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In microbial mat communities of Yellowstone hot springs, ribosomal RNA (rRNA) sequence diversity
patterns indicate the presence of closely related bacterial populations along environmental
gradients of temperature and light. To identify the functional bases for adaptation, we sequenced
the genomes of two cyanobacterial (Synechococcus OS-A and OS-B’) isolates representing
ecologically distinct populations that dominate at different temperatures and are major primary
producers in the mat. There was a marked lack of conserved large-scale gene order between the two
Synechococcus genomes, indicative of extensive genomic rearrangements. Comparative genomic
analyses showed that the isolates shared a large fraction of their gene content at high identity, yet,
differences in phosphate and nitrogen utilization pathways indicated that they have adapted
differentially to nutrient fluxes, possibly by the acquisition of genes by lateral gene transfer or their
loss in certain populations. Comparisons of the Synechococcus genomes to metagenomic
sequences derived from mats where these Synechococcus stains were originally isolated, revealed
new facets of microbial diversity. First, Synechococcus populations at the lower temperature
regions of the mat showed greater sequence diversity than those at high temperatures, consistent
with a greater number of ecologically distinct populations at the lower temperature. Second, we
found evidence of a specialized population that is apparently very closely related to Synechococcus
0S-B’, but contains genes that function in the uptake of reduced ferrous iron. In situ expression
studies demonstrated that these genes are differentially expressed over the diel cycle, with highest
expression when the mats are anoxic and iron may be in the reduced state. Genomic information
from these mat-specific isolates and metagenomic information can be coupled to detect naturally
occurring populations that are associated with different functionalities, not always represented by
isolates, but which may nevertheless be important for niche partitioning and the establishment of
microbial community structure.
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Introduction

Microbial mats have played a crucial role in the
evolution of life on earth, and modern mats are
considered to be analogs of the extensive Precam-
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environments such as hypersaline bays, permanent-
ice lakes and hot springs, where competition from
other organisms is limited (Paerl et al., 2000). The
mats represent model systems for discovering the
principles of microbial community ecology and
have been studied intensively for decades (Ward
et al., 1998, 2006; Stal, 2000).

The dense microbial communities growing in the
hot spring effluent channels of Yellowstone Na-
tional Park are predominantly prokaryotic in nature,
affording a unique opportunity to study interactions
among different prokaryotes. The mats are relatively
stable, simple communities, typical of other mat
communities in the sense that organic matter is
produced in the uppermost layers by phototrophs
and subsequently recycled and used in the deeper
layers by aerobic and anaerobic decomposition
metabolisms (Ward et al., 1998; Ward and Casten-
holz, 2000). The mats contain a diversity of micro-
organisms ranging from phototrophs such as
cyanobacteria (predominantly Synechococcus spp.)
and green non-sulfur-like bacteria (GNSLB), such as
Roseiflexus spp. and Chloroflexus spp., to less well-
characterized heterotrophic anaerobic and aerobic
bacteria (Brock, 1978; Ward et al., 1998; Ward and
Castenholz, 2000). The metabolic activities of and
interactions among, the mat-building organisms
create impressive stratified structures in which
microorganisms may experience steep gradients of
light, oxygen and nutrients (Ward et al., 2006).

Early work based primarily on microscopy and
cultivation approaches led to the belief that the mat
was primarily comprised of a single morphologi-
cally recognizable Synechococcus species and that
the physical cohesiveness of the mat was provided
by the GNSLB, Chloroflexus aurantiacus. With
the advent of molecular techniques such as direct
sequencing of 16S rRNA from mat clones and
denaturing gradient gel electrophoresis (DGGE), it
became obvious that the mat contained many
unique 16S rRNA sequences, most of which were
not identical to the 16S rRNA sequences of isolates
cultivated from the mat. Cyanobacterial and GNSLB
16S rRNA sequences detected by molecular analyses
were found to be distantly related to those of readily
cultivated Synechococcus and Chloroflexus isolates
and to occur as sets of closely related sequences
differing by <5% in 16S rRNA sequence (Ward
et al., 1990; Ferris and Ward, 1997; Niibel et al.,
2002). DGGE surveys also revealed that the 16S
rRNA gene distributions of the closely related
cyanobacterial and GNSLB 16S rRNA populations
(we use the term populations to mean sets of related
individuals and use adjectives to specify how the
individuals within populations are related (for
example, cyanobacterial 16S rRNA populations,
Synechococcus populations, functionally specia-
lized populations, and so on)) varied along well-
defined temperature gradients that exist in the
effluent channels. For instance, closely related
Synechococcus 16S TRNA sequences designated
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A”, A’, A, B’ and B, were detected at progressively
lower temperatures from about 70°C to about 50°C,
respectively (Ferris and Ward, 1997; Ward et al.,
1998). Furthermore, recent experiments with Syne-
chococcus isolates representing some of these
16S rRNA sequences suggest that they are physio-
logically adapted to temperature ranges and light
intensities experienced in situ (Allewalt et al., 2006;
Kilian et al., 2007). There is also evidence of vertical
stratification of Synechococcus populations within
the microbial mats. On the basis of fluorescence
characteristics and DGGE analysis, physiologically
and genetically distinct Synechococcus populations
were identified at different depth intervals within
the 1-mm thick upper green layer of these mats
(Ramsing et al., 2000). Many parameters such as
light intensity and quality, UV penetration, oxygen
tension, and nutrient fluxes vary as a function of mat
depth and over a diel cycle (Ward et al., 2006),
although it is not obvious which of these parameters
(one or more) lead to the stratification of Synecho-
coccus populations within the mat. This correspon-
dence  between  sequence  variation and
microgeographic distribution matches the predic-
tion of some evolutionary ecology models of
bacterial speciation, where natural selection acts
upon variation to yield distinct phylogenetic clus-
ters of individuals, with each cluster representing an
ecologically distinct population (or ‘ecotype’, de-
fined as a clade of individuals related by common
ecological characteristics) (Ward, 1998; Ward and
Cohan, 2005; Cohan and Perry, 2007). These models
provide a framework for using sequence data to
discover ecologically distinct populations, which
can be considered the fundamental species-like
units of which communities are comprised and
whose ecological distinctness can be elucidated by
genomic and physiological analyses (Cohan, 2006;
Ward, 2006; Cohan and Perry, 2007; Ward et al.,
2007).

