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Contrasting patterns of niche partitioning between
two anaerobic terminal oxidizers of organic matter
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Understanding the ecological principles underlying the structure and function of microbial
communities remains an important goal for microbial ecology. We examined two biogeochemically
important taxa, the sulfate-reducing bacterial genus, Desulfobulbus, and the methanogenic archaeal
genus, Methanosaeta, to compare and contrast niche partitioning by these two taxa that are
ecologically linked as anaerobic terminal oxidizers of organic material. An observational approach
utilizing functional gene pyrosequencing was combined with a community-based reciprocal incubation
experiment and characterization of a novel Desulfobulbus isolate. To analyze the pyrosequencing data,
we constructed a data analysis pipeline, which we validated with several control data sets. For both
taxa, particular genotypes were clearly associated with certain portions of an estuarine gradient,
consistent with habitat or niche partitioning. Methanosaeta genotypes were generally divided between
those found almost exclusively in the marine habitat (B30% of operational taxonomic units (OTUs)),
and those which were ubiquitously distributed across all or most of the estuary (B70% of OTUs). In
contrast to this relatively monotonic distribution, for Desulfobulbus, there were many more genotypes,
and their distributions represented a wide range of inferred niche widths from specialist genotypes
found only at a single site, to ubiquitous or generalist genotypes found in all 10 sites examined along
the full estuarine gradient. Incubation experiments clearly showed that, for both taxa, communities
from opposite ends of the estuary did not come to resemble one another, regardless of the chemical
environment. Growth of a Desulfobulbus isolated into pure culture indicated that the potential niche of
this organism is significantly larger than the realized niche. We concluded that niche partitioning can
be an important force structuring microbial populations, with biotic and abiotic components having
very different effects depending on the physiology and ecology of each taxon.
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Introduction

Sulfate-reducing bacteria (SRB) and methanogenic
archaea (MA) perform an important step of the
carbon cycle, the remineralization of organic matter
in anaerobic environments. SRB and MA both
utilize small carbon compounds resulting from the
degradation of complex organic matter and are of
global biogeochemical importance—SRB and MA
may account for up to half of carbon mineralization
in marine and freshwater environments, respectively
(Jorgensen, 1982; Lovley et al., 1982), and comprise
the majority of subseafloor sediment communities
(D’Hondt et al., 2002) that may account for up to one-
third of the earth’s total biomass (Whitman et al.,
1998). Although the potential metabolic niche space

of SRBs includes facultative acetogenic and syn-
trophic lifestyles (Plugge et al., 2011), the ecological
relationship of SRB and MA in anaerobic environ-
ments canonically depends on the availability of
sulfate; where sulfate concentrations or recycling
rates are high, sulfate reduction is usually a dominant
process, where sulfate is limiting, methanogenesis
generally predominates (Laanbroek and Veldkamp,
1982; Lovley and Klug, 1983; Widdel, 1988).

To compare and contrast the ecology of MA and
SRB, MA in the genus Methanosaeta provide a
useful model of a strict metabolic specialist as they
utilize acetate as their sole electron donor, electron
acceptor and carbon source (Patel and Sprott, 1990).
Methanosaeta are thus particularly susceptible to
competition from other acetate-utilizing MA (Jetten
et al., 1990) and SRB (Ward and Winfrey, 1985).
In contrast, SRB in the genus Desulfobulbus are
able to couple the respiration of sulfate to the
oxidation of three-carbon compounds and can also
grow fermentatively, mixotrophically or by using
nitrate or nitrite as an alternative electron acceptor
(Stams, 1984; Lien et al., 1998; Sass et al., 2002;
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Suzuki et al., 2007). Because of their geochemical
importance, natural ecological linkage and con-
trasting metabolic flexibility, Desulfobulbus and
Methanosaeta represent useful model taxa to
analyze microbial distribution patterns and some
basic aspects of microbial ecology such as niche
partitioning. In this study, we focus on niche
partitioning by each of these genera and combine
observational and experimental approaches to infer
how niche-based processes may influence commu-
nity structure.

