenges.
Science 294, 804-808.

Losos, J. B., Jackman, T. R., Larson,
A., de Queiroz, K., and Rodriguez-
Schettino, L. (1998). Contingency
and determinism in replicated adap-
tive radiations of island lizards. Sci-
ence 279, 2115-2118.

Lozupone, C., and Knight, R. (2005).
UniFrac: a new phylogenetic method

www.frontiersin.org

August 2012 | Volume 3 | Article 293 | 13


http://dx.doi.org/10.1371/journal.pone.0023214
http://www.frontiersin.org
http://www.frontiersin.org/Aquatic_Microbiology/archive

Armitage et al.

Biodiversity of microbial mats

for comparing microbial commu-
nities. Appl. Environ. Microbiol. 71,
8228-8235.

MacArthur, R., and Levins, R. (1967).
The limiting similarity, convergence,
and divergence of coexisting species.
Am. Nat. 101, 377-385.

MacArthur, R. H., and Wilson, E. O.
(1967). The Theory of Island Bio-
geography. Princeton, NJ: Princeton
University Press.

Mayfield, M. M., and Levine, J. M.
(2010). Opposing effects of compet-
itive exclusion in the phylogenetic
structure of communities. Ecol. Lett.
12, 1085-1093.

Meyer, E, Paarmann, D., D’Souza, M.,
Olson, R., Glass, E. M., Kubal, M.,
Paczian, T., Rodriguez, A., Stevens,
R., Wilke, A., Wilkening, J., and
Edwards, R. A. (2008). The metage-
nomics RAST server — a public
resource for the automatic phylo-
genetic and functional analysis of
metagenomes. BMC Bioinformat-
ics 9,386. doi:10.1186/1471-2105-9-
386

Mir, J., Martinez-Alonso, M., Esteve,
1., and Guerrero, R. (1991). Vertical
stratification and microbial assem-
blage of a microbial mat in the Ebro
Delta (Spain). FEMS Microbiol. Lett.
86, 59-68.

Newton, R. J.,, Jones, S. E., Helmus, M.
R., and McMahon, K. D. (2007).
Phylogenetic ecology of the freshwa-
ter Actinobacteria acl lineage. Appl.
Environ. Microbiol. 73,7169-7176.

Nicholson, J. A. M., Stolz, J. E, and
Pierson, B. K. (1987). Structure of a
microbial mat at great Sippewissett
Marsh, Cape Cod, Massachusetts.
FEMS Microbiol. Ecol. 45, 343-364.

Oksanen, J., Blanchet, F. G., Kindt,
R., Legendere, P, Minchin, P.
R, O’Hara, R. B. Simpson, G.
L., Solymos, P, Stevens, M. H.
H., and Wagner, H. (2012).
Vegan: Community Ecology Pack-
age, Version 2.0-3. Available at:
http://cran.r-project.org/web/
packages/vegan/

Peres-Neto, P. R, Leibold, M. A,, and
Dray, S. (2012). Assessing the effects
of spatial contingency and environ-
mental filtering on metacommunity
phylogenetics. Ecology 93, S14-S30.

Peterson, A. T., Soberén, J., and
Sénchez-Cordero, V. (1999). Con-
servatism of ecological niches in
evolutionary time. Science 285,
1265-1267.

Pierson, B., Oesterle, A., and Murphy,
G. L. (1987). Pigments, light pen-
etration, and photosynthetic activ-
ity in the multi-layered micro-
bial mats of great sippewissett salt

marsh, Massachusetts. FEMS Micro-
biol. Lett. 45, 365-376.

Pierson, B. K., Sands, V. M., and Fred-
erick, J. L. (1990). Spectral irradi-
ance and distribution of pigments
in a highly layered marine micro-
bial mat. Appl. Environ. Microbiol.
56, 2327-2340.

Pontarp, M., Canbick, B., Tunlid, A.,
and Lundberg, P. (2012). Phyloge-
netic analysis suggests that habitat
filtering is structuring marine bac-
terial communities across the globe.
Microb. Ecol. 64, 8-17.

