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Thrombolites are unlaminated carbonate structures
that form as a result of the metabolic interactions of
complex microbial mat communities. Thrombolites
have a long geological history; however, little is
known regarding the microbes associated with
modern structures. In this study, we use a barcoded
16S rRNA gene-pyrosequencing approach coupled
with morphological analysis to assess the bacterial,
cyanobacterial and archaeal diversity associated with
actively forming thrombolites found in Highborne
Cay, Bahamas. Analyses revealed four distinct microbial mat communities referred to as black, beige, pink
and button mats on the surfaces of the thrombolites.
At a coarse phylogenetic resolution, the domain bacterial sequence libraries from the four mats were
similar, with Proteobacteria and Cyanobacteria being
the most abundant. At the finer resolution of the rRNA
gene sequences, significant differences in community structure were observed, with dramatically different cyanobacterial communities. Of the four mat
types, the button mats contained the highest diversity
of Cyanobacteria, and were dominated by two
sequence clusters with high similarity to the genus
Dichothrix, an organism associated with the deposition of carbonate. Archaeal diversity was low, but
varied in all mat types, and the archaeal community
was predominately composed of members of the
Thaumarchaeota and Euryarchaeota. The morphological and genetic data support the hypothesis that
the four mat types are distinctive thrombolitic mat
communities.

Received 9 November, 2010; accepted 5 April, 2011. *For correspondence. E-mail jfoster@ufl.edu; Tel. (+1) 321 861 2900; Fax (+1) 321
861 2925.

© 2011 Society for Applied Microbiology and Blackwell Publishing Ltd

Introduction
Microbialites are carbonate build-ups that are derived
from the trapping, binding and mineral precipitation activities of microbial mat communities (Burne and Moore,
1987). Microbialites are found across the globe in a wide
variety of aquatic habitats (e.g. freshwater, hypersaline,
marine) and represent one of the oldest known ecosystems on the planet (Canfield and DesMarais, 1993; Grotzinger and Knoll, 1999). Microbialites are classified by their
internal micro- and mesostructure, which can range from
the well-laminated stromatolites to the unlaminated,
clotted thrombolites (Kennard and James, 1986). One of
the few modern sites where both stromatolites and thrombolites are actively forming is the island of Highborne Cay
located in the Exuma Sound, Bahamas (Dravis, 1983; Dill
et al., 1986; Reid et al., 2000). Considerable progress has
been made on understanding the microbiological, geological and biogeochemical processes associated with the
stromatolitic microbialites of Highborne Cay (Reid et al.,
2000; Visscher et al., 2000; Havemann and Foster, 2008;
Baumgartner et al., 2009; Dupraz et al., 2009; Foster
et al., 2009; Foster and Green, 2011). However, far less
progress has been made on understanding similar processes in the adjacent, unlaminated thrombolitic microbialites (Planavsky et al., 2009; Myshrall et al., 2010).
Initial work by Myshrall and colleagues (2010) provided
the first assessment of the microbial communities associated with the thrombolite structures of Highborne Cay.
This previous study generated clone libraries to the 16S
and 18S ribosomal RNA (rRNA) genes revealing that the
thrombolitic communities were predominately bacterial.
Eukaryotes comprised less than 11% of the recovered
operational taxonomic units (OTUs), with most sequences
sharing similarity to grazing, bacterivorous Nematoda
(Myshrall et al., 2010). This previous study also identified
two dominant thrombolitic mat types at Highborne Cay
including a highly productive, nodous mat called ‘button’
mat that was comprised of filamentous calcified cyanobacterial filaments (Planavsky et al., 2009; Myshrall et al.,
2010); and a ‘pink’ encrusted mat that was found adjacent
to the button thrombolitic mats (Myshrall et al., 2010).
Ribosomal RNA gene analysis of the bacteria associated
with these two mat types indicated that both thrombolitic
mats types contained microbial communities that were
distinct from the adjacent stromatolitic mats (Myshrall
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et al., 2010). In this previous study, however, sequencing
coverage of the microbial population, as determined by
Good’s estimate, indicated that only 59% of the bacterial
community was represented in the button mat clone libraries and only 49% in the pink mat type (Good, 1953;
Myshrall et al., 2010).
In the present study, we expanded on this initial report
by using multi-domain and deep sequencing approaches
to examine and compare the microbial diversity associated with thrombolitic microbial mat types found at Highborne Cay, Bahamas. Our objective was to examine
bacterial and archaeal distribution within the thrombolites
to determine whether the thrombolitic mat types represent
successive stages of thrombolite formation and development. To address this goal and build on the previous study
we used next-generation, barcoded pyrosequencing to
improve sequencing coverage of the bacterial populations
within the thrombolitic mat types. We also generated
amplicon libraries for archaeal and cyanobacterial populations to assess the impact of these taxa on thrombolite
community structure. Pyrosequencing has emerged as a
robust tool for investigating community diversity and structure in microbial ecosystems (Edwards et al., 2006; Sogin
et al., 2006; Roesch et al., 2007; 2009; Miller et al., 2009).
By using this high-throughput approach to sequence the
small subunit rRNA gene, we were able to more fully
characterize and compare these thrombolitic mat communities in parallel to assess the microbial complexity of
these thrombolite ecosystems.

Results
Morphological characterization of thrombolitic mat types
Thrombolitic microbialites were localized to the intertidal
zone of a fringing reef complex along the eastern margin
of Highborne Cay, Bahamas. The distribution of the
thrombolite structures extended over 1 km of the intertidal zone and their sizes ranged up to several metres in
length and width. The surfaces of the thrombolitic structures had four distinctive microbial mat communities that
were spatially distributed along the intertidal zone and
were characterized by the texture and pigmentation of
the mats (Fig. 1A–D). Those near shore thrombolites
that recently emerged from sand burial prior to collection
were covered with a dark pigmented mat referred to as
‘black’ mat (Fig. 1A), which exhibited a uniform, lithified
crust in the upper few millimetres of the mat. The
second mat type labelled as ‘beige’ mats lacked any
obvious surface pigmentation but had extensive encrustation of the surface (Fig. 1B). The remaining two mat
types have been previously described (Myshrall et al.,
2010) and were found on the most seaward side of the
site. These mats included a smooth flat mat referred to
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as ‘pink’ mats that had extensive red alga colonization
(Fig. 1C) and like the beige mat, had extensive lithification throughout the surface of the mat. The fourth mat
was an irregular nodous mat referred as ‘button’ mats
(Fig. 1D) that contained numerous patches of vertically
orientated calcified filaments. Field observations of the
spatial organization of the four mat types revealed that
the button mat types were consistently superposed over
the other mat types, most commonly pink or beige mats.
Cross-sections of the four mat types revealed that
although there was no laminated mesostructure in the
thrombolitic build-ups, the surface microbial mat communities did exhibit some layering (Fig. 1E–H). Higher magnification of the four mat types revealed that each
community had a dominant ecotype that morphologically
distinguished it from the others (Fig. 1E–P). In the black
mats, the surface was heavily colonized by clusters of a
pigmented coccoid cells that ranged between 3 and 5 mm
in diameter (Fig. 1I and M). Coccoid cells dissected from
the black mats had 16S rRNA gene sequences that
shared 97% similarity to cyanobacterial Pleurocapsa sp.
isolates from stromatolites located in Shark Bay, Australia.
The beige mats were distinguished by the presence of a
pronounced subsurface cyanobacterial layer rich in
coccoid cells, which shared morphological similarity to
Gloeocapsa spp. (Fig. 1J and N). The algal cells that gave
the pink mats their colour (Myshrall et al., 2010) were
concentrated in the upper 500 mm of the mat surface
(Fig. 1K), and each cell was encased in a thick sheath
(10–20 mm; Fig. 1O). The red alga were previously classified as belonging to the genus Chlorophyta (Myshrall
et al., 2010). The fourth mat type, referred to as the button
mat types, was the most widely distributed of all the mat
types, and had a unique morphology in which calcified
filaments formed vertical bundles throughout the surface
nodes of the mat (Planavsky et al., 2009). The filaments
were previously classified as belonging to the genus
Dichothrix (order Nostocales) based on the morphological
characteristics of basal heterocysts and tapered apical
ends (Planavsky et al., 2009). In this study, we genetically
characterized the organism using 16S rRNA gene
sequencing of filaments dissected from the mats. After
gene sequence alignment, two distinct clades of organisms from the genus Dichothrix were identified, and
sequences of these clades varied up to 1.5%, and both
clades shared 97% sequence similarity to Calothrix sp.
PCC7507 and Rivularia sp. PCC7116.
Small subunit rRNA gene diversity in thrombolitic mats
Three 16S rRNA gene amplicon libraries were generated
for each of the four mat types (with eight pooled DNA
extractions) and included a bacterial, cyanobacterial and
archaeal library. Each of the 12 libraries was labelled with
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Fig. 1. Morphological characterization of thrombolitic mat communities.
A–D. Surface view of thrombolitic mats: black (A); beige (B); pink (C); and button (D). Bar, 1 cm.
E–H. Cross-section of thrombolitic mats: black (E); beige (F); pink (G); and button (H). Bar, 1 cm.
I–L. Higher magnification of thrombolitic mats at 32¥: black (I); beige (J); pink (K) with overlying exopolymeric substances (EPS); and button
(L). Arrows indicate morphologically dominant cells in each mat. Bar, 250 mm.
M–P. Cell morphology: black mat Pleurocapsa spp. (M). Bar, 10 mm; beige mat Gloeocapsa spp. (N). Bar, 10 mm; pink mat Chlorophyta (O).
Bar, 50 mm; and button mat Dichothrix spp. filaments (P) with calcium carbonate precipitation (cp) on the gelatinous sheath. Bar, 20 mm.