Although a combination of genetic, biochemical
and physiological data collected over decades has
led to the hypothesis that there may be multiple
specialized populations within these stratified mats,
the underlying functional and genetic basis for this
diversity has not yet been fully appreciated (Ward
et al., 1998, 2006). Because the mat Synechococcus
populations have been extensively characterized at
the level of rRNA diversity and physiology, and are
available as isolates, they provide optimal starting
material for high-resolution molecular analyses to
establish links between physiological differences,
niche partitioning strategies and microbial diversity
within the mat community (Steunou et al., 2006;
Kilian et al., 2007). Here, we present our approach
in which we sequenced the genomes of two isolates
of Synechococcus derived from different tempera-
ture regions of the mat. This analysis has provided
us with ‘anchor genomes’ from two differently
temperature-adapted Synechococcus isolates whose
16S rRNA sequences correspond to dominant mat



sequences, which can be directly compared to each
other, and also compared to metagenomic sequences
derived from regions of the mat from which these
isolates were originally isolated.

Materials and methods

Source of DNA

Synechococcus JA-2-3Aa {genotype designation A-
NACy05a} (hereafter Synechococcus OS-A) was
isolated by filter cultivation from samples derived
from a region of the mat in Octopus Spring exposed
to temperatures ranging from 58°C to 65°C; Syne-
chococcus JA-2-3B'a(2-13) {genotype designation
B'NACy100} (hereafter Synechococcus OS-B') was
isolated from Octopus Spring mat samples collected
at temperatures ranging from 51 to 61°C (Allewalt
et al., 2006). We also generated metagenomic
sequences from recombinant libraries from total
DNA isolated from the top green layer (upper
~1mm) of the microbial mats in Octopus Spring
and from Mushroom Spring, a nearby spring with
similar physicochemical characteristics (Papke
et al.,, 2003). The samples used to generate the
metagenomic sequences were collected from two
different temperature-defined sites averaging ~60
and ~65°C (Materials and methods and Supple-
mentary Table S5).

Sequencing and annotation of Synechococcus OS-A
and OS-B' genomes

Plasmid libraries with small (2-3kbp) and large
(10-12kbp) inserts were constructed in pUC-
derived vectors following random mechanical shear-
ing (nebulization) of genomic DNA. The plasmid
sequences were assembled using the Celera Assem-
bler. The coverage criteria were (a) every position
required at least double-clone coverage (or sequence
from a PCR product amplified from genomic DNA)
and (b) sequences were generated from both strands.
The sequence was edited manually, and additional
PCR and sequencing reactions were performed to
close gaps, improve coverage and resolve sequence
ambiguities. Sequences of regions of the DNA that
were repeated on the genome were verified by PCR
amplification across the repeat followed by se-
quence analysis of the amplification product. The
final assemblies of the Synechococcus OS-A and
OS-B’ genomes were based on 51866 and 48038
sequences, respectively.

Genome analysis

An initial set of open reading frames likely to
encode proteins (coding sequences (CDSs)) were
predicted as described previously (Heidelberg et al.,
2004). All predicted proteins larger than 30 amino
acids were searched against a non-redundant pro-
tein database (Heidelberg et al., 2004). Frameshifts
and point mutations were detected and corrected
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where appropriate. The remaining frameshifts and
point mutations were considered to be authentic.
Protein membrane-spanning domains were identi-
fied by TopPred (Claros and von Heijne, 1994). Each
CDS was inspected to define the initiation codon,
the position of the ribosomal binding site and the
transcription termination site. Two sets of hidden
Markov models were used to determine CDS
membership in families and superfamilies: Pfam
(Bateman et al., 2004) and TIGRFAMs (Haft et al.,
2003). Pfam hidden Markov models were also used
with a constraint of a minimum of two hits to find
repeated domains within proteins and to mask
them. Phylogenomic analysis was used to assist
with functional predictions, and comparative gen-
ome analyses were performed using the Compre-
hensive Microbial Resource (Peterson et al., 2001).