Price, M. N,, Dehal, P. S., and Arkin, A.
P. (2010). FastTree 2-approximately
maximum-likelihood trees for large
alignments. PLoS ONE 5, €9490.
doi:10.1371/journal.pone.0009490

Quince, C., Curtis, T. P, and Sloan, W.
T. (2008). The rational exploration
of microbial diversity. ISME J. 2,
997-1006.

R Development Core Team. (2011). R:
A Language and Environment for Sta-
tistical Computing. Vienna: R Foun-
dation for Statistical Computing.

Revsbech, N. P, Jorgensen, B. B., Black-
burn, T. H., and Cohen, Y. (1983).
Microelectrode studies of the pho-
tosynthesis and O-2, H2S, and Ph
profiles of a microbial mat. Limnol.
Oceanogr. 28, 1062—-1074.

Rho, M., Tang, H., and Ye, Y. (2010).
FragGeneScan: predicting genes in
short and error-prone reads. Nucleic
Acids Res. 38, e191.

Ricklefs, R. E. (2006). Evolutionary
diversification and the origin of the
diversity-environment relationship.
Ecology 87, S3-S13.

Risatti, J. B., Capman, W. C., and Stahl,
D. A. (1994). Community structure
of a microbial mat: the phyloge-
netic dimension. Proc. Natl. Acad.
Sci. U.S.A. 91, 10173-10177.

Seckbach, J., and Oren, A. (2010).
Microbial Mats: Modern and Ancient
Microorganisms in Stratified Systems.
Heidelberg: Springer Science.

Shimodaira, H. (2004). Approxi-
mately unbiased tests of regions
using multistep-multiscale boot-
strap resampling. Ann. Stat. 32,
2616-2641.

Sogin, M. L., Morrison, H. G., Huber,
J. A, Welch, D. M., Huse, S.
M., Neal, P. R, Arrieta, J. M,
and Herndl, G. J. (2006). Micro-
bial diversity in the deep sea and
the underexplored “rare biosphere.”
Proc. Natl. Acad. Sci. US.A. 103,
12115-12120.

Stal, L. J., and Caumette, P. (1994).
Microbial Mats: Structure and Envi-
ronmental Significance. Heidelberg:
Springer-Verlag.

Stal, L. J.,, van Gemerden, H., and
Krumbein, W. E. (1985). Struc-
ture and development of a ben-
thic marine microbial mat. FEMS
Microbiol. Ecol. 31, 111-125.

Stamatakis, A. (2006). “Phylogenetic
models or rate heterogeneity: a high
performance computing perspec-
tive,” in Proceedings of IPDPS 2006,
Camacho.

Stevens, H., and Ulloa, O. (2008). Bac-
terial diversity in the oxygen min-
imum zone of the eastern tropical
South Pacific. Environ. Microbiol. 10,
1244-1259.

Stevens, M. H. H., and Carson, W.
P. (2002). Resource quantity, not
resource heterogeneity, maintains
plant diversity. Ecol. Lett. 5,420-426.

Swenson, N. G., Enquist, B. J., Pither,
J., Thompson, J., and Zimmerman,
J. K. (2006). The problem and
promise of scale dependency in com-
munity phylogenetics. Ecology 87,
2418-2424.

Tatusov, R. L., Konnin, E. V., and Lip-
man, D. J. (1997). A genomic per-
spective on protein families. Science
278,631-637.

Tyson, G. W., Chapman, J., Hugenholtz,
P, Allen, E. E., Ram, R. J., Richard-
son, P. M., Solovyev, V. V., Rubin, E.
M., Rokhsar, D. S., and Banfield, J.
F. (2004). Community structure and
metabolism through reconstruction
of microbial genomes from the envi-
ronment. Nature 428, 37-43.

Vamosi, S. M., Heard, S. B., Vamosi, J. C.,
and Webb, C. O. (2009). Emerging
patterns in the comparative analysis
of phylogenetic community struc-
ture. Mol. Ecol. 18,572-592.

van Gemerden, H. (1993). Microbial
mats: a joint venture. Mar. Geol. 113,
3-25.

