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Analysis of bacterial and archaeal diversity in
coastal microbial mats using massive parallel
16S rRNA gene tag sequencing

Henk Bolhuis and Lucas J Stal
Department of Marine Microbiology, Centre for Estuarine and Marine Ecology (NIOO-KNAW),
Yerseke, The Netherlands

Coastal microbial mats are small-scale and largely closed ecosystems in which a plethora of
different functional groups of microorganisms are responsible for the biogeochemical cycling of the
elements. Coastal microbial mats play an important role in coastal protection and morphodynamics
through stabilization of the sediments and by initiating the development of salt-marshes. Little is
known about the bacterial and especially archaeal diversity and how it contributes to the ecological
functioning of coastal microbial mats. Here, we analyzed three different types of coastal microbial
mats that are located along a tidal gradient and can be characterized as marine (ST2), brackish (ST3)
and freshwater (ST3) systems. The mats were sampled during three different seasons and subjected
to massive parallel tag sequencing of the V6 region of the 16S rRNA genes of Bacteria and Archaea.
Sequence analysis revealed that the mats are among the most diverse marine ecosystems studied
so far and consist of several novel taxonomic levels ranging from classes to species. The diversity
between the different mat types was far more pronounced than the changes between the different
seasons at one location. The archaeal community for these mats have not been studied before and
revealed a strong reaction on a short period of draught during summer resulting in a massive
increase in halobacterial sequences, whereas the bacterial community was barely affected. We
concluded that the community composition and the microbial diversity were intrinsic of the mat type
and depend on the location along the tidal gradient indicating a relation with salinity.
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Introduction

Coastal microbial mats are nearly closed minimal
ecosystems consisting of horizontal stratified groups
or communities of microbes (Stal et al., 1985; van
Gemerden, 1993). They are considered to be the
modern analogs of fossil stromatolites, the oldest of
which date back 3.5 billion years and therefore
represent the oldest ecosystems known (Byerly
et al., 1986). Coastal microbial mats are built by
Cyanobacteria and are responsible for enriching the
sediment with organic carbon. This process forms
the basis for a complex microbial ecosystem in
which a plethora of different functional groups of
microorganisms accomplish a ‘joint venture’ (van
Gemerden, 1993). The various metabolic capacities
of this microbial community are responsible for
the biogeochemical cycling of the elements. The

sediment of microbial mats is also enriched with
combined nitrogen through fixation of dinitrogen,
an important property found so far in all studied
microbial mats (Severin and Stal, 2010). In microbial
mats, the capacity of photosynthetic carbon dioxide
fixation often exceeds by far that of the fixation of
dinitrogen (Stal et al., 2010), and this excess carbon
is exuded as extracellular polymeric substances that
form the matrix in which the microorganisms are
embedded. Extracellular polymeric substances also
serve as glue that produces a coherent structure that
renders stability to the mat and the sediment surface
(Grant and Gust, 1987). Microbial stabilization of the
sediment and enrichment with organic carbon and
nutrients form the basis for the colonization of salt
marsh vegetation.

The North Sea beach of the Dutch barrier island
Schiermonnikoog experienced spectacular changes
over the past 20 years and transformed from a long
stretched sandy beach into a broad salt marsh
covering large areas of the island’s North Sea coast
(de Wit and van Gemerden, 1988). This ‘Green
Beach’, as it is now coined, is an excellent example
of coastal morphodynamics and protection. The bare
and infertile sandy beaches are initially colonized
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by the oxygenic phototrophic Cyanobacteria, which
form microbial mats and enrich the sediment with
organic matter and nutrients (Stal et al. 1985).
Subsequent colonization by vegetation further
stabilizes the sediment and therewith increases its
erosion threshold (Yallop et al., 1994). The accumu-
lation of sediment by the salt marsh vegetation
results in its elevation and increases the beach
profile. Microbial mats of Schiermonnikoog have
been studied using various techniques including
microscopy (Stal et al., 1985; Visscher et al., 1991;
van Gemerden, 1993; Dijkman et al., 2010), biogeo-
chemical analysis involving microelectrode mea-
surements (de Wit and van Gemerden, 1988; van
Gemerden, 1993) and fatty acid profiling (Dijkman
et al., 2010). Isolation efforts yielded cultures of
several Cyanobacteria such as Microcoleus sp. and
Lyngbya sp. and of Bacteria involved in the sulfur
cycle such as Thiocapsa sp., Thiobacillus sp. and
Desulfomicrobium sp. (Stal et al., 1985; de Wit and
van Gemerden, 1988; Visscher et al., 1992; Wieringa
et al., 2000). DNA sequence analysis of a 16S rRNA
gene clone library revealed mainly Cyanobacteria,
Proteobacteria and Bacteriodetes species (Severin
et al., 2010). However, this library consisted of only
B60 bacterial 16S rRNA gene sequences, leaving
room for undersampling and statistical errors (Kemp
and Aller, 2004) especially in this high-diversity
microbial mat.

The aim of this study is to fully understand the
diversity and biochemical complexity of these
coastal microbial mats at a resolution that nearly
captures the full diversity. The higher resolution
will provide insight in the absence or presence/
abundance of species present below the detection
limit of previously used techniques and that are
known to play a key role in biochemical processes
(for example, anaerobic ammonium oxidation and
methanotrophy). Moreover, little is known about the
archaeal composition of these coastal microbial mats

and may provide insight in their contribution to the
microbial mats and especially the role of methano-
genesis, a process strictly performed by Archaea
(Thauer, 1998). We applied massive parallel 16S
rRNA gene tag sequencing (Sogin et al., 2006)
allowing the analysis of several thousands of small
bacterial and archaeal 16S rRNA gene fragments,
which tremendously increased the resolution of
assessing microbial diversity.