Comparative genome analysis

Putative orthologs of the Synechococcus OS-A and
OS-B genomes were identified by reciprocal best-
match BLAST comparisons. Those CDSs that did not
fit this criterion were identified as being isolate-
specific (Supplementary Table S3).

Metagenomic analyses

Metagenomic sequences were generated from high
and low temperature samples of the microbial mats
of Octopus and Mushroom Springs. The Synecho-
coccus metagenomic sequences were classified into
Synechococcus ‘OS-A-like’ or ‘OS-B’-like’ based on
BLASTN analysis of the end reads against the
complete genome sequences of Synechococcus OS-
A and OS-B'. Classification into the OS-A or OS-B’-
like bins required meeting the following criteria: (a)
both ends of the clone insert had the best BLASTN
score to the same genome (either to Synechococcus
0S-A or OS-B’); (b) matches of both end sequences
had a nucleotide identity >92% over at least 300 bp;
(c) the distance between end-paired reads, based on
their known genomic positions, could not be >25%
of the average clone insert size; and (d) the paired
reads had to come from opposite strands of the DNA
(Supplementary Table S6). These sequences repre-
sent ~17% of total metagenomic reads. By assem-
bling the clones onto the anchor genomes, large
metagenome scaffolds were created that spanned
almost the entire genomes of Synechococcus OS-A
and OS-B’ (86% with an average gap size of 931 bp
and 89% with an average gap size of 617 bp for the
Synechococcus OS-A and OS-B’ genomes, respec-
tively). It is important to note that the genomic
reconstruction resulting from this ‘stringent’ assem-
bly is derived from sequenced genomic fragments
from individual cells, and therefore represents a
‘virtual genome’, rather than the entire genome from
an individual Synechococcus cell. The assemblies
generated were annotated in the same way as for the
completed genomes.
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In the process of building assemblies from
metagenomic sequences, we identified numerous
clones with at least one end that matched the
Synechococcus OS-A or OS-B’ anchor genomes,
but that did not fulfill at least one of the four
criteria described above. We refer to these as ‘illegal
clones’. The inserts in the illegal clones (a) had a
match to an anchor genome at one end of the clone,
but not at the other end (this feature might represent
a gene deletion or insertion, or a region that has
undergone extensive sequence divergence); (b) had a
match to an anchor genome at both ends, but the
distance between the paired end reads was greater
than expected (this feature might represent a
rearrangement of the genome); (c) had a match to
an anchor genome at both ends, but the sequences
were both from the same strand (this feature might
represent a transversion and recombination event);
or (d) had a match to an anchor genome at both ends,
but the match on one of the ends only covered a very
short part of the read.

Genes ‘missing’ in the metagenome sequence

The region encoding urease subunits and accessory
proteins (ureEFG), present in the Synechococcus
OS-A genome appeared to be absent in the meta-
genome (see below, Figure 2). Clones that would be
predicted to contain the urease accessory protein
region were identified and sequenced to completion
by transposon mutagenesis and transposon sequen-
cing. The completely sequenced clone inserts were
annotated as described above.

Transcript analysis and irradiance measurements

The level of the feoB gene transcript was monitored
by quantitative PCR (qPCR) over the diel cycle using
mat samples from Mushroom Spring (60°C site)
(Steunou et al., 2006). The primers used for gPCR
were feoB-F (5'-CGGGTTTGGTGATGAAAAGC) and
feoB-R (5'-CCCACCGAATTTAACAAGCC). Irradi-
ance measurements and the method for gPCR have
been described previously (Steunou et al., 2006).