Environmental niche specialization has been shown
to be an important force structuring microbial com-
munities (West and Scanlan, 1999; Johnson et al.,
2006; Hunt et al., 2008), and, in the same estuarine
gradient studied here, genotypes of Desulfobulbus
have been shown to be sequentially distributed
(Hawkins and Purdy, 2007; Oakley et al., 2010) in a
manner similar to original descriptions of the phe-
nomenon of niche differentiation (May and Macarthur,
1972). In contrast, for Methanosaeta, evidence for
cosmopolitan distributions of 16S rRNA genotypes
has been reported (Carbonero, 2010). Until recently,
however, accurate determination of microbial niche
occupancy has been hindered by chronic under-
sampling of clone libraries, or limited resolution of
fingerprinting techniques such as denaturing gradient
gel electrophoresis or terminal restriction fragment
length polymorphisms. We utilized recent advances in
sequencing technology (Margulies et al., 2005;
Hamady et al., 2008) to provide a solution to this
problem and combined environmental sequencing
with experimental manipulations and cultivation to
achieve our main objectives of comparing and
contrasting the patterns and mechanisms of niche
occupancy of Methanosaeta and Desulfobulbus.
Because of the relative novelty of pyrosequenc-
ing and debates about its proper applications to
assess microbial diversity (Huse et al., 2010; Kunin
et al., 2010), we also developed and validated a data
analysis pipeline, which can rapidly analyze pyro-
sequencing data.

Materials and methods

Study site and sample collection
Triplicate sediment cores for pore water analyses
and DNA extractions were taken at low tide from 11
sites along the Colne estuary in September 2004 as
previously described (Hawkins and Purdy, 2007).
Samples for the slurry experiment were collected
in September 2008 from sites 1 and 10, represent-
ing the marine and freshwater ends of the estuary,
respectively.

Molecular methods
Amplification of dsrB and mcrA genes. Amplifica-
tion of a portion of the bisulfite reductase (dsrB)
gene targeted to Desulfobulbus was achieved by PCR
with the primers DSR458F (50-CGCBCTGAT
GRATCTGTG-30; Oakley et al., 2010) and 2060F’

(50-CAACATCGTYCATACMCAGGG-30; modified from
(Geets et al., 2006) to improve specificity) in combina-
tion with DSR4R (50-GTGTAGCAGTTACCGCA-30;
Wagner et al., 1998) as previously described (Oakley
et al., 2010). New primers specifically and sensi-
tively targeting Methanosaeta mcrA genes were
designed using sequences from the functional gene
pipeline and repository (http://fungene.cme.msu.
edu/). Based on maximum-likelihood phylogenetic
reconstructions performed in ARB (Ludwig et al.,
2004), a monophyletic clade was identified as a
target group containing sequences from environ-
mental samples and the three described Methano-
saeta species M. concilii, M. harundinacea and
M. thermophila. Using a program, THERMOPHYL, we
wrote for this purpose (Oakley et al., 2011), we
designed new primer pairs F1 (50-CTACATGTCCG
GYGGTGTC-30) and R1 (50-TAGTTRGCGCCYCTC
AKCTC-30), and F2 (50-GTCGGWTTCACMCAGTA
CGC-30) and R2 (50- TGCCCTCGTCKGACTGGTA-30),
which were identified as optimally specific and
sensitive (Oakley et al., 2011) and subsequently
used for empirical testing.

Methanosaeta-specific mcrA primer assessments.
Primer specificity, sensitivity and amplification
efficiency were evaluated empirically using genomic
DNA from M. concillii (DSM6752), M. harundinacea
(DSM 17206), M. thermophila (DSM4774), Methano-
sarcina mazei (DSM2053), Methanosarcina aceto-
vorans (DSM2834) and environmental DNA from
Colne Estuary sediments as previously described
(Oakley et al., 2011). DNA was extracted from
actively growing cultures using the DNeasy Blood
and Tissue kit (Qiagen, Crawley, UK) and environ-
mental DNA was extracted from sediment samples
as previously described (Purdy, 2005).

Following validation of the PCR sensitivity and
specificity, the same protocol was used to amplify
three technical replicates from each of three bio-
logical replicates (sediment samples taken within a
50 cm radius at each site). Products were cleaned
using the QiaQuick Gel Extraction kit (Qiagen) and
pooled after normalization based on quantification
of PCR products using QuantIt PicoGreen (Invitrogen,
Paisley, UK) as per manufacturers instructions and
fluorescence measured with a Perkin-Elmer (Cam-
bridge, UK) Wallac Victor2 1420 plate reader.