Materials and methods

Sample site and sampling
Samples were taken from microbial mats developing
on the North Sea beaches of the Dutch barrier island
Schiermonnikoog (Figure 1). The samples were
taken during three different seasons (autumn 2007,
spring 2008 and summer 2008) from three different
microbial mat types located along the tidal gradient
in close proximity of each other (Table 1). The
stations are representatives of three different mat
types that are each B100m wide and cover the
North Sea beach for over 5 km in length. Approxi-
mately 3–5mm of the top layer of the sediment
containing the whole microbial mat (B20 cm2) was
dissected, flash frozen in liquid nitrogen and stored
at –80 1C.

Nucleic acid extraction
Total community DNA was isolated from 1 g (wet
weight) of mat using the UltraClean Soil DNA
Isolation Kit (MoBio Laboratories, Inc., Carlsbad,
CA, USA) according to the manufacturer’s instruc-
tions for maximal yields. DNA yields were deter-
mined using spectrophotometry (Table 1) and the
quality was checked by PCR amplification of the
bacterial and archaeal 16S rRNA genes.

ST2

ST3

ST1ST1

ST3

ST2

Figure 1 Aerial picture and geographical location of the sampling stations (see insert) at the northwestern part of the North Sea coast of
the Dutch barrier island Schiermonnikoog. Coordinates of the sampling points are presented in Table 1. See Materials and methods for a
description of the stations. The pictures were obtained with Google Maps.
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16S rRNA gene tag sequencing
Tag sequencing was performed as previously de-
scribed (Sogin et al., 2006; Huber et al., 2007). In
short, conserved sequences flanking the hypervari-
able V6 region of rRNAs served as primer sites to
generate PCR amplicons. In order to capture the full
diversity of bacterial 16S rRNA gene sequences, a
cocktail of five primers was used at the 50-end and
four primers at the 30-end of the V6 region (Table 2).
For archaeal sequences, one 50 primer and two 30

primers were used (Table 2). Each PCR reaction was
run in triplicate. The purified amplicon libraries
were annealed to oligonucleotides that are comple-
mentary to an adaptor sequence that are tethered
onto mm-size beads. The annealing conditions were
set to favor one fragment per bead. PCR amplifica-
tion of these fragments generating B10 million
identical copies of a unique DNA template per bead.

Subsequently, the beads carrying the single-
stranded DNA clones were deposited into the wells
of the PicoTiterPlate for pyrosequencing on a Roche
Genome Sequencer (Roche Diagnostics GmbH/454
Life Sciences Corporation, Branford, CT, USA)
(Sogin et al., 2006).

Sequence read analysis
Sequence reads of on average 60 bps were generated
after trimming of the primer sequences from begin-
ning and end of the raw data. Based on the
assessment of pyrosequencing error rates, sequences
of low quality were removed (Huse et al., 2007).
Alignment and taxonomy assignment was per-
formed using the tag mapping methodology GAST
(global alignment for sequence taxonomy) (Sogin
et al., 2006; Huse et al., 2007). Sequence reads were

Table 1 Description of sampling points

Station code Date of sampling Latitude N a Longitude E a Time Temp. (1C) b DNA, ng ml–1

ST1_Au 11/11/2007 53.490267 6.144433 1430h 8 36
ST2_Au 11/11/2007 53.492183 6.139967 1400h 8 26
ST3_Au 11/11/2007 53.490833 6.142483 1415h 8 48
ST1_Sp 15/14/2008 53.490267 6.144433 1130h 18 14
ST2_Sp 15/14/2008 53.492183 6.139967 1100h 18 31
ST3_Sp 15/14/2008 53.490833 6.142483 1115h 18 61
ST1_Su 08/10/2008 53.490267 6.144433 1500h 17 63
ST2_Su 08/10/2008 53.492183 6.139967 1430h 17 45
ST3_Su 08/10/2008 53.490833 6.142483 1445h 17 14

Abbreviations: Au, autumn; Sp, spring; Su, summer.
aCoordinates given in decimal degrees.
bTemperature was measured in the soil.

Table 2 List of oligonucleotides used in this paper

Name Sequence 50–30a–c

Bacterial 5’ (967F)
gcctccctcgcgccatcagNNNNNCNACGCGAAGAACCTTANC
gcctccctcgcgccatcagNNNNNCAACGCGAAAAACCTTACC
gcctccctcgcgccatcagNNNNNATACGCGARGAACCTTACC
gcctccctcgcgccatcagNNNNNCAACGCGCAGAACCTTACC
gcctccctcgcgccatcagNNNNNCTAACCGANGAACCTYACC

Bacterial 3’ (1046R)
gccttgccagcccgctcagCGACAGCCATGCANCACCT
gccttgccagcccgctcagCGACAACCATGCANCACCT
gccttgccagcccgctcagCGACGGCCATGCANCACCT
gccttgccagcccgctcagCGACGACCATGCANCACCT

Archaeal 5’ (958F)
gcctccctcgcgccatcagNNNNNAATTGGANTCAACGCCGG

Archaeal 3’ (1048R)
1048arcR-major gccttgccagcccgctcagCGRCGGCCATGCACCWC
1048arcR-minor gccttgccagcccgctcagCGRCRGCCATGYACCWC

B27F AGAGTTTGATCMTGGCTCAG
U1492R GGTTACCTTGTTACGACTT

aNucleotide sequence presented in lower case is the Roche adaptor sequence A (gcctccctcgcgccatcag) or B (gccttgccagcccgctcag).
bNNNNN stands for a 5-bp ‘key’ used to identify samples in a run containing multiple samples.
cNucleotides in upper case are the actual primer sequences, complementary to regions in the 16S rRNA gene.
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compared with a reference database of known 16S
rRNA genes (obtained from SILVA and Ribosomal
Database Project (RDP) databases) and taxonomi-
cally assigned according to the RDP classifier (Wang
et al., 2007).