Results and discussion

Genome sequences of two Synechococcus isolates

The genomes of Synechococcus OS-A (2.9 Mbp) and
OS-B’ (3.0Mbp) have a relatively high G+C%
content of 60.3 and 58.5 and include 2892 and
2933 predicted CDSs, respectively (Supplementary
Table S1). There was no evidence of plasmids or
phage-like genes on the chromosome of either of the
Synechococcus isolates. Both genomes have two
rRNA operons that are identical within each isolate
(Figure 1). The 16S rRNA and 16S-23S rRNA
internal transcribed spacer (ITS) sequences are
identical to sequences previously characterized
from mat samples, confirming that we had se-
quenced isolates from Synechococcus populations
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Figure 1 Top: genomes of Synechococcus OS-A and OS-B'.
Circle 1 (outermost); Synechococcus OS-B’ genes have been
assigned pseudo-spectrum colors based on relative position along
the length of the genome, with genes nearest to the putative origin
of replication colored red and genes most distal from this origin
colored blue. Circle 2; the putative homologs in Synechococcus
OS-A are assigned the same color as is presented in circle 1 for the
Synechococcus OS-B’ genes; the scrambling of colors in circle 2 is
a reflection of the striking lack of relative conserved large-scale
gene order between the genomes of Synechococcus OS-A and OS-
B'. Circles 3 and 4; photosynthesis genes (green). Circles 5 and 6;
nitrogen fixation genes (light blue), urease genes (dark blue) and
fermentation genes (red). Circles 7 and 8; transposons and
integrase genes (orange) and IS4 transposases (purple). Circles 9
and 10; tRNAs (red) and rRNAs (yellow). Circles 3, 5, 7 and 9
show the relative gene positions on the genome of Synechococcus
OS-B'. Circles 4, 6, 8 and 10 show the relative gene positions on
the genome of Synechococcus OS-A. Bottom: phosphonate gene
cluster in Synechococcus OS-B'. Regions of the Synechococcus
OS-B’ genome displaying the phn genes that may be involved in
phosphonate transport (phnC, -D and -E, CYB_0159 to CYB_0161,
red arrows) and in the synthesis of C-P lyase (phnG-M, CYB_0162
to CYB_0168, blue arrows) shown in the top line, with the
comparable regions of the Synechococcus OS-A genome in the
bottom line. The phn cluster spans 8kbp and the region of
synteny between the two genomes that flanks this cluster is
positioned between the solid and dotted lines; in Synechoccus
OS-B' this region is located between 169.4 and 184.3 kbp and in
Synechococcus OS-A it is between 518.2 and 525.4kbp. The
arrows representing genes are drawn to scale (note that several of
the phn genes overlap, as shown by overlapping arrows);
potential homologs are shown in the same color; genes shown
by gray arrows indicate where synteny between the genomes is
not maintained.

that are dominant in the mat (Papke et al., 2003).
The Synechococcus OS-A and OS-B’ 16S and 23S
rRNA sequences are 96.4% and 96.3% identical to
each other, respectively, suggestive of significant
divergence between the isolates, and yet the gen-
omes of these isolates share a large fraction (~83%



based on bidirectional best BLAST scores) of their
CDSs, and the CDSs exhibit a high identity between
putative orthologs (~87% amino-acid identity,
~92% amino-acid similarity; ~86% nucleotide
identity, on average). A comparison of the Synecho-
coccus OS-A and OS-B’ genomes revealed a marked
lack of conserved, large-scale gene order, indicating
an extensive history of rearrangement events (Fig-
ure 1). Regions of colinearity between the Synecho-
coccus OS-A and OS-B’ genomes are short (~70% of
either genome is composed of conserved blocks of
1-2 kbp in length containing one or two genes), with
the largest region of conserved gene order between
the two isolates being ~32kbp and containing the
genes involved in nitrogen fixation (Delcher et al.,
2002; Steunou et al., 2006). In contrast, a compar-
ison of the complete genomes of closely related
bacteria usually reveals extensive conservation of
large-scale genome architecture or synteny; even
genomes that are not so closely related can show
significant synteny (Rocap et al., 2003; Bentley and
Parkhill, 2004). The lack of congruence between the
measures of 16S rRNA identity, genome-wide
identity between putative homologs, and genomic
synteny of the two Synechococcus isolates implies
that any one of these criteria by itself may not
accurately reflect the level of relatedness between
the Synechococcus isolates (Konstantinidis and
Tiedje, 2005; Ward et al., 2006).

Genome rearrangements and recombination
events are often mediated by transposons or phage
(Bennett, 2004). Both Synechococcus OS-A and
0OS-B’ genomes contain many transposon-like or
insertion sequence (IS) elements (109 and 98,
respectively), but several of these are presumed
non-functional as evidenced by truncations or
putative frameshift mutations. The IS elements are
not always located at the borders of rearranged
regions, so their role in the large-scale gene re-
rearrangements cannot be easily assigned (Parkhill
et al., 2003). However, Synechococcus OS-B’ does
contain 17 identical copies of an IS4 family of
transposase genes (ISSoc13 or Interpro ID 002559),
which are absent in the Synechococcus OS-A
genome and which may still be active within the
Synechococcus OS-B’-like organisms (Figure 1, cir-
cle 7, purple bars). Furthermore, both the Synecho-
coccus OS-A and OS-B’ genomes contain a high
frequency of an octameric, palindromic repeat
(GGGATCCQ), but the functional significance of this
repeat is unclear. The presence of an internal GATC
sequence within the repeat raises the possibility that
they may be part of a DNA modification system that
has been implicated in a number of processes
ranging from restriction modification to DNA repair
and transcriptional regulation (Wion and Casadesus,
2006) (Supplementary Table S2).