Pyrosequencing methods. Pyrosequencing was per-
formed at Research and Testing Laboratory (Lubbock,
TX, USA: http://www.researchandtesting.com). Using
tagged amplicon methods similar to those described
previously (Dowd et al., 2008) modified for titanium
chemistry (Roche, Branford, CT, USA). Twenty cycles
of PCR were utilized (94 1C for 30 s, 50 1C for 30 s and
72 1C for 40 s) with a final extension at 72 1C for
10 min to incorporate the linkers and tag A 200 flow
Titanium sequencing run was performed according to
Roche protocols with amplicon signal processing.
Following the sequencing and image processing, the
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sequences were binned into individual multi-fasta
files and used for data analysis.

Pyrosequencing analysis
Initial quality control. Raw sequence data were
first edited and screened using a series of custom
Perl and Bioperl scripts, which performed the
following initial steps as per the recommendations
of Kunin et al. (2010) and Huse et al. (2007):
trimming of pyrosequencing tag sequences, screen-
ing for presence of PCR primer sequences and
removal of sequences with one or more ambiguous
base calls. Based on expected amplicon sizes and
sequence length frequency distributions, sequences
were limited to a range of 375–385 bp for dsrB and
411–419 bp for mcrA. Sequences passing these
screens were then subjected to several additional
quality control measures by translations in all three
forward frames and screens for the presence of
conserved amino-acid motifs. Sequences in the
appropriate frame passed the screen and trailing
nucleotides were trimmed to produce complete
codons.

Methodological validation. To distinguish errors
inherent to the pyrosequencing itself versus analytical
errors, we pyrosequenced single colonies and com-
pared the results of several analytical approaches.
First, cell-suspension PCR was performed from single
axenic colonies of a Desulfobulbus strain we isolated
from the freshwater end of the estuary and Methano-
saeta concilii (DSM6752) using the dsrB and mcrA
PCR protocols, respectively, as described above. Next,
pyrosequence data from these PCR products were
compared with a reference sequence determined by
bidirectional Sanger sequencing to determine a base-
line error rate inherent to pyrosequencing. Pairwise
comparisons were performed with a perl script using
Needle–Wasserman global alignments as implemen-
ted in the EMBOSS package (Rice et al., 2000) with
gap-extension and gap-open parameters set to 2 and
14, respectively. Subsequently, errors introduced by
commonly used multiple sequence alignment (MSA)
strategies were assessed by aligning a random subset
of 5000 pyrosequences using the programs mothur
(Schloss et al., 2009), MUSCLE (Edgar, 2004) and
MAFFT (Katoh et al., 2002). The alignment error
for each sequence was calculated as the absolute
difference in percent identity for that sequence as
aligned to the reference sequence in the pairwise
alignments above versus the MSA. Finally, the effect
of the alignment errors on operational taxonomic unit
(OTU) designations was determined by clustering
sequences into OTUs using mothur. To compare these
results to an alternative MSA-independent method,
sequences were also clustered using CD-HIT-EST
(Li and Godzik, 2006).

Clustering and data analysis pipeline. Sequences
were grouped into similarity clusters or OTUs, by

CD-HIT-EST (Li and Godzik, 2006) with parameters
set to the default recommendations except for the -g
parameter, which was set to search all clusters to
place a sequence into the most similar cluster, rather
than the first cluster which meets the similarity
threshold. The output from CD-HIT provided the
input for a data analysis pipeline we constructed,
which parses the clustering results, reformats the
data for input into mothur and links a series of
scripts in R (R Development Core Team, 2010)
to produce graphical and statistical summaries
of the data according to desired sampling unit.
More information and the open-source code for the
pipeline can be found at http://go.warwick.ac.uk/
thermophyl/pipeline. Representative sequence data
have been submitted to GenBank under accession
numbers: JN684079-JN684183.

Phylogenetic and statistical analyses
Sequences which passed all the screens described
above were aligned as nucleotides to curated seed
databases based on amino-acid alignments (http://
fungene.cme.msu.edu/) and incorporated into ARB
(Ludwig et al., 2004). Trees were built with maxi-
mum-likelihood and neighbor-joining algorithms in
ARB and with MrBayes (Huelsenbeck and Ronquist,
2001) with the following modifications to default
parameters: GTR model of evolution with gamma-
distributed rate variation, number of chains set to
six, numbers of swaps to three and temperature to
0.1; 200 000 generations produced stable conver-
gence. Phylogenetic clustering was assessed with
UniFrac (Lozupone and Knight, 2005) and Parsi-
mony tests (Martin, 2002), which compare observed
phylogenies with a null model derived from random
permutations.