a unique oligonucleotide barcode and pyrosequenced
using 454 GS FLX technology. A total of 53 456 barcoded
pyrosequences were recovered from the combined libraries with an average read length of 260 bp. After screening
for quality (see Experimental procedures) 34 027
sequences remained with an average read length of
240 bp and were sorted by barcode, aligned and analysed
with mothur (Schloss et al., 2009). Each mat type was
represented by between 6000 and 11 000 sequencing
reads, which were clustered into OTUs at 97% sequence
similarity (Table 1). Based on mothur clustering, the
number of OTUs in the thrombolitic mats ranged between
779 and 1152 in four thrombolitic mat types with the pink
mats having the lowest number of total OTUs and the

button mat type having the highest (Table 1). Equalized
sequence data were used to generate diversity indices for
each primer set and thrombolitic mat type (see Experimental procedures; Table 1). Compared with previous
microbialitic mat diversity analyses, there was a 10-fold
increase in the number of bacterial rRNA gene sequences
recovered from these thrombolitic mats (Goh et al., 2009;
Myshrall et al., 2010; Foster and Green, 2011).
Bacterial community composition
Classification and community analysis of the domain Bacteria sequence libraries were based on a defined region of
the variable 2 (V2) region of the 16S rRNA gene in all
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1248
652
348
115
17
(41%)
909 ⫾ 57
(776/1096)
5.17 ⫾ 0.08
(0.07)
0.84 ⫾ 0.01
82 ⫾ 0.01
108–124
233

1839
1248
552
295
93
13
(22%)
883 ⫾ 26
(769/1043)
5.55 ⫾ 0.03
(0.06)
0.90
82 ⫾ 0.01
108–122
236

Beige
1801
1248
492
277
70
15
(35%)
837 ⫾ 49
(717/1007)
5.23 ⫾ 0.09
(0.07)
0.86 ⫾ 0.01
84 ⫾ 0.01
108–124
238

Pink
1665
1248
540
321
81
13
(28%)
998 ⫾ 91
(858/1192)
5.47 ⫾ 0.04
(0.07)
0.88
81 ⫾ 0.01
105–120
239

Button
7851
2548
427
220
65
13
(77%)
401 ⫾ 44
(317/543)
3.07 ⫾ 0.05
(0.07)
0.58
96
123–137
232

Black
3398
2548
317
156
53
15
(68%)
410 ⫾ 53
(344/519)
3.56 ⫾ 0.01
(0.07)
0.66
95
123–137
233

Beige
4147
2548
277
144
44
8
(78%)
350 ⫾ 10
(287/458)
2.72
(0.15)
0.52
96
118–136
232

Pink

Cyanobacteria

8702
2548
593
292
95
14
(67%)
479 ⫾ 47
(404/598)
3.80 ⫾ 0.02
(0.06)
0.68
95
116–139
232

Button
574
178
19
7
3
7
(96%)
19 ⫾ 4
(16/39)
1.38 ⫾ 0.12
(0.10)
0.51 ⫾ 0.07
98 ⫾ 0.01
200–205
250

Black

1258
178
20
7
1
5
(95%)
21 ⫾ 11
(15/54)
1.07 ⫾ 0.08
(0.08)
0.43 ⫾ 0.05
98 ⫾ 0.02
201–209
247

Beige

293
178
10
5
0
5
(98%)
11 ⫾ 3
(10/25)
1.11 ⫾ 0.12
(0.12)
0.50 ⫾ 0.03
98 ⫾ 0.01
202–206
251

Pink

Archaea

237
178
19
5
0
14
(98%)
21 ⫾ 7
(18/31)
2.21 ⫾ 0.07
(0.15)
0.77 ⫾ 0.04
99 ⫾ 0.01
202–205
260

Button

a. Number of randomized sequences used to generate the diversity measures.
b. The values were calculated based on a 97% similarity threshold.
c. The number of OTUs that contain sequences that make up at least 1% of the total number of sequences for each library. In parentheses are the per cent of sequences of the total number of
sequences within these OTUs.
d. Mean values ⫾ standard deviation of diversity measures using three iterations of random sequence selection to standardize libraries.
e. Values in parentheses represent the lower and upper 95% confidence interval associated with the Chao1 non-parametric estimator.
f. Good’s coverage estimator.
g. Range of lengths of reads used in OTU generation in base pairs (see Experimental procedures).
h. Average length of quality-trimmed reads in base pairs.

Sequences
Equalized seqa
OTUsb
Singletsb
Doubletsb
OTUs ⱖ 1%
(Sum)b,c
Chao1d,e
(confidence)
Shannond
(confidence)
Evennessd
% coveraged,f
seq lengthg
Base pairsh