As expected from previous studies, both Synecho-
coccus OS-A and OS-B’ contain genes encoding
proteins required for photosynthesis, the biosynth-
esis of glycolate (Bateson and Ward, 1988), glycogen
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(Konopka, 1992; Nold and Ward, 1996), sulfolipids
(Ward et al., 1994), and fermentative and respiratory
metabolisms (Nold and Ward, 1996). We also
identified genes required for the biosynthesis of
Type IV pili and photoreceptors associated with
phototaxis, which fits with earlier reports of motility
of Synechococcus cells in the mats (Ramsing et al.,
1997; Bhaya, 2004). However, the presence and
activity of a functional pathway for nitrogen fixation
(based on in situ expression nif genes and measure-
ments of nitrogenase activity) in Synechococcus
0S-A and OS-B’ was unexpected, as previous
attempts had failed to measure nitrogen fixation in
the mats (Steunou et al., 2006).

Identification of genes specific to Synechococcus
OS-A or OS-B

To identify functional differences between Synecho-
coccus OS-A and OS-B’/, we examined subsets of
genes unique to each of these isolates. There are 393
and 503 isolate-specific CDSs in Synechococcus OS-
A and OS-B', respectively, but approximately half of
these CDSs are annotated as either ‘hypothetical’
(172 and 218 in Synechococcus OS-A and OS-B/,
respectively) or ‘conserved hypothetical’ (50 and 46
in Synechococcus OS-A and OS-B’, respectively),
with other CDSs potentially encoding transposases/
resolvases (91 and 89 in Synechococcus OS-A and
OS-B’, respectively) (Supplementary Table S3).
However, we were able to identify examples of
genes encoding proteins with known functions that
are present on only one of the genomes. For
instance, only the Synechococcus OS-B’ genome
harbors an 8kbp region containing 10 phn-like
genes (CYB_0159 to CYB_0168), which might enable
the organism to transport (phnCDE) and metabolize
(phnGHIJKLM) phosphonates. This may allow Sy-
nechococcus OS-B’ to utilized phosphonates as a
source of phosphorus in addition to phosphate, the
prevalent source of phosphorus in most environ-
ments. The region flanking the phn cluster is
syntenic between the Synechococcus OS-A and
OS-B’ genomes, indicating that the phn gene cluster
was either recently acquired by Synechococcus OS-
B’ or lost in Synechococcus OS-A (Figure 1). There
is evidence suggesting that operons required for
phosphonate uptake and utilization may be ac-
quired through lateral gene transfer events in
prokaryotes (Huang et al., 2005). Recently, genes
for phosphonate utilization have been identified in
metagenomic studies of marine, oxygenic photosyn-
thetic prokaryotes, but the phn operon is not
universally found in cyanobacteria, perhaps reflect-
ing the different availability of phosphonates in
various environments (Palenik et al., 2003; Dyhrman
et al., 2006). A search for phn-like genes within the
metagenome sequences identified 92 sequences that
covered this region with high identity (that is,
>92% NAID). Almost all originated from the
recombinant libraries generated from Octopus or
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Mushroom Spring low-temperature regions of the
mat, which is consistent with the observation that
Synechococcus OS-B’-like organisms are more pro-
minent in the lower temperature regions (Supple-
mentary Table S4). There may be species unrelated
to Synechococcus that can utilize phosphonate in
the mats because there are other phn-like genes in
the metagenome dataset that have low identity
(~55% AAID) to the phn genes of Synechococcus
OS-B’. The origins, levels and importance of this
and other phosphorus sources in the hot springs are
currently being investigated.

Other genes present on the Synechococcus OS-B’
but not the Synechococcus OS-A genome are
those encoding cyanophycin synthetase (CYB_0911)
and cyanophycinase (CYB_2043). Cyanophyecin is a
nitrogen-rich reserve polymer synthesized non-
ribosomally from aspartate and arginine by the
enzyme cyanophycin synthetase; the polymer is
degraded by cyanophycinase (Simon, 1987). Cyano-
phycin levels vary with growth conditions, but can
be high in stationary-phase cultures or under
conditions in which the growth potential of the cell
decreases because of a limitation for nutrients such
as sulfate or phosphate (Stevens and Poane, 1981).
Cyanophycin has also been implicated in the
integration of carbon and nitrogen metabolism in
unicellular and filamentous cyanobacteria (Mack-
erras et al., 1990). The presence of cyanophycin
synthetase and cyanophycinase on the Synechococcus

OS-B’ genome suggests that this organism experi-
ences fluctuating nitrogen levels; conditions of
excess nitrogen may trigger cyanophycin storage,
whereas periods of nitrogen limitation may result in
cyanophycin degradation. Further experimental
evidence in which gene expression in Synecho-
coccus OS-B’ is measured under various nutrient
regimes under defined laboratory conditions or in
situ over the diel cycle, will allow us to address
these questions.