Statistical analysis
Taxonomic richness and diversity estimators were
calculated using DOTUR/MOTHUR (www.mothur.org)
software packages (Schloss and Handelsman, 2005;
Schloss et al., 2009). We used the mean of the
estimated richness for comparison between the
samples. Cluster analysis of the community compo-
sition was performed using the statistical software
package PAST (http://folk.uio.no/ohammer/past/)
using a correlation matrix determined by the
complement 1-r of Pearson’s r correlation across
the variables (Hammer et al., 2001).

Results

Description of the sampling sites
Station ST1 (Figure 1) is located in the supratidal
area near the dunes and is mainly influenced by
fresh water (rainfall). This station is inundated by
sea water only occasionally at spring tide combined
with northern winds. This area consist of small,
young dunes, puddles of water and is densely
vegetated with typical salt marsh plant species like
Elymus farctus, Juncus gerardi, Glaux maritima,
Ammophila arenaria and Scirpus maritimus. Micro-
scopy revealed a high cyanobacterial diversity
consisting of heterocystous (Nostoc, Calothrix and
Anabaena) and non-heterocystous filamentous
(Spirulina, Phormidium and Nodularia) Cyanobac-
teria as well as unicellular types (Synechocystis,
Merismopedia and Gloeocapsa) (Severin and Stal,
2008; Dijkman et al., 2010). Diatoms were also
common at this station. Station ST2 is situated near
the low water mark, contains no vegetation and is
continuously exposed to sea water due to tidal
inundation. It receives only occasionally fresh water
during rain showers at low tide. Here, mostly non-
heterocystous Cyanobacteria, predominantly Lyngbya
aestuarii and Leptolyngbya sp., were identified by
microscopy, whereas diatoms were more abundant
than at the other stations (Severin and Stal, 2008).
Station ST3 is in between ST1 and ST2 and is
characterized by microbial mats that receive fresh
water and sea water (mostly at spring tides) at irregular
intervals. ST3 forms the basis of a salt marsh
ecosystem and is partly overgrown by only a few
species of plants, mainly Salicornia sp. and Puccinellia
distans. Microscopy revealed Microcoleus chthono-
plastes as the dominant group of Cyanobacteria in ST3.
To a lesser extent L. aestuarii and occasionally
heterocystous and unicellular Cyanobacteria were
found. The microbial mats at ST1 and ST3 contained
a green layer of Cyanobacteria just below a thin layer of

fine sand that had been recently deposited, whereas a
green/brownish layer was observed at ST2. During
summer and autumn, a distinct purple layer was
noticed at ST1 and ST3 that was absent during spring
and never noticed at ST2. At all stations, a black, iron
sulfide-rich horizon was present at B5–10mm depth.

General statistics
Using the bacterial V6 primers we obtained a total of
169 338 sequences, 92% of which were identified as
Bacteria (Table 3). For each sample we obtained an
average of 17 247 bacterial sequence reads. The
archaeal V6 primers were less specific. On closer
inspection, only 27 361 out of 85 415 reads (24%)
were archaeal with an average of 3909 per sample.
The majority of the reads appeared to belong to
Eukarya. The frequency of bacterial singletons
(unique reads that occurred only once in a sample
divided by the total number of different sequence
reads in that sample) was remarkably constant at
0.69±0.01. Archaeal reads revealed a similar con-
servation of the frequency of singletons, although at
the higher value of 0.79±0.03.

Estimation of richness and diversity
Tags that differed by no more than 5% were
clustered into operational taxonomic units (OTUs)
to calculate rarefaction and nonparametric estima-
tors (Table 4) (Schloss and Handelsman, 2005). The
highest bacterial richness (the number of different
OTUs in a sample) and diversity (Shannon’s H index
that takes into account the evenness of OTU
distribution) were found during autumn and were
lowest during spring with the exception of ST3 that
had the lowest values during summer. For the
archaeal fraction we only have a complete data set
for station ST2 that showed a similar trend of
highest richness and diversity in autumn and lowest
in spring. In ST3, the archaeal richness was notably
high in summer while having the lowest value for
the diversity estimators.

Rarefaction analysis of the bacterial diversity in
all stations at a 95% cutoff level revealed curves that
did level of but did not yet reach an asymptote
(Supplementary Figure S1), whereas nonparametric
statistical analyses (Table 4) indicated that the
observed richness covered between 60 and 66% of
the estimated total bacterial richness. The rarefac-
tion curves for archaeal richness also did not yet
reach an asymptote (Supplementary Figure S2) and
the observed richness covered 74–80% of the
estimated archaeal richness. Overall, the observed
bacterial richness was between 6- and 29-fold higher
than the archaeal richness (Table 4). Shannon and
Simpson diversity indices also indicated a higher
diversity for the bacterial population relative to that
of the archaeal population.

Spatial versus temporal diversity patterns in the
bacterial community. Cluster analysis at the phy-
lum level revealed a conservation of the community
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composition in time in a specific mat type. The
stations ST3 and ST1 were more similar and
clustered separately from station ST2 (Figure 2).
The autumn and spring community compositions
were more similar to each other than each of them to
the summer community of ST2 and ST3, whereas for
ST1 the spring and summer community composi-
tions were more similar to each other than to the
autumn community. Similar results were obtained
when comparing the taxonomic composition at the
order level (data not shown). A similar distribution
was also found for the archaeal community; stations
ST1 and ST3 clustered and their compositions were
dissimilar from ST2.