Black

Bacteria

Table 1. Bacterial and archaeal 16S rRNA amplicon diversity analyses of thrombolitic mat types of Highborne Cay, Bahamas.
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compared reads (Table 1). The libraries were then clustered into OTUs at 97% similarity or greater. The thrombolitic bacterial sequence libraries were composed of
sequences from 13 different phyla with extensive variation
in the proportional distributions of these phyla between
mat types (Fig. 2A and D). Proteobacteria dominated all
mat types and comprised 45–58% of the total sequences
from each library (Fig. S1A). Within the Proteobacteria,
Alphaproteobacteria were by far the most dominant class
comprising more than 75% of the recovered Proteobacteria reads in the beige, pink and button mats and 62% of
the black mats (Fig. S1B). Bayesian analyses at a 70%
confidence interval (CI) indicated that 17–30% of the
recovered Alphaproteobacteria sequences could not be
assigned to any described order. The remaining
sequences shared sequence similarity (95–99%) to
purple non-sulfur phototrophs, specifically the Rhizobiales
and Rhodobacterales orders (Imhoff, 2008). Deltaproteobacterial sequences were detected in variable abundances (6.1–14.5%) within the different mats. The beige
mats had the highest proportion of Deltaproteobacteria
and were rich in sequences belonging to the order Myxococcales and to metabolically versatile sulfate-reducing
bacteria of the order Desulfobacterales (Selenska-Pobell,
2002). The deltaproteobacterial sequences in the pink
and black mat sequence libraries were predominately
Myxococcales. In the button mats most of the recovered
Deltaproteobacteria sequences could not be reliably classified at deeper taxonomic levels. There were also differences in the relative abundance of Gammaproteobacteria
populations between mat types, with the black (27%) and
the beige (9.8%) mat types showing an enrichment of
Gammaproteobacteria, but no difference in diversity. In all
four of the mat types BLAST results of the recovered Gammaproteobacteria sequences indicated similarity (96–
98%) to methylotrophic bacteria, particularly in the order
Chromatiales.
Jackknife environmental clustering using the domain
Bacteria sequence data indicated that the beige and the
pink communities were the most similar and that the black
and button mats were the more distant mat types
(Fig. 2A). The clustering was complemented by an analysis of bacterial richness using the number of shared and
unique OTUs in the four mat types (Fig. 3). The four
communities shared 59 OTUs, which accounted for
29.5% of the total pyrosequencing reads. Thirty-three of
these OTUs were classified as Alphaproteobacteria while
the rest were similar to members of Gammaproteobacteria, Deltaproteobacteria, Actinobacteria and Cyanobacteria. In addition to the shared OTUs, each mat community
contained OTUs that were unique to each mat type. The
highest number of unique OTUs occurred in the black
(388; 60%) and button (311; 58%) mats, with the lowest in
the beige (222; 40%) and pink mat types (210; 42%). The

black mats contained several unique Pleurocapsales that
were not found in other mat types. The beige mats contained several unique Desulfobacteraceae that have been
previously associated with sulfate reduction (Miyatake
et al., 2009). In the button library there were unique
sequences that shared similarity to Saprospiraceae
(Bacteroidetes), members of which have been shown to
degrade complex organic compounds (Hosoya et al.,
2006; Xia et al., 2008).
The clustering analyses were complemented by using
Fast UniFrac (Hamady et al., 2010) to compare the bacterial community structure in the four mat types (Fig. 4).
Since the bacterial sequences represent the V2 partial
16S rRNA gene region, a guide tree was constructed in
FastTree using only these sequences. A principal coordinate analysis plot generated from weighted and normalized Fast UniFrac data revealed a clustering pattern of the
four mat bacterial populations (black symbols) similar to
the jackknife analysis (Fig. 2), with the beige and pink
mats more similar to each other than the black or button
mats. To assess whether the two dominant phyla,
Alphaproteobacteria and Cyanobacteria, were significantly influencing community structure, two data subsets
were created from the original Bacteria pyrosequencing
data, one without the Alphaproteobacteria and one
without the Cyanobacteria. The data set without the
Alphaproteobacteria (grey symbols) was shifted to the left
with respect to the original communities with the greatest
differences detected in the button mat type. The data sets
with only the Cyanobacteria removed (white symbols)
resulted in a smaller shift to the right with very little change
detected in the beige and button mat types. The differential clustering of these communities also illustrated how
the bacterial population structure was influenced by environmental variables. Principal Component 1 (P1), which
accounted for 43% of the variation in community distribution and evenness, was correlated with length or rate of
burial events. The black mats, which were recently unburied at the time of collection, are often subjected to repeat
sand burial due to their geographical location in the intertidal zone, whereas the button mats represent the most
seaward mat type and undergoes the fewest sediment
burial events. Principal Component 2 (P2), which
accounted for 24% of the variation, was correlated with
the extent of lithification; the button mats exhibited the
patchy areas of lithification associated with the bundles of
filamentous cyanobacteria, while the black, beige and
pink mats exhibited uniform lithification of the thrombolitic
mats.
Cyanobacterial community composition
Cyanobacteria are key components of microbialitic mat
communities (Reid et al., 2000; Baumgartner et al., 2009;
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Fig. 2. Comparisons of thrombolitic mats using both clustering-based and taxonomic diversity approaches. Dendrograms show UniFrac-based
jackknife environmental clustering of the four thrombolitic mat types for bacterial (A); cyanobacterial (B); and (C) archaeal populations. The per
cent of bootstrap replicates (n = 1000) are indicated at the nodes. The histograms (D–F) represent the relative abundance as the per cent of
the total sequences classified into a specific taxon by a Bayesian approach at a confidence interval ⱖ 70% against the SILVA SSU Ref v102
database with bacterial libraries (D) classified at the phyla level (class level for Proteobacteria lineages), cyanobacterial libraries (E) classified
at the order level and archaeal libraries classified at the order level. ‘Unclassified’ includes sequences that could not be assigned a domain.
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Fig. 3. Venn diagram representation of the OTU richness shared
between bacterial 16S rRNA gene libraries from the four
thrombolitic mat types. Total observed richness was 1603 OTUs at
97% similarity. Percentages reflect those OTUs unique to that mat
type.

Foster et al., 2009; Foster and Green, 2011). To examine
and compare the cyanobacterial populations an amplicon
library was generated to variable region 4 (V4; Nübel
et al., 1997). The relative abundance of cyanobacterial
orders characterized by the V4 region of the 16S rRNA
gene showed that the four thrombolitic mat communities
contained complex and diverse populations of Cyanobacteria (Fig. 2B). As was detected with in the bacterial libraries, the black mats were enriched with sequences with
similarity to the non-heterocystous, coccoid order Pleurocapsales. The relative abundance of the Pleurocapsales
in the four mat types decreased in the more seaward mat
types (i.e. pink and buttons). In the beige and the button
mats there was an enrichment of sequences with similarity to the filamentous, non-heterocystous Oscillatoriales.
In both mat types around 70% of the sequences were
classified as belonging to Halomicronema, which are
common constituents in many hypersaline cyanobacterial
mats (Abed et al., 2002; Green et al., 2008; Allen et al.,
2009). There were also unclassified Oscillatoriales
ecotypes in the beige (22%) and button (23%) that could
not be assigned to a class using a Bayesian approach
with a 70% CI. The most seaward button mats exhibited
an enrichment of Nostocales sequences that accounted
for 9% of the total sequences in the button mats and
shared similarity (97%) to the Calothrix sp. PCC7507 and
Rivularia sp. PCC7116 (Fig. 5). Only a few sequences
(< 0.1%) of the Nostocales sequences were found in the
other three mat types. Jackknife clustering analysis of the
cyanobacterial libraries at the sequence level revealed a
different clustering pattern compared with the Bacteria
domain-specific library (Fig. 2B) with the black mats being
the most distinctive mat type.
The thrombolitic mat cyanobacterial diversity was
further explored by constructing a phylogenetic tree with
representative sequences from each OTU formed at 97%