Evidence of recent acquisition or loss of nutrient
utilization pathways

We noted differences between the Synechococcus
OS-A and OS-B’ isolates for genes required for the
utilization of urea. Synechococcus OS-A has one
genomic region encoding urease (ureA1B1C) and
accessory factors (ureEFG1D1) (cluster 1 urease in
Figure 2, top left), which is not present in Synecho-
coccus OS-B’. Additionally, there are other regions
in both isolates with remnants of genes encoding a
second urease that is likely to be non-functional
(Figure 2, bottom left). The genes of cluster 1 urease
are flanked by transposons. The regions bordering
the wurease cluster (CYA_0598 and CYB_0030;
CYA_ 0609 and CYB 0031; CYA_0610 and
CYB_0033) are syntenic between Synechococcus
0OS-A and OS-B/, suggestive of a relatively recent
gain of genes by Synechococcus OS-A, or loss of

Cluster 1 urease in Synechococcus 0S-A
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Figure 2 Urease genes in Synechococcus OS-A and OS-B'. Top left: top line represents the cluster 1 urease and flanking genes of
Synechococcus OS-A; the bottom line shows homologs of the flanking genes in Synechococcus OS-B'. Bottom left: locations of the cluster
2 urease genes in Synechococcus OS-A and OS-B'. In Synechococcus OS-A, ureB2 is inactivated by a transposon; ureA and ureG2 contain
frameshift mutations (inactive genes are designated by * symbols). Top right: the urea transporter genes (livF to livK) of Synechococcus
0S-A and OS-B'. In Synechococcus OS-B’, ureE is located close to the transporter genes. Bottom right: metagenome sequence redundancy
(v axis) in the region of the cluster 1 urease of Synechococcus OS-A (x axis). Note that no metagenome sequences covered the region
encoding ureE, ureF and ureG1; clones identified that covered this region are shown as black bars. Genes encoding urease (ureA, -B and
-C) are shown in red; accessory factor genes are shown in orange; transporter genes in green; putative transposons are shown in gray;
flanking gene homologs in blue and other genes in white. Syntenic regions are indicated by dashed lines.
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genes from Synechococcus OS-B’. The second set of
urease-like genes in Synechococcus OS-A (ureA2,
ureB2, and ureG2, ureD2, making up cluster 2A and
2B, respectively) are at two different genomic
locations. The gene ureB2 (CYA_2585) is truncated
by the integration of a transposon, whereas ureA2
(CYA_2588) and ureG2 (CYA_0751) contain frame-
shift mutations. A second ureC and ureF were not
identified on the Synechococcus OS-A genome. In
contrast, the Synechococcus OS-B’ genome contains
a single copy of the ure genes that are located at five
different regions of the genome. These genes have
higher identity with the genes of Synechococcus
OS-A cluster 2 than those of cluster 1, and in some
cases regions flanking the cluster 2 urease genes in
Synechococcus OS-A are syntenic with those flank-
ing the homologous genes in Synechococcus OS-B’
(Figure 2, bottom left). In Synechococcus OS-B’ the
cluster 2 urease genes have neither insertions nor
frameshift mutations, and are therefore likely to
represent functional genes. Also both Synechococ-
cus OS-A and OS-B’ genomes contain genes encod-
ing urea transport polypeptides (livFGMHK), which
have very high identity between the isolates (~99%
amino-acid identity) (Figure 2, top right).

The functionality of the different urease genes has
yet to be experimentally verified, but these obvious
differences in gene content underscore the possibi-
lity that both gene gain and loss are ongoing events
in the mat Synechococcus populations. The me-
chanisms underlying this genome fluidity and their
evolutionary implications remain to be explored,
but we speculate that a relatively recent acquisition
of urease cluster 1 (flanked by transposons) by
Synechococcus OS-A may have led to the progres-
sive loss of functionality of the second urease cluster
(still maintained by, and likely to be functional in
Synechococcus OS-B’). We have recently developed
an oligonucleotide microarray that will be used to
query the isolate transcriptomes under different
nutrient conditions, which will allow us to check
the expression status of the urease gene clusters in
Synechococcus OS-A and OS-B'.

Initial analysis of the metagenome sequence
dataset indicated that sequences representing the
ureEFG1D1 of the cluster 1 urease were absent
(Figure 2, bottom right), raising the possibility that
the Synechococcus OS-A anchor genome sequence
may not be representative of the predominant
Synechococcus OS-A-like populations in the mat.
To clarify this, we identified and sequenced clones
from the metagenome dataset that were predicted to
span the region containing urease cluster 1 genes,
based on clone-end read information. These clones
(GYSA072 and YMBDB52) did contain the urease
genes, so the apparent absence of these sequences in
the metagenome dataset is possibly a reflection of a
region that did not get sequenced at the same
frequency as flanking regions. Thus, correlating
sequence frequency data from metagenomic datasets
with actual frequencies of genes in populations may
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require close attention to methodological constraints
and statistical analysis of the data, followed by
further verification before strong conclusions can be
drawn about underrepresented genes in a meta-
genome database (Tringe et al., 2005).