Verdu, M., Rey, P. J., Alcintara, J. M.,
Siles, G., and Valiente-Banuet, A.
(2009). Phylogenetic signatures of
facilitation and competition in suc-
cessional communities. J. Ecol. 97,
1171-1180.

Vermeij, G. J. (1987). Evolution and
Escalation: An Ecological History of
Life. Princeton, NJ: Princeton Uni-
versity Press.

Villanueva, L., Navarrete, A., Urmeneta,
J., Geyer, R., White, D. C., and Guer-
rero, R. (2007). Monitoring diel vari-
ations of physiological status and
bacterial diversity in an estuarine
microbial mat: an integrated bio-
marker analysis. Microb. Ecol. 54,
523-531.

Violle, C., Nemergut, D. R., Pu, Z,
and Jiang, L. (2011). Phylogenetic
limiting similarity and competitive
exclusion. Ecol. Lett. 14, 782-787.

Wang, J., Soininen, J., He, J., and
Shen, J. (2012). Phylogenetic clus-
tering increases with elevation for
microbes. Environ. Microbiol. Rep. 4,
217-226.

Webb, C. O. (2000). Exploring the
phylogenetic structure of ecological
communities: an example for rain
forest trees. Am. Nat. 156, 145-155.

Webb, C. O., Ackerly, D. D., McPeek,
M. A,, and Donoghue, M. J. (2002).
Phylogenies and community ecol-
ogy. Annu. Rev. Ecol. Syst. 33,
475-505.

Webb, C. O., Cannon, C. H., and Davies,
S. J. (2008). “Ecological organiza-
tion, biogeography, and the phylo-
genetic structure of tropical forest
tree communities,” in Tropical Forest
Community Ecology, eds W. P. Car-
son and S. S. A. Schnitzer (Chich-
ester: Blackwell Publishing Ltd.),
79-97.

Weiher, E., and Keddy, P. (1999).
Ecological Assembly Rules: Perspec-
tives, Advances, Retreats. Cambridge:
Cambridge University Press.

Whitaker, R. J., Grogan, D. W., and Tay-
lor, J. W. (2003). Geographic barri-
ers isolate endemic populations of
hyperthermophilic archaea. Science
301, 976-978.

Yannarell, A. C., and Paerl, H. W. (2007).
Effects of salinity and light on
organic carbon and nitrogen uptake
in a hypersaline microbial mat.
FEMS Microbiol. Ecol. 62, 345-353.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 12 June 2012; paper pending
published: 04 July 2012; accepted: 24 July
2012; published online: 10 August 2012.
Citation: Armitage DW, Gallagher KL,
Youngblut ND, Buckley DH and Zinder
SH (2012) Millimeter-scale patterns of
phylogenetic and trait diversity in a salt
marsh microbial mat. Front. Microbio.
3:293. doi: 10.3389/fmicb.2012.00293
This article was submitted to Frontiers
in Aquatic Microbiology, a specialty of
Frontiers in Microbiology.

Copyright © 2012 Armitage, Gallagher,
Youngblut, Buckley and Zinder. This is
an open-access article distributed under
the terms of the Creative Commons Attri-
bution License, which permits use, distri-
bution and reproduction in other forums,
provided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Microbiology | Aquatic Microbiology

August 2012 | Volume 3 | Article 293 | 14


http://dx.doi.org/10.1186/1471-2105-9-386
http://dx.doi.org/10.1186/1471-2105-9-386
http://cran.r-project.org/web/packages/vegan/
http://cran.r-project.org/web/packages/vegan/
http://dx.doi.org/10.1371/journal.pone.0009490
http://dx.doi.org/10.3389/fmicb.2012.00293
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Aquatic_Microbiology
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Aquatic_Microbiology/archive

Armitage et al. Biodiversity of microbial mats

APPENDIX

Table A1 | Rarefied MPDggs values for all bacteria, Cyanobacteria, purple sulfur bacteria, and sulfate reducing bacteria.