Taxonomic description
The obtained taxonomy data covered a broad
spectrum of known bacterial phyla. Candidate phyla

OP8, BRC1, OP11, OP3, OP10, TG1 and JS1 were
represented by only a few sequences (o25). The
dominant phyla in all samples belonged to Proteo-
bacteria, Bacteriodetes, Cyanobacteria and Actino-
bacteria (Figure 2). A full description of the bacterial
taxonomic data can be found in Supplementary
Table S1. Table 5 lists the top 10 dominant groups
per station, revealing large differences between
stations ST1/ST3 and ST2, the latter being char-
acterized by the absence of cyanobacterial sequences
from this top 10 and by a more pronounced role for
the Gammaproteobacteria. In contrast, Flavobacter-
iaceae, which were abundant in ST3 and ST2, did
not appear in the top 10 of ST1. In addition to the
dominant phyla, significant numbers of sequence
reads related to Verrucomicrobia, Firmicutes, Planc-
tomycetes, Chloroflexi, Gemmatimonadetes and
Acidobacteria were found in all the three mat types.
A small fraction (1.4–3.3%) of the reads could not be

Table 3 General 454 sequence statistics

Bacterial V6 reads Archaeal V6 reads

Bacteria Chl. Plast NA Total Archaea Eukarya NA Total

ST1_Au 25238 316 1224 26778 3395 58 3933 7386
ST2_Au 19243 1493 938 21674 3736 381 7237 11354
ST3_Au 24828 472 1794 27094 ND ND ND ND
ST1_Sp 6947 85 140 7172 ND ND ND ND
ST2_Sp 13068 1430 535 15033 1524 1094 3790 6408
ST3_Sp 20749 1143 877 22769 1448 65 2185 3698
ST1_Su 19343 58 826 20227 507 276 7938 8721
ST2_Su 16569 1503 829 18901 2414 1412 17003 20829
ST3_Su 9235 188 267 9690 14337 194 12488 27019
Total 155 220 6688 7430 169338 27361 3480 54574 85415

Abbreviations: Au, autumn; NA, sequence could not be assigned; ND, not determined; Sp, spring; Su, summer.

Table 4 Observed prokaryotic richness and diversity estimates based on 95% OTU clusters

Bacteria % Inv.
Comp.b

Archaea % Inv.
Comp.b

Ratio Sobs

B:Ac

Richness estimator Diversity estimators Richness estimator Diversity estimators

Sobs
a Chao ACE Shannon Simpson Sobs

a Chao ACE Shannon Simpson

ST1_Au 2593 4176 5105 5.90 0.015 62 124 167 170 2.30 0.254 74 21
ST1_Sp 710 1159 1362 5.12 0.014 61 ND ND ND ND ND ND
ST1_Su 1383 2097 2048 5.51 0.014 66 29d 82d 94d 2.09d 0.182d 36d (48)d

ST2_Au 2256 3747 4613 6.26 0.006 60 232 311 314 4.11 0.032 74 10
ST2_Sp 1519 2463 3100 5.94 0.007 62 99 126 131 3.01 0.117 78 15
ST2_Su 1978 3152 3755 6.34 0.004 63 125 202 222 3.38 0.059 62 16
ST3_Au 2140 3436 4112 6.16 0.006 62 ND ND ND ND ND ND
ST3_Sp 2149 3377 3951 6.14 0.008 64 75 94 99 2.92 0.106 80 29
ST3_Su 1282 2066 2546 5.79 0.009 62 230 291 273 2.29 0.269 79 6

Abbreviations: ACE, abundance-based coverage estimator; Au, autumn; ND, not determined; OTU, operational taxonomic unit; Sp, spring;
Su, summer.
aObserved richness.
bTotal observed richness/Chao1 estimate � 100.
cRatio of observed bacterial versus archaeal richness.
dValues unreliable due to undersampling.
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assigned below the domain level and were desig-
nated as Bacteria NA (not assigned). Among the
Proteobacteria, the Alphaproteobacteria dominated
ST1 (470% of the Proteobacteria) and ST3 (450%
of the Proteobacteria; Figure 2). The Alphaproteo-
bacteria consisted mainly of organisms belonging to
the orders of Rhodobacterales and Sphingomona-
dales (Table 5). In station ST2 the a-(mainly
Rhodobacterales), d-(mainly Desulfobacterales and
Myxococcales) and Gammaproteobacteria (mainly
Chromatiales and Xanthomonadales) were more
evenly distributed. A potential novel Gammapro-
teobacterium could not be assigned below the class
level. Among the Betaproteobacteria, Burkholder-
iales dominated in ST1 and ST3 but were virtually
absent in ST2. Only 49 reads affiliated to the
Epsilonproteobacteria whereas 1624 reads could
not be assigned below the Proteobacteria phylum
level. Bacteriodetes were represented by Flavobac-
teriales and Sphingobacteriales. Sequences related
to Flavobacteriales were particularly high in ST2,
with a peak in the autumn population and a
minimum during summer. A similar trend was
observed in ST1 and ST3. The Sphingobacteriales
peaked in the autumn populations in all three
stations.

Cyanobacterial sequences were abundantly pre-
sent in ST1 and ST3, and were dominated (71–96%)
by members that we could not assign below the
phylum level. Sequences belonging to the cyano-
bacterial groups GpIV, GpI, GXIII and Rivulariaceae
were also well represented in ST1 and ST3. Other
cyanobacterial sequences in these two stations were
related to the Nostocales, Oscillatoriales, Prochlor-
ales and Chroococcales. Station ST2 revealed only a
few cyanobacterial sequences.