Slurry experiment
Sediments from the endpoints of the estuary (sites 1
and 10) were incubated in a factorial design in
which sulfate and salinity were manipulated in-
dependently. For each site, three replicate sediment
cores (0–5 cm depth) were taken within 50 cm of
each other, and maintained at 8 1C for o12 h before
initiating the experiment. Each core was homoge-
nized and 0.4–0.5 g of sediment added to anaerobic
Balch tubes containing 5 ml of medium in one of
four formulations (Sþ /Clþ , Sþ /Cl�, S�/Clþ , S�/
Cl�) with sulfate and chloride concentrations
based on pore water concentrations at sites 1
and 10. DSMZ Medium 194 was prepared anaerobi-
cally and Na2SO4, NaCl, and MgCl2 added in the
amounts shown in Table 1. Carbon was provided to
all treatments as sodium propionate per standard
media formulation (1.5 g l-1; 15.6 mM). Propionate
is degraded to acetate in sediment slurries
(Purdy, 1997), which can subsequently be used by
Methanosaeta under some circumstaces. DNA was
extracted according to (Purdy et al., 1996) from
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sediment samples at the initiation of the experiment
and after incubation at 23 1C for 7 days. Data were
analyzed using the cca routine of the vegan package
(Oksanen, 2010) in R (R Development Core Team,
2010).

Desulfobulbus cultivation methods
Fresh sediment samples were transferred anaerobi-
cally into enrichment media (DSMZ Medium 194)
prepared as described above in liquid enrichments
and agar plates. Cultures were screened for Desulfo-
bulbus by PCR with the primers dsr458F (Oakley
et al., 2010) and dsr4R (Wagner et al., 1998) and
FISH using the probes EUB338 (Amann et al., 1990),
DSBB228 (Loy et al., 2002), DSBB660 (Loy et al.,
2002), and a newly designed probe designated
Dsb1447 (50-CTGCCCCCTCGAAAGGTT-30) hybri-
dized with 20% formamide according to standard
FISH protocols (Fuchs et al., 2007). Positive enrich-
ments were transferred until an axenic culture was
obtained.

Results and discussion

Pyrosequencing analysis pipeline development and
validation
Based on PCR from a single colony, the error rate of
pyrosequencing itself was quite low (Supplemen-
tary Figure S1A), with a mean error rate o0.5% for
both genes, consistent with previous reports (Huse
et al., 2007). Some of this error reflects errors incor-
porated during PCR; error rates with the proof-
reading polymerase, Pfx (Invitrogen), were indeed
lower (mean of 0.10%; data not shown), but we
deliberately chose to focus on error rates using
protocols with Taq and nested PCR because these
are often required to achieve adequate amplification
from environmental DNA.

The quality of MSA is a critical but often
overlooked step in determining the accuracy and re-
producibility of many sequencing projects. We
found that alignment errors, as distinguished from
pyrosequencing errors, can produce a significant
overestimation of species richness and diversity. In
this study we measured alignment errors ranging
from 0.25% to 41.5% (Supplementary Figure S1B).
Because alignment errors disproportionately occurred

in the distal (30) end of the alignment, we appended
an anchoring 18 bp oligo sequence (50-ACCACA
CAAAAACCCACA-30) to both ends of each
sequence to see if this improved the alignment, but
it did not. Even with sequences screened to a narrow
length range (370–375 bp), we still observed similar
alignment errors.