Identification of functional diversity in the
metagenome

The variations in nutrient acquisition and utiliza-
tion capabilities suggested by differences in genome
content between the two sequenced Synechococcus
isolates raise the possibility that a detailed exam-
ination of Synechococcus-like sequences in the
metagenome dataset might provide further examples
of functionally specialized populations. To accom-
plish this, we characterized metagenomic sequences
derived from both Mushroom and Octopus Springs
at two different temperatures (Materials and meth-
ods and Supplementary Table S5), on the basis of
identity to the Synechococcus anchor genomes. We
found a significantly higher degree of identity of
Synechococcus OS-A-like sequences in the metage-
nomic samples with the anchor genome (85% of the
sequences with a best BLASTN score to the OS-A
genome were within 2% divergence of the Synecho-
coccus OS-A anchor genome) compared to that of
the Synechococcus OS-B'-like sequences (only 50%
of the sequences with a best BLASTN score to the
Synechococcus OS-B’ genome were within 2%
divergence of the Synechococcus OS-B’ anchor
genome) (Figure 3). These results correlate well
with the finding that there is a greater depth of rRNA
divergence within the Synechococcus OS-B’-like
population than within the Synechococcus OS-A-
like population, and that there is generally less
sequence variation among members of the Synecho-
coccus OS-A-like population (Ward et al., 1998).
The greater sequence diversity in the Synechococ-
cus 0S-B’-like than in the Synechococcus OS-A-like
metagenome is also consistent with a greater
diversity of ecotypes among the Synechococcus
0S-B’-like organisms (Ward et al., 2006), as based
on a simulation of ecotype evolution (Cohan and
Perry, 2007).

Furthermore, identification of metagenomic se-
quences based on their source (for example, Octopus
or Mushroom Springs, low or high temperatures)
yielded a picture supporting the notion that tem-
perature and spring characteristics represent impor-
tant factors in shaping community diversity
(Figure 3 and Supplementary Table S5). In accord
with this idea, few Synechococcus OS-B'-like se-
quences were found in libraries from the higher
temperature regions of Octopus or Mushroom
Spring mats, whereas Synechococcus OS-A-like
sequences were present in all four of the libraries,
but represented a higher proportion of sequences in
the those libraries constructed with DNA derived
from mat samples from the higher temperature
regions (Figure 3, and inset Table). These findings
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raise a number of interesting questions regarding the
range of sequence variation within the Synecho-
coccus OS-A and OS-B’ populations, which can be
addressed by further analysis of the metagenomic
sequence dataset or by using a targeted approach to
examine particular genes or regions of interest.

Using stringent assembly criteria (see Materials
and methods and Supplementary Table S6), 12450
and 17521 metagenome reads were assembled into
scaffolds that were anchored to the Synechococcus
OS-A and OS-B’ genome, respectively. These reads
covered 86 and 89% of the Synechococcus OS-A
and OS-B’ anchor genomes, respectively. 21674
reads matched either the Synechococcus OS-A or
OS-B’ genome, but the clones from which the
read was derived could not be assembled onto the
anchor genome because they failed to meet one of
the assembly criteria (‘illegal clones’), and we
surmised that they might represent regions in which
recombination, transversion or gene gain or loss may
have occurred. Hence, these clones represent a
potentially rich source for analysis of genetic
variation (Materials and methods and Supplementary
Table S6).

We investigated a category of illegal clones in
which one end of the clone had high sequence
identity (>95% NAID) to a specific region on the
Synechococcus OS-B’ genome, whereas the paired
end sequence did not match any sequences in the
Synechococcus OS-B’ genome. These clones could
represent a Synechococcus population closely re-
lated to Synechococcus OS-B’ which contains addi-
tional sequences that are absent in the anchor
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genome. We identified several individual metagen-
ome clones in which only one end of the clone
matched the Synechococcus OS-B’ genomic region
with high identity in the neighborhood of ~0.565—
0.577Mb on the genome. To resolve how these
‘illegal’ clones differed from the anchor genome, we
identified and sequenced a 7.6kbp clone that
matched the Synechococcus OS-B’ genome at both
ends but contained an extra 5.5 kbp region relative
to the Synechococcus OS-B’ anchor genome. In the
Synechococcus OS-B’ genome, this region contains
four genes, CYB_0562, CYB_0563, CYB_0564 and
CYB_0565 (Figure 4, top). The metagenomic clone
insert, however, contains seven additional CDSs,
and is flanked by CYB_0562 (99.72% NAID) on the
left and CYB_0565 (99.76% NAID) on the right
(Figure 4a), whereas CYB_0563, CYB_0564 genes are
absent. Of the genes present in the 5.5kbp region
two exhibited significant identity to the feoA (46%
AAID to tlr1739) and feoB (64% AAID to tlr1740)
genes of the unicellular thermophilic cyanobacter-
ium, Thermosynechococcus elongatus.