Among the Actinobacteria, Actinomycetales and
NA actinobacterial order were dominating at all
stations. Less abundant reads were assigned to the
orders of Acidimicrobiales and Rubrobacterales. At
the family level, the Actinomycetales were mainly
represented by NA family with the highest number
of reads in ST2, especially during autumn and

Intertidal zoneIntermediate zonefreshwater zone

Beta

Delta

Epsilon

Gamma

NA P
roteobacteria

N
=

26622

N
=

21626

N
=

9502

N
=

7087

N
=

20169

N
=

26462

N
=

20181

N
=

13603

N
=

17398

Alpha

Proteobacteria

Bacteriodetes

Cyanobacteria

Actinobacteria

Verrucomicrobia

Bacteria NA

Planctomycetes

Firmicutes

Chloroflexi

Gemmatimonadetes

Acidobacteria

Others

S
T

2_
A

u

S
T

2_
S

p

S
T

2_
S

u

S
T

3_
A

u

S
T

3_
S

p

S
T

3_
S

u

S
T

1_
S

p

S
T

1_
S

u

S
T

1_
A

u

0.9

S
im

ilarity

0.6

0.7

0.8

Figure 2 Comparison of bacterial diversity between the different
sampling points. (a) Cluster analysis of bacterial diversity at the
phylum level using a correlation algorithm (the complement 1-r of
Pearson’s r correlation across the variables). (b) Stacked column
graph representing the relative distribution of the dominant phyla
in the different stations. The total number of sequence reads per
sample is given left of the columns. (c) Stacked column graph
representing the proteobacterial diversity. The double-headed
arrow on top indicates the conditions with respect to salinity.
Sample codes consist of the sampling station and the time point
of sampling (Au, autumn; Sp, spring; Su, summer).

Table 5 Abundant bacterial groupsa per station

ST1 ST3 ST2

GpIV 11.1% Rhodobacteraceae 7.6% Flavobacteriaceae 12.7%
Rhodobacteraceae 8.8% Flavobacteriaceae 5.3% Gammaproteobacteria 11.9%
Sphingomonadaceae 5.4% GpI 4.7% Rhodobacteraceae 8.1%
Actinobacteria 4.9% Actinobacteria 4.0% Actinobacteria 6.1%
Cyanobacteria 3.9% GpXIII 3.8% Actinomycetales 5.1%
GpI 3.1% GpIV 3.8% Bacteria NA 3.4%
Microbacteriaceae 3.0% Rivularia 3.2% Loktanella 2.4%
Erythrobacteraceae 2.8% Gammaproteobacteria 2.9% Planctomycetaceae 2.2%
Sphingobacteriales 2.3% Bacteroidetes 2.8% Sphingobacteriales 2.2%
Rhodobacter 2.0% Loktanella 2.4% Bacteroidetes 1.9%

aGroups are given at genus level or at higher taxonomic level if the sequences could not be assigned to a genus.
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summer. In contrast, the actinomycetal family of
Microbacteriaceae were especially abundant in ST1
and ST3 and were virtually absent in ST2.

The archaeal diversity varied between the stations
(Figure 3). A full description of the archaeal
taxonomic data can be found in Supplementary
Table S2. Station ST1 was dominated by Euryarch-
aeota (80–90%), mainly Methanobacteria (autumn
population) or Methanomicrobia (summer popula-
tion). The crenarchaeotal class Thermoprotei is only
present in the autumn population of ST1. The
summer population of ST1 contained an important
fraction of NA Crenarchaeota and Euryarchaeota

(13% and 10%, respectively). Station ST3 was
dominated by Euryarchaeota of the class Halobacter-
ia, especially in the summer where it accounted for
96% of the archaeal community. The spring commu-
nity of ST3 contained Halobacteria, Methanomicrobia
and a large fraction (29%) of NA Euryarchaeota.
Station ST2 differs from the other two stations by
having more NA Archaea, lower numbers of
Euryarchaeota (42–56%) and more Crenarchaeota
(11–39%). At the class level, the spring and summer
communities of ST2 were dominated by Methano-
microbia, whereas the autumn community revealed
more Thermoprotei. In ST2, Halobacteria were only
present in low numbers.

Discussion

Richness analysis at a 95% cutoff value shows that it
covered on average 62% (Bacteria) and 75%
(Archaea) of the expected richness based on the
Chao1 estimator (Table 4), and thus our data set
gives a good representation of the actual microbial
diversity. The average Shannon diversity index (H)
calculated for the coastal mat samples indicates a
relatively high diversity in comparison with eight
different marine environments that were previously
described by Sogin et al (2006). At a 0.05 OTU
cutoff, the average H index was estimated to be
5.2±0.3 for the eight marine environments (Schloss
et al., 2009), whereas our samples revealed an
average H index of 5.9±0.4. This confirms previous
reports that coastal microbial mats are among the
most diverse marine ecosystems (Allen et al., 2009).
The high diversity of microbial mats was attributed
to the multitude of potential environmental niches
and the large daily fluctuations of the key geochem-
ical parameters (for example, pH, oxygen and
sulfide) (Allen et al., 2009). Such conditions select
for diverse microbial assemblages that on their turn
drive diversity through niche creation, and hence
forming a feedback between chemical complexity
and biological diversity (Ley et al., 2006). The lower
diversity in spring is in agreement with the succes-
sion of a young developing mat community that
reaches maturity in summer and a climax during
early autumn, after which the community becomes
less productive, low in biomass and low in organic
supply (Stal et al., 1985; Paerl et al., 1996). The
autumn and winter mats are prone to destruction
because of erosion by freezing, ice floes, storms or
high sedimentation rates (Stal et al., 1985).