similarity from the cyanobacterial libraries (n = 1614 OTU,
24 098 sequences; Fig. 5). The cyanobacterial
sequences formed 16 distinct clusters, 11 of which were
previously described (Myshrall et al., 2010). Six of the
clusters contained sequences that were unique to the
Highborne Cay thrombolitic mats (Fig. 5; black-filled) and
were associated with the orders Chroococcales, Oscillatoriales and Nostocales. Nearly all of the Chroococcales
sequences recovered from the pink mats formed Cluster
6, which shared similarity (99%) to the metabolically versatile Synechocystis sp. PCC6803 (Anderson and McIntosh, 1991). Sequences forming Clusters 7, 10, 11, 12 and
14 were enriched in the button mats, including the two
distinct Dichothrix genotypes within the order Nostocales.
Most of the sequences in Cluster 11 came from cloned
16S rRNA genes from isolated Dichothrix spp. filaments,
whereas Cluster 12 contained the majority of the recovered 454 pyrosequencing reads.
Eight of the cyanobacterial clusters also contained environmental clones from both Highborne Cay and Shark
Bay stromatolitic mats (Fig. 5 grey-filled; Papineau et al.,
2005; Baumgartner et al., 2009; Foster et al., 2009; Goh
et al., 2009). Sequences of Cyanobacteria from Cluster 1
were highly abundant in the black mats (21%) and contain
the Pleurocapsa spp. clones that are responsible for the
black surface pigmentation. Cluster 4 shared sequence
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Fig. 4. Principal coordinate analysis of bacterial 16S rRNA gene
libraries for the four thrombolitic mats using Fast UniFrac. The
figure shows a plot of the first two principal coordinate axis, which
represents 43.42% (P1) and 24.31% (P2) of the variations. Each
symbol represents bacterial sequences from each mat library:
circles (Bl, black mats), triangles (Bg, beige mats), squares (P, pink
mats), diamond (Bu, button mats). The shading of each symbol
refers to the sequences that are present in each library: black
(complete library); grey (No-Ap, Alphaproteobacteria removed);
white (No-Cy, Cyanobacteria removed).

© 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 14, 82–100

Microbial diversity in modern thrombolitic mats

89

Cluster 1 (Bl:5522, Bg:590, P:275, Bu:461)
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Leptolyngbya sp. PCC 7375, AB039011
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Fig. 5. Phylogenetic tree of partial cyanobacterial 16S rRNA gene sequences from pyrosequencing libraries and clones generated from
Dichothrix and Pleurocapsa isolates. Clusters containing Highborne Cay (HBC) thrombolitic sequences were assigned numbers 1–16. Clusters
that also contained clone sequences from Myshrall and colleagues’ (2010) study were denoted with a P if they contained sequences
associated with pink mats, and a B if they contained clones from button mats. If cluster contained clones from both pink and button mats the
cluster was labelled with asterisks (*). Clusters were also labelled based on the environments the sequences were recovered from: grey-filled,
HBC thrombolitic mats and other microbialitic mat environments; black-filled, specific to HBC thrombolitic mats; stripe-filled, HBC thrombolitic
mats, microbialitic mats and the hypersaline mats from Guerrero Negro; white-filled clusters contained no HBC thrombolitic sequences. For
each cluster the number of sequences recovered from each mat type are enclosed in parentheses (black, Bl; beige, Bg; pink, P; button, Bu).
The scale bar represents 0.10 substitutions per nucleotide position.
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similarity to Stanieria cyanosphaera and contained
between 31% and 40% of the sequences from the pink,
and button mats. This cluster also contained sequences
that were abundant in the Highborne Cay Type 2 and 3
stromatolite clone libraries (Baumgartner et al., 2009;
Foster et al., 2009). Cluster 14, which contained 22% of
the sequences from the button mats, also included
Leptolyngbya-related clones from the adjacent stromatolites (Foster and Green, 2011) and the freshwater Ruidera
Pool stromatolites from Spain (Santos et al., 2010).
Archaea community structure
The archaeal community was examined by generating an
amplicon library that targeted the V5 region of the 16S
rRNA gene using Archaea-specific primers (Delong,
1992; Barns et al., 1994). We recovered 2362 quality
sequences with a Good’s estimated coverage of between
98% and 99% in all four mat types. The recovered number
of observed OTUs was low and ranged between 5 in the
pink and beige mats to 14 in the black mats (Table 1). The
estimated diversity based on Chao1 values was also low
and ranged between 11 in the pink mats and 21 in the
beige and button mats. Despite the low number of OTUs,
the diversity indices of the four of the thrombolitic mats
were comparable to those reported in the Shark Bay
stromatolites (Goh et al., 2009) but less diverse than the
archaea populations reported from non-lithifying microbial
communities such as the Guerrero Negro mats (Robertson et al., 2009). The recovered archaeal sequences
were classified to the order level and compared between
mat types (Fig. 2C and F). Sequences similar to Cenarchaeales, belonging to the Thaumarchaeota phylum
(Brochier-Armanet et al., 2008), were dominant in the in
the black and beige mats and decreased in abundance in
the more seaward pink and button mats. The Halobacteriales of the phylum Euryarchaeota dominated the pink
mat types, but were present at lower levels in the black,
beige and button mats. The highest level of diversity was
detected in the button mat types, where the Thermoplasmatales (50%) and unclassified Euryarchaeota (10%)
sequences made up most of the button mat archaeal
community. Hierarchical clustering revealed a different
relationship between the four mat communities (Fig. 2B).
Unlike the clustering in the bacterial populations, the
archaeal populations of the near shore black and beige
mats were more similar to each other than those found in
the more seaward pink and button mats.
A phylogenetic tree constructed with archaeal
sequences revealed 10 distinct clusters (Fig. 6; blackfilled) that were specific to the Highborne Cay thrombolites. The closest relatives to these clusters included both
lithifying (Fig. 6; grey-filled) and non-lithifying mat (Fig. 6;
white-filled) communities (Jahnke et al., 2008; Allen et al.,

2009; Goh et al., 2009; Robertson et al., 2009). Two of the
largest clusters unique to the thrombolites, Cluster 7 and
9, shared similarity to the sponge isolate Cenarchaeum
symbiosum. This group of sequences clustered separately from the Nitrosopumilus-like clones found in the
Shark Bay stromatolites in Cluster 8 (Preston et al., 1996;
Burns et al., 2004). The thrombolitic mat Cluster 3 contained Halobacteria-like sequences that were closely
related to two known halophilic isolates, Haloarcula
japonica and Natronomonas pharaonis (Fig. 6). No
sequences derived from known methanogens were
detected in the archaeal sequence libraries.
Discussion
There has been extensive research on the microbialites of
Highborne Cay, Bahamas; however, most of this research
has been focused on the laminated stromatolitic microbialites (e.g. Pinckney and Reid, 1997; Reid et al., 2000;
Visscher et al., 2000; Dupraz and Visscher, 2005; Baumgartner et al., 2009; Foster et al., 2009). Only a handful of
studies have examined the unlaminated clotted thrombolites of Highborne Cay and these studies have targeted
aspects of carbonate deposition (Planavsky et al., 2009),
phage diversity (Desnues et al., 2008) and geomicrobiology (Myshrall et al., 2010) within the structures. The work
by Myshrall and colleagues (2010) also provided the first
insight into the microbial ecology of the thrombolitic structures at Highborne Cay; however, this study provided only
a limited coverage of the microbial communities associated with the thrombolites. In this study we expanded on
this previous work by characterizing two additional thrombolitic mat types and examining the archaeal diversity
within all four mats, thus providing a more comprehensive
and comparative sequencing analysis of the thrombolitic
mat communities. The results of our study provide morphological and genetic evidence that there are at least
four thrombolitic mat types at Highborne Cay and that
these four mat types may represent successive stages of
thrombolitic mat development.
Differences in microbial populations between
thrombolitic mat types
The pyrosequencing of 16S rRNA gene amplicon libraries
generated to each of the four thrombolitic mat types dramatically increased the sequencing coverage of the bacterial (80–84%), cyanobacterial (95–96%) and archaeal
(98–99%) communities (Table 1) compared with the previous study by Myshrall and colleagues (2010), which
relied on traditional clone libraries. The pyrosequencing
results indicate the thrombolitic mat communities are significantly more diverse than previously measured with an
estimated 779–1152 bacterial OTUs in each of the mat
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environmental Euryarchaeota Clade 5 clones Guerrero Negro mats