To see how the accumulation of these errors
affected the clustering of sequences into OTUs, we
next compared several methods of designating
OTUs. Using Muscle with default parameters to
align a control data set of 5000 sequences obtained
from a single axenic colony as described above, 43
OTUs were observed, 15 of which were singletons
(Supplementary Figure S1C). Based on pairwise
Needle–Wasserman alignments of each singleton
sequence to each sequence in the original data
set, 13 of these were designated false singletons
(Supplementary Figure S1C). Using Muscle with
optimized parameters resulted in fewer OTUs (29),
fewer initial singletons (5) and fewer false singletons
(3), but the best performance was achieved with the
progam CD-HIT-EST, which uses a MSA-indepen-
dent method of clustering sequences and produced
12 OTUs with three true singletons (Supplementary
Figure S1C). Because the greatest pairwise sequence
difference strictly attributable to pyrosequencing
error was below the 3% cutoff (Figure 1a) used to
group sequences into OTUs, we can infer that some
classification errors arose from the CD-HIT algo-
rithm, but clearly it is more conservative than even
the best MSA-based approach tested. As the control
data set should represent a single OTU, conservative
equated with best performance in this case. When
applied to sequences from a complex community,
it is possible that CD-HIT may underestimate the
true diversity, but this seems unlikely given these
results. For MSA, even with the small control data
set (5000 sequences) used here, accurate alignment
is often problematic; for the much larger data sets
characteristic of most modern sequencing projects,
MSA-based approaches can be intractable.

Based on these results and because CD-HIT also has
the important advantage of being computationally
efficient, we used CD-HIT to cluster sequences and
developed an analysis pipeline to allow for automatic
downstream processing of the sequence data. After
clustering using the pipeline, a series of scripts in R
(R Development Core Team, 2010) automatically
produce graphical and statistical summaries and
comparisons of the data based on user-defined sample
groups. Additionally, we developed the pipeline to
also allow for use of the popular program mothur
(Schloss et al., 2009) without having to cluster
sequences based on MSA distance matrices.

Analysis of environmental mcrA and dsrB
pyrosequences
Comparisons to previous data sets and technical
replicates. Because pyrosequencing has been shown

Table 1 Details of sulfate and chloride additions for the
reciprocal incubation experiment

Treatment Sulfate and chloride addition (g l�1)

Na2SO4 NaCl MgCl2

S+/Cl+ 3.0 20.0 3.1
S+/Cl� 3.0 1.0 0.4
S�/Cl+ 0.075 20.0 3.1
S�/Cl� 0.075 1.0 0.4

Additions were made to DSMZ Medium 194 based on pore water
concentrations at sites 1 and 10 as described in the text.
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to preferentially sequence certain templates, we
followed recent recommendations (Gomez-Alvarez
et al., 2009) to run multiple technical replicates for
amplicon sequencing. Analysis of OTU distributions
across three technical replicates of both the mcrA and
dsrB sequencing revealed largely similar results
(Supplementary Figure S2). For further analyses, data
from all three technical replicates were pooled to
reduce technical variations. Summaries of richness
and diversity parameters for the pooled sequence data
are shown in Supplementary Figure S3.

As an additional test of the validity of the
pyrosequencing and of our analysis pipeline applied
to environmental samples, we compared the results
with abundance measures of the spatial distributions
of four Desulfobulbus genotypes we had determined
previously using gradient gel electrophoresis
and TaqMan quantitative-PCR (Oakley et al., 2010).

The pyrosequencing results were consistent with
both of these methods, with only minor differences
among the three (Figure 1). With all three methods,
clear distinctions could be made among genotypes
associated with certain portions of the estuary—a
marine (M) genotype, a mesohaline (Mh) genotype, a
widely-distributed freshwater genotype (FW1) and a
freshwater genotype (FW2) with a more restricted
distribution (Figure 1). These patterns are similar
to data collected from con-generic bird species
(Macarthur, 1958), which helped to establish niche
theory in the field of ecology based on the inference
that the distribution of taxa in space reflects
optimization of an n-dimensional space of biotic
and abiotic variables.

Species-occupancy patterns. To give additional
insights into the distribution patterns of Desulfobulbus
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and Methanosaeta, we next performed a species-
occupancy analysis (He and Gaston, 2003) to deter-
mine the number of sampling sites occupied by each
taxon (Figure 2). Two conclusions were clear from this
analysis. First, most Methanosaeta genotypes (ca 2/3)
were found at many sites (eight or more) but nearly all
the rest (ca 1/3) were found only at one site; these were
the marine genotypes (Figure 2). Second, in contrast to
the bimodal frequency distribution of Methanosaeta,
Desulfobulbus genotypes were relatively evenly dis-
tributed across the range of what can be interpreted as
‘specialist’ genotypes restricted to a single site and
‘generalist’ genotypes encountered in all 10 sites
(Figure 2). Nearly 60% of Desulfobulbus genotypes
were present at between two to seven sites (Figure 2).
Based on these results, we concluded that Desulfo-
bulbus genotypes can represent a full range of
niche-occupancy patterns, from specialist to general-
ist, whereas Methanosaeta are generally either found
across nearly the whole length of the estuary (general-
ists) with some genotypes restricted to a single site
(specialists).