Cluster analysis of the bacterial composition at the
level of phylum and order grouped ST1 and ST3
apart from ST2 (Figure 2). This reflects the differ-
ence between the marine, fully intertidal character
of ST2 and the freshwater to brackish habitats of ST1
and ST3 that are located in supralittoral to high
eulitoral, respectively, and irregularly inundated.
This classification agrees with average salinities for
these mat types that were previously determined by
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refractometry. During sampling campaigns held in
spring, summer and autumn of 2003, the average
salinity for the marine mat (ST2 type) was 57psu
(practical salinity units), the intermediate mat (ST3
type) was 45psu and the freshwater mat (ST1 type)
was 26psu (LJ Stal, unpublished results). Especially
the number of cyanobacterial sequences was
strongly decreased at ST2 to the benefit of Bacter-
iodetes and Actinobacteria. A similar result was
found in polar microbial mats where Proteobacteria
rather than Cyanobacteria dominated the microbial
population (Varin et al., 2010). The relative fractions
of most other phyla remained unaltered. The
archaeal composition also clustered per station but
did not reveal the grouping of ST1 with ST3.
Apparently, factors driving the bacterial community
composition were different from those that affected
the archaeal community. Seasonal variations were
less pronounced in the bacterial communities and
only slightly affected clustering. In both ST1 and
ST3, the spring and summer bacterial populations
were more similar to each other than to the autumn
population. This is in agreement with general
observations of seasonality of annual microbial mat
communities.

The archaeal community composition in ST2
appeared to be stable, whereas the composition in
ST1 and ST3 underwent large fluctuations. In ST1
the Methanobacteria dominated the community in
autumn and was replaced in the following summer
by Methanomicrobia. Long-term analysis over
several consecutive years should indicate whether
this was part of a yearly shift in methanogenic
communities in response to mat maturation or
whether this was a one-time event. For the ecosys-
tem function this change has probably little impact
as both are involved in methanogenesis. In ST3, the
archaeal fraction was dominated by Halobacteria.
Notably in summer the observed richness was for
96% attributed to halophilic Archaea. These sum-
mer samples were taken after some weeks of high
temperatures and low rainfall causing desiccation
and increased local salinities, giving way for
halophilic organisms. Sequences of a typical bacter-
ial halophilic genus, Halobacillus, were slightly
increased in the summer community of ST3,
whereas the halotolerant Halochromatium was
mainly found in the summer community of ST1.
Salinibacter, although present in ST3, did not
reveal higher numbers in the summer community.
Despite the harsher conditions during summer that
favor growth of halophiles, the diversity in ST3 was
only slightly lower (H¼ 5.8) than in autumn and
spring (H¼ 6.1). Possibly, the non-halotolerant mi-
croorganisms were protected from desiccation by
the copious amounts of extracellular polymeric
substances. Alternatively, the halophilic Archaea
may have been confined to hypersaline micro-
habitats or salt crystals within the extracellular
polymeric substance matrix formed during exsicca-
tion (Norton and Grant, 1988).

Taxonomic inventory
The dominant phyla for all stations consisted of the
Proteobacteria, Bacteroidetes, Cyanobacteria and
Actinobacteria and are known to be abundant in
marine ecosystems including microbial mats (Green
et al., 2008; Heyl et al., 2010; Severin et al., 2010).
However, Actinobacteria were previously not
detected in the Schiermonnikoog mats (Severin
et al., 2010). This may have been because of the
primers that were less suitable for amplification of
the 16S rRNA gene of this group. A small fraction
(1.4–3.3%) of the sequence reads could not be
affiliated with any of the known bacterial phyla
and may be obtained from representatives of novel,
not yet described bacterial phyla. Each coastal
mat type also contained considerable numbers of
sequence reads related to three candidate divi-
sions (TM7, WS3 and OD1) of which no cultivated
representatives exist to date. Hitherto, no distinct
ecological function has been assigned to members of
the candidate division TM7 that are found in a wide
range of environments, including terrestrial (soils,
rhizosphere and peat bog) and aquatic (groundwater,
fresh water, sea water, and deep-sea sediments)
habitats (Rheims et al., 1996; Hugenholtz et al.,
2001). Members of the candidate division WS3
members have been found associated with metha-
nogenic environments (Dojka et al., 1998). The OD1
division is widespread in environments dominated
by sulfur, such as marine environments and sulfur-
eta (Harris et al., 2004). At the tail of bacterial
diversity comprisingo70 reads in the 9 samples, we
found members of the Nitrospira, Fibrobacteres,
Fusobacteria, Tenericutes, Deferribacteres and of
several other candidate divisions (WS3, TG1, OP3-
8-10-11, BRC1, TM6) originally detected in extreme,
low-diversity environments (Ohkuma and Kudo,
1996; Rheims et al., 1996; Dojka et al., 1998;
Hugenholtz et al., 1998; Derakshani et al., 2001).

Functional diversity
Functional diversity was derived from those
sequence reads that were assigned to a family, genus
or higher taxonomic levels of which the functional
properties are strongly conserved. For example,
sequence reads assigned as Rivularia sp. are con-
sidered to be derived from dinitrogen-fixing photo-
autotrophes (Livingstone et al., 1984). Obviously,
this might underestimate the actual number of
contributors to ecosystem functions because poten-
tial functional groups may be hidden in sequences
that could not be assigned beyond the taxonomic
level of phyla, class or order. Bacterial abundance
grouped according to their function (Figure 4)
revealed that approximately half were chemoorga-
notrophs that presumably grow at the expense of
the abundantly present carbohydrates excreted by
the primary producers Cyanobacteria and diatoms.
More than 30% of the bacterial community
consisted of photoautotrophs (Cyanobacteria) and
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photoheterotrophs (mainly Rhodobacterales). Sulfate-
reducing bacteria (SRB) and sulfide-oxidizing bac-
teria varied from 1.4% to 5% of the total bacterial
sequences, and this relatively low number surprised
us, considering the fact that the sulfur cycle is so
prominently present in marine microbial mats.