environmental Euryarchaeota Clade 4 clones Guerrero Negro mats
Cluster 1 (Bl:0, Bg:9, P:0, Bu:24)
environmental Crenarchaeota clones Guerrero Negro mats
Cluster 2 (Bl:1, Bg:0, P:1, Bu:17)
unidentified archaeon PMC-2A209, AB019720
environmental Crenarchaeota clones nonlithifying Shark Bay mats
Cluster 3 (Bl:0, Bg:0, P:0, Bu:9)
environmental Euryarchaeota Clade 6 clones Guerrero Negro mats
environmental Halobacteria clones nonlithifying Shark Bay mats
Haloarcula japonica, AB355986
environmental clones lithifying Shark Bay stromatolites
Halococcus hamelinensis, AB301068
environmental clones lithifying Shark Bay stromatolites
Haloferax volcanii, AY45257241
Cluster 4 (Bl:105, Bg:205, P:171, Bu:13)
environmental methanogen clones Guerrero Negro mats
Methanogenium boonei, DQ177343
environmental clones nonlithifying Shark Bay mats
environmental Thermoplasmata clones Guerrero Negro & Shark Bay mats
Cluster 5 (Bl:0, Bg:0, P:0, Bu:81)
unidentified archaeon PMC-2A24, AB019736
Cluster 6 (Bl:4, Bg:0, P:0, Bu:45)
Thermoplasma volcanium, AJ299215
Aciduliprofundum boonei, DQ177343
Nanoarchaeum equitans, AJ318041
Cluster 7 (Bl:22, Bg:48, P:1, Bu:3)
Cenarchaeum symbiosum, U51469
environmental clones lithifying Shark Bay stromatolites
Nitrosopumilus maritimus SCM1, NC_010085
Cluster 8 (Bl:1, Bg:0, P:0, Bu:19)
Cluster 9 (Bl:441, Bg:996, P:109, Bu:22)
environmental Crenarchaeota clones Guerrero Negro & Shark Bay mats
0.10

Cluster 10 (Bl:0, Bg:0, P:11, Bu:4)
Staphylothermus marinus, X99560
uncultured Korarchaeote, DQ465908
Escherichia coli K12, NC_000913

Fig. 6. Phylogenetic tree of partial archaeal 16S rRNA gene sequences from pyrosequencing libraries. The tree was constructed in ARB by
inserting sequences, using a parsimony method with archaea-specific position variable filters, into a tree containing 16S rRNA gene
sequences from SILVA SSU Ref v102 database. Clusters containing Highborne Cay (HBC) thrombolitic sequences are were assigned
numbers 1–10. Clusters were labelled based on the environments the sequences were recovered from: white-filled, non-lithifying hypersaline
mats from Guerro Negro and Shark Bay; black-filled, HBC thrombolitic mats; grey-filled, only lithifying Shark Bay stromatolites. For each
cluster the number of HBC thrombolitic sequences recovered from each mat are enclosed in parentheses (black, Bl; beige, Bg; pink, P;
button, Bu). The bar represents 0.10 substitutions per nucleotide position.
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types and bacterial diversity Shannon indices ranging
between 5.17 and 5.55 (based on equalized sequences;
Table 1). These values are higher than any previously
described microbialitic mat community (Baumgartner
et al., 2009; Goh et al., 2009; Myshrall et al., 2010; Foster
and Green, 2011), and likely reflect the 10-fold increase in
sequencing coverage. However, estimates of species
richness and evenness can also be influenced by the
length of the amplified region, with shorter partial reads
having higher diversity estimates than longer 16S rRNA
gene reads (Engelbrektson et al., 2010; Harris et al.,
2010). These discrepancies could partially explain the
higher diversity of the thrombolitic pyrosequencing libraries relative to the clone libraries from microbialitic mats
(Myshrall et al., 2010; Table 1). To prevent such an overestimation of microbial diversity within the four thrombolitic mats we used a pairwise alignment and similarity
threshold of 97% over the same exact read length as well
as a pre-clustering approach to account for potential
sequencing errors (Huse et al., 2010). These approaches
have been previously shown to be effective cut-offs to
reduce overestimations of microbial diversity (Huse et al.,
2007; Kunin et al., 2010; Schloss, 2010). We implemented these approaches using the mothur software
(Schloss et al., 2009) with the stringent quality control
trimming resulting in 28–42% of our raw pyrosequences
discarded during pre-processing, thereby minimizing most
of the pyrosequencing errors and potential sources for
diversity overestimation.
Cyanobacterial diversity in thrombolitic mat communities
Cyanobacteria have long been known to be a dominant
functional group in microbial mat ecosystems (Canfield
and DesMarais, 1993; Reid et al., 2000; Ley et al., 2006;
Foster and Green, 2011) and are critical for the accretion
and early lithification of stromatolitic mats (Pinckney and
Reid, 1997; Dupraz et al., 2004). To provide a deeper
survey of the Cyanobacteria within the thrombolitic mats
and overcome potential biases of using a single primer
set, cyanobacterial-specific primers that targeted the V4
region (Nübel et al., 1997) were used in addition to universal bacterial primer (Table S1). The cyanobacterial
populations in the four mats varied significantly in their
order level distribution with coccoid, non-heterocystous
ecotypes abundant in the black, beige and pink mats, and
filamentous ecotypes found in the button mats (Fig. 2B).
There were, however, eight cyanobacterial clusters
detected in the thrombolitic mats that appear to be specific to microbialitic mat communities (Clusters 1–5, 9, 13,
14; Fig. 5). One of these clusters, Cluster 1, contained
sequences similar to the non-heterocystous coccoid Pleurocapsales and was found at a relative abundance of at
least 10% in all four mat types. Previous studies have