Species-area relationships. If Desulfobulbus does
indeed occupy more niche spaces than Methano-
saeta, a logical prediction is that more genotypes
should be encountered when the same geographic
area is sampled. Such relationships, known as
species-area curves, have a long history as a
description of beta diversity and as a means of

understanding the ecology of an organism and its
adaptations to different habitats (Arrhenius, 1921;
He and Legendre, 1996). For Desulfobulbus and
Methanosaeta, a comparison of species-area curves
revealed dramatic differences—starting from the
marine end of the estuary, Desulfobulbus has more
genotypes than Methanosaeta, and novel genotypes
are continually encountered as one moves up the
estuary (Figure 3). In contrast, Methanosaeta popu-
lations are relatively depauperate and nearly all the
genotypes present in the estuary have already been
encountered simply by sampling the marine end
of the estuary (Figure 3). These patterns obviously
reflect the taxonomic definition chosen—we used a
sequence-similarity cutoff of 85% for both taxa
(chosen to roughly represent sequence divergence
of these functional genes among described species),
but other cutoffs also produced essentially similar
results. Although these data don’t reveal the
processes underlying this pattern, they do provide
further evidence for what can be viewed as the fine-
scale niche adapation of Desulfobulbus relative to
Methanosaeta.

Population distribution patterns. To better under-
stand the association between particular sequence
types and sampling site in the estuary, we next
performed a cluster analysis based on the phyloge-
netic position of sequences by sampling site. Based
on the distribution of sequence types along the
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estuarine gradient, for Desulfobulbus, it is clear that
there is significant spatial autocorrelation of se-
quence types—that is, sequences originating from
samples close to one another in the estuary tend to
be more similar to one another than they are to
sequences originating from more distant samples
(Figure 4). For both taxa, there are clearly distinct
clusters of sequence types representing ‘marine’ and
‘freshwater’ genotypes, but for Desulfobulbus, there
was a clear gradient of genotypes that were dis-
tributed in a nearly linear fashion along the estuary
(Figure 4a). Desulfobulbus genotypes from the two
end points of the estuary were clearly distinct from
one another and genotypes from intermediate posi-
tions in the estuary could also be distinguished as
distinct clusters distributed in a strong gradient
(Figure 4a). In contrast, for Methanosaeta, the main
distinction was between estuarine and marine
genotypes from the two end points of the estuary
as distinct from all other locations, which clustered
quite closely to one another (Figure 4b).

Taken together, these contrasting patterns of dis-
tribution suggest different models of niche differen-
tiation for these two taxa. Although our data cannot
distinguish among various evolutionary mechanisms
such as drift or homologous recombination, or the
importance of biogeographic factors such as disper-
sal, colonization and extinction, it is clear from
the regular partitioning of Desulfobulbus that it has
evolved to occupy a wide range of niche spaces from
ubiquitously distributed (generalists) to narrowly
distributed (specialists) in contrast to Methanosaeta
in which the primary distinction is between marine
and estuarine populations. It is possible to make
several very general assumptions that perhaps shed
some light on these differences between the two taxa.
Based on calculations of reported doubling times for
Desulfobulbus of around 10 h (Kuever et al., 2005)
versus up to 12 days for Methanosaeta (Patel, 2001),
we can roughly estimate the approximate number of
generations that have inhabited the Colne estuary
since the last glaciation as circa 13 million for
Desulfobulbus and circa 45 000 for Methanosaeta.
This roughly 300-fold difference may contribute to the
wide range of niche occupancy for Desulfobulbus
relative to Methanosaeta.

Experimental confirmations of patterns
To better assess whether the differences in distribu-
tional patterns for these two taxa simply reflect
environmental conditions at the time of sampling
or evolutionary divergence of populations adapted
to conditions at a particular geographic location,
we next performed a reciprocal incubation experi-
ment in which sediments from either end of the
estuary were incubated in growth media mimicking
both native and contrasting conditions. We used
pyrosequencing to compare the communities at the
two endpoints of the estuary to determine if one
community would come to resemble the other given
the appropriate environment. It did not (Figure 5).