Because we used the cyanobacterial identification
following the RDP classifier (Wang et al., 2007),
which is based on the classification described
in Bergey’s Manual of Systematic Bacteriology
(Castenholz, 2001), the taxonomic breakdown of
the Cyanobacteria is complex. Unfortunately, many
Cyanobacteria in this classification scheme are not
described beyond the family level and are distrib-
uted in 13 different families and genera (GpI–
GpXIII). Furthermore, cyanobacterial taxonomy
was historically based on morphological features
according to the Botanical Code, whereas 16S rRNA
sequence-based taxonomy is hampered by incorrect
naming (Komarek, 2010). Sequences related to
several groups and families of Cyanobacteria (GpI,
GpXIII, Rivularia, Microcoleus, Chroococcales, and
GpX) dominated in ST3, whereas they occurred in
much lower numbers in the other stations. At this
moment, we can only speculate on the cause for this
observation. Possible explanations are variations in
predation stress in the different stations, preference
of the listed Cyanobacteria for a brackish environ-
ment rather than marine or freshwater or a different
response to desiccation stress. Finding the actual
cause will require dedicated experimentation. Mi-
crocoleus sp., the microscopically dominant species
in ST3 and an important contributor to mat
stabilization and perhaps N2 fixation (Bolhuis
et al., 2010), was confined to the autumn commu-

nity but did not appear abundantly in the 16S rRNA
gene tag analysis. Also, Leptolyngbya sp. was a
dominant group of Cyanobacteria as observed by
microscopy in ST2 (Severin and Stal, 2008), but this
genus also did not come up abundantly in our
library. The Cyanobacteria may have been out-
competed by diatoms that were present in large
numbers in ST2. Typical marine Cyanobacteria only
found in ST2 belong to GpVII (Halothece and
Euhalothece) (Cyanobacteria normally found in
hypersaline environments) and to GpVIII (Myxosar-
cina and Pleurocapsa).

In addition to Cyanobacteria, many other diazo-
trophic bacteria are present and may play an
important role in N2 fixation (Severin et al., 2010).
Apart from the Cyanobacteria, most diazotrophic
species were found in ST1 and ST3, of which
Rhizobiales, Burkholderiales and Rhodobacterales
are known to be associated with plant roots. The
intertidal station ST2, which is devoid of plants,
lacks those species. A well-known cosmopolitan,
plant root-associated N2-fixing genus Frankia, com-
mon in many soil types (Normand and Fernandez,
2009), was not found. Various Archaea like
Methanosarcina were found in all stations and may
also contribute to N2 fixation (Belay et al., 1984).

Whether anaerobic ammonium oxidation
(anammox) (Mulder et al., 1995) takes place in these
mats remains uncertain as no sequence reads were
found directly related to the known anammox
species among the Planctomycetes. However, the
largest fraction of Planctomycetes (B2500 reads)
could not be assigned below the family level and at
this point we cannot exclude that it may contain a
hitherto unknown genus involved in the anammox
process.

Anoxygenic phototrophic bacteria occur below
the cyanobacterial layer. Overall, the Chloroflexi
were mainly found in the freshwater stations ST1
and ST3, although a yet unidentified class within
the Chloroflexi was most abundant in the marine
mat of ST2. Furthermore, a large fraction (470%) of
the Chloroflexi belonged to the non-photosynthetic
families of Anaerolineae and Caldilineae (Sekiguchi
et al., 2003). OTUs related to Chloronema were only
found in ST1, although at low numbers (o0.25%).
Alphaproteobacterial purple non-sulfur bacteria
(PNSB) and the gammaproteobacterial purple sulfur
bacteria (PSB; Chromatiales) were found in all
stations. Among the PNSB, Rhodobacter was the
dominant genus in all three stations but preferen-
tially in ST1. Other PNSB (for example, Rhodobaca
and several Rhodospirillaceae) were present at
lower numbers and also preferred the low-salinity
microbial mats. Two previously characterized
marine PSB, Marichromatium (Imhoff et al., 1998)
and Ectothiorhodospiraceae (Imhoff, 2006) were
indeed mainly found in ST2 while the halophilic
Halochromatium peaked in the summer community
of ST1, probably as a result of the extended time of
drought before sampling. The typical freshwater
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Figure 4 Distribution of bacterial functional groups at the
different sampling points. Functional characteristics were only
assigned to those bacterial orders for which a conserved function
is well documented. Methanol, methanol-degrading bacteria;
SOB, sulfide-oxidizing bacteria.
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genera (Allochromatium, Thiocapsa) were accord-
ingly virtually absent in ST2. Sequences of the PSB
Thiocapsa roseopersicina and the colorless chemo-
lithoautotrophic sulfur bacterium Thiobacillus
thiooxidans were found in relatively small numbers,
which is in contrast to previous studies where these
were found to be the dominant sulfur bacteria in
microbial mats (de Wit and van Gemerden, 1988;
van Gemerden et al., 1989; Visscher et al., 1992).
However, these authors used most probable number
techniques to enumerate these organisms, and it is
possible that other types of organisms carry out the
metabolism that was attributed to Thiocapsa sp.
and Thiobacillus sp. Neither Thiocapsa sp. nor
Thiobacillus sp. were found in 16S rRNA gene clone
libraries from the same site (Severin et al., 2010),
confirming our observations. The PSB showed
a climax community during summer and their
numbers were low during spring, which is in
agreement with the absence of a visible purple layer
in the spring samples.