shown that these endolithic Pleurocapsales ecotypes are
resistant to extensive desiccation and UV radiation
(Krumbein and Giele, 1979; Billi et al., 2000; Dillon et al.,
2002). The high relative abundance of these ecotypes in
the black and beige mats relative to the pink and button
mats may reflect the near shore location of these mats as
these two mats are often fully exposed in the upper intertidal zone. Not all thrombolite cyanobacteria were unique
to this environment, and some cyanobacterial taxa such
as those in Cluster 14 (Fig. 5) are detected in other microbialite ecosystems. For example Cluster 14 contained
sequences similar to the genus Leptolyngbya, with most
sequences recovered from the button mat types. Leptolyngbya are non-heterocystous filamentous cyanobacteria that have been found in all modern stromatolitic mat
systems to date, including both marine and freshwater
environments (Foster et al., 2009; Goh et al., 2009;
Santos et al., 2010) and may represent a common microbialitic mat building organism.
Although there were several clusters recovered from the
thrombolitic mats that appear to be common to all microbialitic mats there were six clusters that were unique to the
Highborne Cay thrombolitic mats and may contribute to the
differences in clotted thrombolitic microfabrics compared
with laminated stromatolites. The most notable of these six
clusters were Clusters 11 and 12 that were enriched in the
button mat types. These two clusters were classified as the
order Nostocales and shared sequence similarity to the
heterocystous, filamentous Calothrix sp. and Rivularia sp.
(Rippka et al., 2001). Cluster 11 contained all of the cloned
Dichothrix spp. 16S rRNA genes that were collected from
the button mat type along with relatively few of the recovered pyrosequences, which may suggest some amplification or cloning bias for this ecotype. All of the sequences
associated with Cluster 12 were recovered from the
pyrosequencing results and were also similar to the freshwater Calothrix sp. and to a cluster of environmental clones
isolated from freshwater microbialites in Ruidera Pools in
Spain (Santos et al., 2010). These results suggest that
there may be two distinct populations of Dichothrix within
the thrombolitic mats. However, the results may be the
product of heterogeneity in the 16S rRNA gene. Extensive
heterogeneity of the 16S rRNA gene is prevalent in strains
of Calothrix (Berrendero et al., 2008) and previous studies
have shown that a single morphotype of Calothrix in cyanobacterial mats comprised five different 16S rRNA genotypes (Hongmei et al., 2005). Further work on the
Dichothrix isolates is required to resolve this issue.
Low diversity of Archaea in Highborne Cay
thrombolitic mats
The 16S rRNA gene libraries generated in this study suggested that Archaea diversity was low and accounted for
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only 1.7% of recovered OTUs. The observed archaeal
diversity indices were the lowest in the beige and pink
mats (1.07 and 1.11 respectively) with the highest associated with the button mats (2.21). The results are similar
to community analyses of other microbialitic mats where
Archaea diversity was also low (Papineau et al., 2005;
Goh et al., 2009). All 10 of the clusters contained
sequences associated with only the thrombolitic mats
(Fig. 6). However, as no comprehensive archaeal diversity analysis has been conducted for the adjacent stromatolites at Highborne Cay it is not clear whether these
clusters are specific to the thrombolitic mats or to the
geographical location. The clusters were closely related to
other lithifying and non-lithifying microbial mat ecosystems such as Shark Bay stromatolites (Papineau et al.,
2005; Goh et al., 2009) and the hypersaline mats of Guerrero Negro (Jahnke et al., 2008; Robertson et al., 2009).
The majority of the archaeal sequences from the black
and beige mats (Clusters 7, 9) were related to a sponge
symbiont, C. symbiosum (Hallam et al., 2006), and shared
similarity to a proposed mesophilic phylum, Thaumarchaeota (Brochier-Armanet et al., 2008). The Cenarchaeumlike cluster was distinct, however, from Thaumarchaeota
found in the Shark Bay stromatolites (Goh et al., 2009),
which shared similarity to chemolithoautotrophic
ammonia-oxidizing Nitrosopumilus maritimus (Könneke
et al., 2005). Both the C. symbiosum and N. maritimus
genomes have been shown to contain similar ammonia
oxidation and carbon fixation genes (Walker et al., 2010).
These archaea could be contributing to nitrification and
carbon cycling in the thrombolitic mats.
No archaeal ecotypes associated with methanogenesis
were recovered from the thrombolitic mats nor have they
been recovered from other microbialites such as the stromatolites of Shark Bay (Papineau et al., 2005; Goh et al.,
2009). Although methanogenesis has been reported for
other microbial mat systems such as the hypersaline mats
from Guerrero Negro (Smith et al., 2008; Robertson et al.,
2009) and Solar Lake (Giani et al., 1984) methanogenesis
is likely inhibited in the thrombolitic mats due to the presence of sulfate-reducing bacteria, which outcompete
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methanogens for substrates, such as H2 and acetate
(Ehrlich, 2002; Schimel, 2004). Despite the lack of methanogenic archaea recovered from the thrombolitic mats,
methanotrophic bacteria were detected in the button
thrombolitic mats (e.g. Nitrosococcus sp. and Thioflavicoccus sp.). Methane may be generated in the mats by
microbes using non-competitive osmoprotectants such as
glycine betaine, choline and trehalose. Genes encoding
these putative substrates have been found in the thrombolite metagenome (J.S. Foster, unpublished). Methane
production from the fermentation of complex amines
including osmoprotectants has been shown to occur in a
wide range of habitats including microbial mats and sediments (King, 1984; Oh et al., 2008).
A model for microbial succession in
thrombolitic mat types
Succession in microbial communities has been well documented in microbial mat systems (Stal et al., 1985; Stolz,
1990; Grootjans et al., 1997) and is largely influenced by
the changes in the environment (Mackie et al., 1999;
Haruta et al., 2004; Jones and Lennon, 2010; Sato et al.,
2010). Based on the diversity analyses, we propose that
the four thrombolitic mat types represent successive
stages of thrombolite development in Highborne Cay,
Bahamas (Fig. 7). Although field observations of the four
distinct thrombolitic mat communities have consistently
showed that button mats were superposed over the pink
and beige mats, the 16S rRNA gene analysis supported
these patterns of thrombolitic mat transitions.
The jackknife environmental clustering of the bacterial
and cyanobacterial libraries and Fast Unifrac results
indicated that the black and the button mats were the
most distinctive mat communities (Figs 2 and 5). We
propose that the black mats, which are the most beachward mats, represent an initial surface community after
thrombolites emerge from extended sand burial events.
The duration of burial for the microbialites of Highborne
Cay can vary from a few days to several weeks (Andres
and Reid, 2006) and the geographical location of the
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Fig. 7. Model for succession of Highborne
Cay thrombolitic mat communities.
A. Spatial distribution of thrombolitic mat
types in situ: black (bl), beige (bg), pink (p)
and button (bu). Bar, 0.25 m.
B. Representation of the potential succession
of thrombolitic mats. Black arrows indicate
pathways associated with the gradual
succession of thrombolitic mat types. Grey
arrows indicate pathway that may occur in
response to a sediment burial event.
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black mats in the near shore intertidal zone render these
communities more susceptible to longer periods of
burial, low light and desiccation. These conditions may
impose a selection pressure on maintaining the
Pleurocapsales-dominant community in the black mats
as Pleurocapsales have been found to be resistant to
low light conditions (Krumbein et al., 1979; Kremer and
Kazmierczak, 2005) and desiccation (Krumbein and
Giele, 1979). We propose that upon environmental disturbances, such as extensive sediment burial, thrombolitic mat communities shift to the black mat state
(Fig. 7) and that many of the ecotypes typically enriched
in other mat types either die or enter a dormant state.
Dormancy has been shown to be widespread in microbial ecosystems accounting for up to 80% of microbial
populations (Cole, 1999; Càceres and Tessier, 2003)
and may facilitate an organism’s ability to survive extensive environmental perturbations (Jones and Lennon,
2010).
Once the mats become unburied due to high-energy
wave action, we propose the black communities experience an environmental trigger that results in the transition
to either beige or pink mat communities (black arrows,
Fig. 7B). The beta-diversity measures such as the jackknife environmental clustering (Fig. 2A–C) and Fast
Unifrac analyses (Fig. 4) indicated that the bacterial populations of beige and pink mats were more similar to each
other than to either the black or button mats. Even when
the two dominant taxa (Alphaproteobacteria and Cyanobacteria) were removed from the pyrosequencing data set
the beige and pink communities were more similar to each
other, suggesting that these two mat types are closely
related (Fig. 4). The environmental factors that may initiate the transition to beige and pink may the result of light
and nutrient availability. Previous studies have shown that
light availability can have a strong impact on the composition of cyanobacterial communities (Havens et al.,
1998). As photosynthetic mat communities experience
increases in light availability previous studies have shown
there is an increase in uptake of dissolved organic carbon
(Yannarell and Paerl, 2007). The rate of uptake is influenced by the type and composition of the cyanobacterial
communities (e.g. filamentous, colony coccoid or solitary
coccoid; Yannarell and Paerl, 2007). The transition to the
coccoid rich communities of the beige (enriched in colonyforming Pleurocapsales) or the pink (enriched in solitary
Chroococcales) mats may reflect seasonal differences in
uptake or differences in the substrate-utilization patterns
of the two distinct mat types.
After a transition to either beige or pink mat types, we
propose there is a trend towards the succession of the
button thrombolitic mat communities. Besides being the
most abundant mat type, the button mats are the most
productive (O2 and DIC production) with rates higher than