In fact, for both taxa, the results were remarkably
similar—populations from site 1 were very respon-
sive to environmental conditions, whereas those
from site 10 remained largely unchanged, and
populations from sites 1 and 10 remained clearly
distinct regardless of environmental conditions
(Figure 5). Factors other than salinity and sulfate
can of course affect these communities, but for two
other potentially significant variables, temperature
and organic carbon availability, there is no sub-
stantial variation across the 15 km of this estuary
(Dong et al., 2006). The results of the experiment
support a biogeographic hypothesis that popula-
tions in the sediments at these two sites are so
different that they will not come to resemble the
other site, regardless of environment.

Realized versus potential niche space. To further
understand the factors determining niche space for
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these taxa, we used cultivation as an alternative
and complementary approach to our observational
and experimental uses of pyrosequencing. An axenic
culture of Desulfobulbus (termed ‘33_3’) was recovered
from site 10 using anaerobic enrichment techniques
in liquid and solid media (Figures 6a and b). We
were also able to cultivate Methanosaeta from the
Colne estuary (Carbonero et al., 2010), but the slow
growth rates and clumping growth habits of these
archaeal isolates made experimental manipulations
difficult.

We were first interested in understanding the
natural distribution of the Desulfobulbus isolate and
so queried our pyrosequencing data set for sequence
similarity to the dsr sequence of 33_3. Intriguingly,
we found that 33_3 is quite an unusual sequence
type that was sparsely represented in the pyrose-
quencing survey—only a single sequence had
495% nucleotide similarity to 33_3 as determined
by pairwise global alignments (Figure 6c). This
single best match had five nucleotide mismatches
(out of ca 400 bp) to the 33_3 dsr sequence, and
interestingly, all of these were synonymous muta-

tions. Although 33_3 was isolated from site 10
sediment collected in 2007, we only found it at site
9 in the pyrosequencing data from sediment collec-
ted in 2004. This either reflects undersampling of
the pyrosequencing, or more likely, slight temporal
shifts in distribution such as those described previ-
ously (Hawkins and Purdy, 2007; Oakley et al.,
2010). Regardless, it is clear that the distribution of
33_3 is quite narrow.

Taking this distribution as a direct measure of
the realized niche space of 33_3, we then com-
pared this with the potential environmental niche
space as measured by growth in media representing
a gradient of estuarine conditions (Figure 6d).
Clearly, the realized niche is quite a bit smaller
than the potential niche—replicate experiments
showed that strain 33_3 actually grows slightly
better in mesohaline media than freshwater media
(Figure 6d). Although the exact mechanisms restric-
ting niche space and their relative influences remain
unclear, the distribution of these taxa appears to
represent a dynamic combination of abiotic and
biotic factors.
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Conclusions

The results of our pyrosequencing data were con-
sistent with previous approaches based on denatur-
ing gradient gel electrophoresis, Sanger sequencing
of clone libraries and quantitative-PCR (Hawkins and
Purdy, 2007; Carbonero, 2010; Oakley et al., 2010).
However, because pyrosequencing provided several
orders of magnitude more data than previously
obtained, we were also able to properly employ a
species-occupancy analysis to better understand the
ecology of our model taxa. Our data reiterate the
utility of pyrosequencing for microbial ecology,
provided proper care is taken in the treatment and
analysis of the data. In particular, we found MSA to
be a crucial source of errors, and so chose to cluster
our sequences with CD-HIT (Li and Godzik, 2006) to
avoid both the computational challenges and poten-
tial for analytical errors introduced by MSA.

The majority of Methanosaeta sequences were
cosmopolitan whereas the majority of Desulfobulbus
sequences were restricted to particular sampling
sites. Reciprocal-incubation experiments showed
that sediment communities from opposite ends of
the estuary differ independently of the chemical
environment, consistent with biogeographic predic-
tions. Experiments with a novel Desulfobulbus
isolate demonstrated that the realized niche is
substantially more constrained than the potential
niche, consistent with ecological niche constraints
as experienced by macroorganisms.
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