Aerobic anoxygenic phototrophic bacteria, all
belonging to the Alphaproteobacteria, were also
found. These metabolically versatile heterotrophs
cannot use light as the sole source of energy and
therefore cannot grow autotrophically and are
incapable of growing photosynthetically under
anaerobic conditions (Yurkov and Beatty, 1998).
The previously identified marine Erythrobacter and
Roseobacter were found at all three stations,
suggesting the presence of strains more tolerant to
lower salinities. The freshwater Porphyrobacter and
Sandaracinobacter were, as expected, confined to
ST1 and ST3.

In contrast to the PSB, SRB are present throughout
the mat and may even be found in the aerobic
cyanobacterial layer (Krekeler et al., 1998). SRB use
low-molecular organic compounds as substrates that
are excreted by the Cyanobacteria through fermenta-
tion and photorespiration (Stal, 1995). SRB produce
sulfide as the result of the dissimilatory reduction of
sulfate that may precipitate as iron-sulfide or pyrite.
This renders the typical black horizons in the deeper
permanent anoxic layers of the mat (van Gemerden,
1993). The most important group of SRB is related to
Desulfomicrobiaceae, members of which have been
isolated from nearby locations (Wieringa et al.,
2000). We did not found sequences belonging to
this group in ST2, which might suggest a preference
for low-salinity environments. Nevertheless, ST2
harbored the highest total number of SRB, especially
Desulfobulbaceae, Desulfobacteraceae and Desul-
furomonadaceae. Desulfosarcina, which is known
to inhabit brackish to marine sediments (Kuever
et al., 2005), and NA Desulfobulbaceae were
confined to the marine station. Desulfonema,
Desulfomicrobium and Desulfobacter, which are
known to thrive in both freshwater and marine
sediments, were virtually absent from ST2.

The Actinobacteria represented a large fraction of
the microbial diversity in our mats. Increasingly

more marine Actinobacteria are being discovered
(Bull and Stach, 2007) and as shown here are also
abundant in microbial mats. In contrast to several
other phyla, the numbers of sequence reads related
to Actinobacteria were more equally distributed
over the three stations with the highest content in
ST2 (14%) and lowest in ST3 (9%). The most
abundant group of Actinobacteria could not be
assigned beyond the class level followed by NA
Actinomycetales and Microbacteriaceae. This sug-
gests that novel species are present in our mats. The
ability of Actinobacteria to produce a wide variety of
extracellular hydrolytic enzymes, responsible for
the breakdown of complex organic matter, makes
them central organisms in the decomposition of
carbon, notably in the degradation of chitin, the
second most abundant organic substance in nature
and especially in marine ecosystems produced by
Crustacea (LeCleir et al., 2004). This functional
group has received little attention in microbial mats,
notwithstanding their importance.

Methanogenesis and methanotrophy are processes
occurring in a wide variety of ecosystems. In sulfate-
rich marine sediments, methanogens are readily out-
competed by the SRB when competing for substrates
such as acetate and hydrogen (Oremland et al.,
1982). However, methanogens can use noncompeti-
tive substrates such as methylamines, dimethylsul-
foniopropionate and dimethylsulfide that are poorly
used by SRB and are present in high concentrations
in microbial mats (Oremland et al., 1982; Visscher
et al., 1991; Jonkers et al., 1998). Methanogens all
belong to the Archaea and considerable numbers of
sequence reads related to methanogen sequences
were present in all three stations, suggesting that
methanogenesis is important in our mats. Methano-
gens related to Methanocorpusculum, Methanospir-
illum and Methanobacterium were restricted to ST1,
whereas Methanomicrobiaceae were mostly found in
station ST2. In ST1, Methanobacteria dominated the
autumn community but were replaced by Methano-
microbia during the following summer. This change
in gene pool would presumably not have affected
ecosystem function with respect to methanogenesis.
Sequence reads assigned as originated from metha-
notrophic bacteria were present at very low numbers
and presumably did not play an important role in
methane consumption in the investigated microbial
mats. Methane may rather be emitted from the mats
into the air or may be oxidized anaerobically by
methanogenic Archaea (for example, Methanosarci-
nales) via reversed methanogenesis in a tight
consortium with SRB (Boetius et al., 2000).

In summary, stabilization and fertilization of the
bare sand by the dinitrogen-fixing microbial mats
provides the prerequisites for vegetation to colonize
sandy beaches. Not only did we confirm the major
functional groups and geochemical processes in
microbial mats that have been established before
(Stal et al., 1985; van Gemerden, 1993; Severin et al.,
2010), we also unveiled a previously unpredicted
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richness and diversity of Bacteria and Archaea.
Among the marine ecosystems studied by massive
parallel 16S rRNA gene tag sequencing, the micro-
bial mats are the most diverse. Previous studies
suggested species richness in the order of B50
OTUs at 97% identity and B500 OTUs at 100%
identity (Severin et al., 2010). Here we have found a
more realistic estimator for bacterial richness of
B3000 OTUs at 95% and B12 000 OTUs at 100%
identity. At 100% identity, this would largely
describe ‘within-species diversity’ resulting in
ecotypes of species adapted to their particular
microniches. This study also suggests that we have
uncovered the tip of the iceberg with respect to
biochemical potential and the possible complex
reactions between the different members of Bacteria
and Archaea of the mat, while a yet unknown micro-
eukaryotic and viral diversity still needs to be
explored.
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