that of the adjacent stromatolites (Myshrall et al., 2010).
The button mats also contained the highest cyanobacterial and archaeal diversity compared with the other three
thrombolitic mats (Table 1; Fig. 2). It is possible that this
taxonomic diversity corresponds to greater metabolic
diversity, which could influence biologically controlled mineralization in the thrombolites (Dupraz and Visscher,
2005). The presence of calcium carbonate precipitation
on the sheaths of Dichothrix cells is unique to the button
thrombolitic mats (Planavsky et al., 2009), and the 16S
rRNA genes of Dichothrix have not been recovered from
the adjacent stromatolites (Foster and Green, 2011). The
transition towards the button mat type likely reflects multiple environmental cues and may include factors such as
eukaryotic grazing and shifts in pH. Although eukaryotic
diversity has been shown to be low in the button thrombolitic mats numerous sequences with similarity to
ecotypes associated with bacterivorous grazing (e.g.
nematodes) have been recovered (Myshrall et al., 2010).
The prevalence of filamentous cyanobacteria and bacteria within the button mats may provide resistance to
grazing activity, as previous studies have shown that
meiofaunal grazers selectively target smaller coccoid or
rod-shaped ecotypes (Jürgens et al., 1999).
The transitions between mat types may also reflect a
shift in the pH, which may result in the differences in the
patterns of biologically induced biomineralization. Shifts in
pH have been shown to trigger succession events in
complex microbial communities (Haruta et al., 2004) and
in the button mats there are numerous ecotypes associated with metabolisms that influence carbonate alkalinity,
such as oxygenic, anoxygenic photosynthesis and sulfate
reduction (Dupraz et al., 2009). Together these metabolisms can initiate and promote carbonate precipitation
(Dupraz et al., 2009); however, more work is necessary to
monitor the specific changes in pH between the four mat
types to assess the impact of pH on each of the thrombolitic mat types.
Experimental procedures
Site description, sample collection and microscopy
Thrombolitic mat samples were collected from the island of
Highborne Cay located in the northern Exumas, Bahamas
(24°43′N, 76°49′W). The mat samples were taken from a
series of intertidal thrombolites located at Site 6, as designated by Andres and Reid (2006), in March 2008. Eight
replicate samples (approximately 3 g of thrombolitic mat
material) were collected from each mat type and immediately
immersed in RNALater (Ambion, Austin, TX, USA) to stabilize the nucleic acids, and then frozen at -20°C. Frozen
samples were transported to the Space Life Science Laboratory and stored at -20°C until processing. A corresponding
set of mat samples were taken for immediate microscopic
examination in the field. Freshly collected thrombolitic mats

© 2011 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 14, 82–100

Microbial diversity in modern thrombolitic mats
were sectioned (0.5 cm) with a rock saw and examined using
an Olympus SX12 stereoscope (Olympus, Center Valley, PA,
USA). Mat surface morphologies were documented then
cross-sections were immersed in filtered seawater and
imaged using 10¥, 32¥ and 1000¥ objectives.

Molecular identification of cyanobacterial isolates from
the thrombolitic mats
To identify the morphologically dominant cyanobacterial isolates from the button and black mat types, two cells types were
dissected from their respective mat types using an Olympus
SZX12 stereoscope scope. Bundles of a filamentous cyanobacterium, morphologically identified as Dichothrix spp.
(Planavsky et al., 2009), were dissected from the button mats
and clusters of previously undescribed pigmented coccoid
cells were dissected from the black mat type. Approximately
20 mg of each cell type was dissected and immediately placed
into an Eppendorf tube containing DNAzol ES reagent
(Molecular Research Center, Cincinnati, OH, USA). Each tube
then underwent three cycles of freeze–thawed in liquid nitrogen followed by grinding with a mortar and pestle.
Due to the presence of non-heterocystous background
cyanobacteria the 16S rRNA gene from the Dichothrix spp.
cell type was amplified using two unique primer sets that
were designed based on alignments of full-length 16S rRNA
gene sequences of closely related Calothrix and Rivularia
species recovered from NCBI and Rivularia-like sequences
recovered from the bacterial and cyanobacterial partial 16S
rRNA gene clone libraries from Myshrall and colleagues
(2010). Primers Dicho-1F (CTGGCTCAGGATGAACGCTG)
and Dicho-1R (GCCAAACCACCTACGAACGC) produce a
523 bp amplicon of the V3–5 region. Primers Dicho-2F
(TGGGGTAAAAGCGTACCAAG) and Dicho-2R (CCACGCCTAGTATCCATCGT) produce a 600 bp amplicon of the
V4–6 region. The PCR reactions contained the following final
concentrations: 5¥ GoTaq Flexi Reaction Buffer (Promega,
Madison, WI), 1.5 mM magnesium chloride, 600 mM dNTPs,
400 nM each primer, 20 mg of bovine serum albumin (BSA),
10 ng of Dichothrix spp. genomic DNA, 2.5 U of GoTaq Flexi
DNA Polymerase (Promega). The PCR conditions were 94°C
for 5 min, followed by 30 cycles of 94°C for 1 min, 58°C for
1 min, 72°C for 2 min and a final extension of 72°C for 7 min.
Due to the presence of numerous non-cyanobacterial heterotrophic bacteria in the black cyanobacterial cell dissections, a nested primer approach was used to amplify the
16S rRNA gene. The first round used 16S universal bacterial primers 27F (AGAGTTTGATCCTGGCTCAG) and
1525R (TAAGGAGGTGATCCAGCC; Lane, 1991), and the
second round used cyanobacterial primers, Cya359F, and
an equimolar mixture of Cya781Ra and Cya781Rb (Nübel
et al., 1997). For both rounds, the reagent concentrations
were the same as in the Dichothrix PCR described above,
except that in the second round 2 ng of amplicon generated
in the first round of PCR was used. The conditions for the
first round of PCR included 95°C for 2 min, 30 cycles of
95°C for 30 s, 58°C for 2 min, 72°C for 2 min and a final
extension of 72°C for 10 min. The conditions for the second
round of PCR with the cyanobacterial-specific primers were
the same as described for the Dichothrix PCR. Negative
controls were conducted for all PCR reactions and no con-
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tamination was detected. The PCR products for both cell
types were purified with the UltraClean PCR Kit (MoBio,
Carlsbad, CA) and cloned into the pCR 2.1 vector using the
Topo TA Cloning Kit (Invitrogen, Carlsbad, CA) following
manufacturer’s instructions. Ten clones from each cell type
were picked for sequencing with an ABI 3130 DNA
sequencer at the University of Florida Interdisciplinary
Center for Biotechnology Research (UF-ICBR). Consensus
sequences were generated using CLUSTAL W and all clone
sequences were submitted to GenBank under Accession
No. HQ415794–HQ415799.