Sample Group Taxa.labels Ind. Swap Phylo. Pool RelAbund
Depth Pool 1 Pool 2 Pool 3 Pool 1 Pool 1 Pool 1
YM-2010 All bacteria 0-2 0.16 5.76* —0.55 —0.68 0.1 —0.02
2-5 3.71* 1.48 1.82 2.03 3.56* 3.63*
5-10 0.45 —2.02* —1.54 0.54 0.4 0.43
10-15 —0.47 -3.17* -13 —0.03 —0.49 —0.52
15-20 —-0.12 —2.08* —3.4* 0.13 -0.16 -0.14
Cyanobacteria 0-2 —2.11* —0.01 -2.07
2-5 -1 —0.45 —0.63
5-10 —0.312 —0.64 0.24
10-15 —0.86 0.79 —0.53
15-20 —0.429 0.89 0.21
Purple sulfur bacteria 0-2 —1.66 -0.82 -1.63
2-5 —-1.13 -0.17 -0.4
5-10 0.18 -0.32 1.1
10-15 —0.96 -1.22 —0.53
15-20 —1.26 1.1 -1.22
Sulfate reducing bacteria 0-2 NA NA NA
2-5 —-2.71 -1.25 -0.32
5-10 -3.78 —2.563 -1.6
10-15 —1.88 —0.54 0.27
15-20 -2.5 -0.16 -0.29
OM-2010 All bacteria 0-2 2.61* 2.81* 3.99* 1.41 2.6* 2.61*
2-5 —2.87* —5.68* -2.17 —-1.41 —2.72% —2.77*
5-10 —4.42* —4.86* —4.12*% —2.29* —-4.31* —4.39%
10-15 —4.08* —5.44* —-3.73* -2.13* —4.09* —4.1%
15-20 NA NA NA NA NA NA
Cyanobacteria 0-2 -1.18 -0.14 —-2.13
2-5 0.74 -1.18 0.54
5-10 0.80 0.33 0.46
10-15 NA NA NA
15-20 NA NA NA
Purple sulfur bacteria 0-2 —0.09 1.83 -0.75
2-5 —0.95 2.1 0.19
5-10 -0.75 1.97 —0.99
10-15 —0.20 1.13 -0.19
156-20 -0.19 1.02 0.12
Sulfate reducing bacteria 0-2 NA NA NA
2-5 —1.66 —0.76 0.04
5-10 0.29 0.54 0.32
10-15 0.69 0.82 0.94
15-20 NA NA NA
OM-2011 All bacteria 0-2 0.55 8.34* 6.49* 0.33 0.56 0.52
2-5 —5.48* —4.86* —1.69 —-2.61* —5.62* —5.6%
5-10 —6.32* —5.36* -2.03 —2.98* —6.46* —6.35*
10-15 —8.56* —9.28* —724*% —4.04* —8.65* —-8.61*
15-20 —784 —7.29* —5.14* —3.84* —792*% —792*%
Cyanobacteria 0-2 —-1.21 1.22 -15
2-5 —1.06 —0.99 —0.96
5-10 —0.156 —0.49 —0.65
10-15 —0.974 -1.23 -0.79
15-20 —1.266 1.03 —0.46

(Continued)
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Table A1 | Continued

Sample Group Taxa.labels Ind. Swap Phylo. Pool RelAbund
Depth Pool 1 Pool 2 Pool 3 Pool 1 Pool 1 Pool 1
Purple sulfur bacteria 0-2 —0.48 0.54 0.02
2-5 —0.39 —0.69 —1.09
5-10 —0.16 —-0.16 -0.6
10-15 -0.02 0.91 -0.1
15-20 -0.19 —0.95 —1.45
Sulfate reducing bacteria 0-2 —0.08 —0.51 —-1.02
2-5 0.54 —-0.24 0.12
5-10 0.70 0.61 0.56
10-15 1M —-0.07 1.22
15-20 0.94 0.27 0.97

Values are presented for three species pools, and four null models, including abundance-weighted randomizations (see text for details). *Indicates significant (p < 0.05)

phylogenetic clustering (negative values) or overdispersion (positive values) based on rank test.
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