Generation of barcoded 16S rRNA gene libraries
To determine the bacterial, cyanobacterial and archaeal community composition of the four main thrombolitic mat types
barcoded 16S rRNA gene libraries were generated and
sequenced with high-throughput pyrosequencing. DNA was
isolated from three replicate samples for each mat type using
previously described methods (Foster et al., 2009). DNA was
then PCR-amplified using a fusion 454-primer that included
an oligonucleotide tag (i.e. barcode) located on the 3′ end.
Each barcode tag was unique for the four mat types and all
sequences are listed in Table S1 (Hamady et al., 2008;
Roesch et al., 2009).
The PCR reactions for the bacterial 16S rRNA library,
which target the V1–2 region of the gene, contained the
following final concentrations: 1¥ Clone Pfu Reaction Buffer
(Stratagene, La Jolla, CA), 280 mM dNTPs, 2.5 mg of BSA,
600 nM each primer, 0.75 ng of genomic mat DNA, 1.25 U of
cloned Pfu DNA Polymerase (Stratagene) and nuclease-free
water (Sigma, St. Louis, MO) in a volume of 25 ml. The
reactions were held at 95°C for 5 min, followed by 35 cycles
of 95°C for 1 min, 64°C for 1 min, 75°C for 3 min and a final
extension of 75°C for 7 min. Negative controls were conducted and no contamination was detected. All PCR products
were combined in equimolar amounts and purified using the
PCR Purification kit (Qiagen, Valencia, CA).
The PCR reactions for the barcoded cyanobacterial 16S
rRNA library used the Nübel primer set, which has been
shown to detect a wider range of cyanobacteria than the
‘universal’ bacterial primer set used above (Foster et al.,
2009; Wang and Qian, 2009). The primers targeted the V3–4
region of the gene contained the following final concentrations: 1¥ High Fidelity PCR Buffer (Invitrogen), 2 mM magnesium sulfate, 200 mM dNTPs, 2.5 mg of BSA, 400 nM 359F
primer, 200 nM each of 781Ra and 781Rb primers, 5 ng of
genomic DNA, 1 U of Platinum Taq High Fidelity (Invitrogen)
and nuclease-free water (Sigma) to 25 ml. The PCR conditions were 94°C for 2 min, 30 cycles of 94°C for 0.5 min, 58°C
for 1 min, 68°C for 2 min and a final extension of 68°C for
10 min. PCR products were extracted from an agarose gel
with the QIAquick Gel Extraction kit (Qiagen). Negative controls were conducted for all PCR reactions and results indicated no contamination. All purified PCR products were
combined in equimolar amounts.
Due to the low numbers of Archaea within the thrombolitic
communities, a nested PCR approach with two rounds of
amplification was used for generating the archaeal 16S rRNA
library that targeted the V3–5 region of the 16S rRNA gene.
The PCR reaction concentrations were the same as the
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cyanobacterial library except the first round used 400 nM each
of primers 23F and 958R (Delong, 1992; Barns et al., 1994)
and 10 ng of genomic DNA, while the second round of PCR
used 400 nM each of primers 334F and 915R (Casamayor
et al., 2002) with 10 ng of round one amplicon as a template.
The PCR conditions for both rounds were similar to the cyanobacterial run conditions except the annealing steps were at
55°C for 1.5 min for the first round, and 61°C for 1 min for the
second round. A PCR Purification kit (Qiagen) was used to
clean up the first and second rounds of PCR. Negative controls
were conducted in parallel with for each round of PCR and
results indicated no contamination. All amplicons from the
second round were combined in equimolar amounts.
Bacterial, cyanobacterial and archaeal 16S rRNA barcoded
libraries were sequenced from the 454 Life Sciences A primer
using the standard GS FLX chemistry (454 Life Sciences,
Branford, CT) in a single run performed by the UF-ICBR. The
raw sequence reads and quality files were deposited into the
NCBI sequencing read archive under project number
SRP004035.

Bioinformatic analysis of barcoded 16S ribosomal
RNA gene libraries
The open-source software mothur v 1.11.0 was used for
processing, cluster analysis and classification of the raw barcoded sequences from the 16S rRNA gene libraries (Schloss
et al., 2009). The bacterial, cyanobacterial and archaeal
libraries were analysed separately since they covered different variable regions of the 16S rRNA gene. Those sequence
reads that did not contain an exact match to the primer
sequences, contained any ambiguous reads and/or had an
average quality score of less than 27 were considered to be
poor quality and were excluded from the rest of the analysis
(Kunin et al., 2010). The remaining 454 reads were subjected
to two additional screening criteria. First, based on the finding
by Huse and colleagues (2007) that short 454 reads may be
poor quality, all reads below 125 bp for the bacterial and
200 bp for the cyanobacteria and archaeal libraries were
removed. Second, based on limitations of the GS-FLX standard chemistry reads longer than 275 bp for bacterial and
300 for cyanobacterial and archaeal sequences were
removed. The corresponding mat type for each retained barcoded read was recorded and the primers were trimmed from
the sequences. Since sequencing was done from the reverse
primer, the reverse complements were taken and exact replicate reads were removed to speed downstream analyses.
The remaining sequences were aligned in mothur using the
nearest alignment space termination (NAST) algorithm
against a bacterial and archaeal SILVA 16S rRNA gene template, as this template has been shown to provide quality
alignments of variable regions (DeSantis et al., 2006;
Pruesse et al., 2007; Schloss, 2010). No sequence mask was
used in this analysis as it has been previously shown to
significantly reduce the diversity observed between
sequences (Schloss, 2010). The alignment was trimmed
such that all reads were aligned to the same exact region. To
account for potential pyrosequencing errors the sequences
from each of the three libraries were analysed with the
pre.cluster function in mothur, which is based on the SLP
clustering algorithm (Huse et al., 2010). Once error-prone

sequences were removed, a pairwise distance matrix was
calculated using mothur and reads were clustered into OTUs
at 3% distance using the furthest neighbour method (Schloss
and Handelsman, 2005). SILVA alignments of representative
sequences from each OTU for all three libraries were
extracted from the mothur generated NAST alignments and
imported into the ARB software package (Ludwig et al.,
2004). The sequences were inserted into a tree composed of
full-length 16S rRNA sequences from the SILVA SSU Ref
v102 database using the parsimony option with domainspecific position variable filters. The representative sequence
from each OTU was classified using mothur with a naïve
Bayesian approach at a confidence threshold of 70% (Wang
et al., 2007). The bacterial and archaeal reference databases
were composed of unique, full-length sequences from the
SILVA SSU Ref v102 database (http://www.mothur.org/wiki/
Silva_reference_files) and used to classify reads from their
respective barcoded amplicon libraries.
To account for the effects of different sampling depths on
the alpha-diversity measurements three replicate subsets
from each thrombolitic mat type, containing an equal
number of sequences, were created for each library using a
random sequence selector Perl script (Paul Stothard; http://
www.ualberta.ca/~stothard/software.html). The number of
randomly subsampled sequences was calculated to capture
75% of the sequences in the least represented mat type
(i.e. 1248 for Bacteria, 2548 for Cyanobacteria and 178 for
Archaea). The subsampled OTUs from each mat type were
used to generate alpha-diversity statistics including Chao1
non-parametric species richness estimate, Shannon indices,
Shannon-based richness estimate and Good’s coverage
estimate.

Community comparisons between thrombolitic mat types
Community analysis and comparison of the thrombolitic mat
types were performed phylogenetically using Unifrac jackknifed environmental clustering and Fast UniFrac, a webbased program designed for the comparing distances
between communities in large data sets (Lozupone and
Knight, 2005; Hamady et al., 2010). For the jackknifed clustering analysis 1000 permutations were run with a sampling
size of 75% of the total number of sequences in the smallest
library (1249 bacteria; 2349 cyanobacteria; 178 archaea).
The Fast Unifrac analyses were used to determine whether
Alphaproteobacteria and Cyanobacteria contributed to community structure. Reads classified as belonging to these
phyla were removed from the bacterial 16S rRNA gene library
to create two artificial libraries: without Alphaproteobacteria
(No-Ap) and without Cyanobacteria (No-Cy). The No-Ap and
No-Cy libraries were combined with the original bacterial
library and aligned within mothur. Phylogenetic trees for the
bacterial (original, No-Ap and No-Cy), cyanobacterial and
archaeal libraries for UniFrac analysis were constructed from
the NAST alignments generated above using FastTree, a
relaxed maximum-likelihood tree-building program (Price
et al., 2010). Tab-delimited sample ID mapping files were
generated for each library with data collected during mothur
analysis. Principal coordinate analysis for the three libraries
was performed on weighted and normalized data within Fast
UniFrac (Hamady et al., 2010).
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Fig. S1. Comparisons of proteobacterial lineages in thrombolitic mats using a clustering-based approach. The histograms represent the per cent of classified sequences that
could be assigned to a specific taxon by a Bayesian approach
at a confidence interval ⱖ 70% against the SILVA SSU Ref
v102 database.
A. Proteobacteria were classified to the order level.
B. Alphaproteobacteria were classified to the family level.
Table S1. Primers used for generating 16S rRNA barcoded
library.
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