The presence of the feoA and feoB genes in a
Synechococcus OS-B'-like population is interesting
because these genes are present in several bacteria
where they encode proteins required for ferrous ion
transport (Andrews et al., 2003). Iron is present in
the environment as both ferrous and ferric forms,
but the ferrous form predominates under conditions
of low oxygen and is relatively soluble. Neither the
Synechococcus OS-A nor OS-B’ anchor genomes
contain feoA or feoB-like sequences, although they
have several genes that function in ferric ion uptake
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Figure 4 Feo containing variant of Synechococcus OS-B'. Top
panel shows the region containing CYB_0562 (SpolID protein),
CYB_0563 (hypothetical), CYB_0564 (helicase, UvrD/REP family)
and CYB_0565 (menB, napthoate synthase) from Synechococcus
OS-B'. Below is the variant clone containing the feo genes plus
seven additional CDSs; from left, a CDS with 99% AAID to
CYB_0562, OrfB and OrfA of ISSoc13 transposase which appears
to be Synechococcus OS-B’-specific, a 221-amino-acid hypothe-
tical CDS with similarity to a response regulator, feoA (158 amino
acids), feoB (763 amino acids), a 74-amino-acid hypothetical CDS,
a 157-amino-acid hypothetical CDS with high identity to
CYA_0664 and CYB_0618, and a partial CDS with high identity
to CYB_0565. Note that this clone does not contain the entire
CYB_0565 gene as indicated by the position of the dotted line.
Bottom panel shows in situ feoB transcript abundance measured
by gPCR in the Mushroom Spring microbial mats (60°C) in
September 2005, over a 24 h diel cycle. The inset shows incident
photon irradiance (small black circles) in pmol photon m>s™* as
a function of the time of day.

and assimilation. The presence of feo genes in an
organism that may be closely related to Synecho-
coccus OS-B' is interesting because it suggests the
presence of functionally specialized populations
with differential specificity for the different forms
of iron. The functionality of the feo genes in the mat
is supported by in situ analysis of feoB transcript
levels (quantified using gene-specific primers for
gPCR), which appear to peak in the afternoon, about
2 h before darkness; transcript levels stay low during
the night and remain low as the cells are exposed to
light in the morning (Figure 4, bottom). Thus, there
may be an accumulation of the ferrous transport
system as the mat becomes anoxic during the night,
allowing some Synechococcus OS-B’-like organisms
to scavenge the reduced ferrous ions that should
become more plentiful as oxygen levels decrease in
the mat.

These results provide an example of a comparison
of metagenomic sequences with fully sequenced
anchor genomes that has helped identify specialized
functional populations that potentially have a
different physiological capability and ecology. It is
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worth noting that so far, we have analyzed metage-
nomic clones that are relatively small (between 2
and 15kbp), so we cannot easily place them into
larger scaffolds with a high degree of certainty.
Consequently, we are unable to decipher the degree
of similarity between the organism from which this
clone was derived and the Synechococcus OS-B’
anchor genome. However, screening of BAC libraries
that contain much larger clones (>100kbp) will
allow us to identify large contiguous regions of
genomes that contain these sequences. This will
allow us to assess how similar these metagenomic
clones are to the sequenced Synechococcus anchor
genomes. The hypothesis that these feo containing
organisms correspond to ecotypes different from
that represented by Synechococcus OS-B’ would be
supported if the feo-containing organisms were
found to be members of distinct sequence clusters
for widely shared genes (for example, recA, rpoB
and lepA) (Cohan and Perry, 2007). Further analyses
of the other classes of illegal clones will also allow
us to create a more detailed picture of the level and
kinds of functional variation that exists within the
Synechococcus populations.

In summary, we have generated two ‘anchor’
genome sequences from Synechococcus OS-A and
0S-B’, which represent dominant high- and low-
temperature adapted in situ mat populations, re-
spectively. Comparison of these two genomes re-
vealed a striking lack of conserved large-scale
genome architecture, suggestive of extensive gen-
ome rearrangements. Many obvious differences
between these genomes appear to be related to the
assimilation and storage of different nutrients such
as nitrogen, phosphorus and iron. Further, popula-
tion genetics and in situ distribution and expression
analyses coupled with detailed physicochemical
measurements will be required to ascertain whether
the differences in gene complement observed con-
stitute niche-adaptation strategies in the hot springs.
The implications of the observations makes it
important to define nutrient gradients and fluxes
within the microbial mat communities, and to
elucidate the ways in which these gradients impact
the evolution of microbes in this environment.

We also analyzed metagenome sequences from the
microbial mat community and compared them to the
Synechococcus OS-A and OS-B’ anchor genomes.
The spatial distribution and degree of diversity of
the metagenomic variation is consistent with that for
Synechococcus OS-A-like and OS-B'-like popula-
tions previously observed by using 16S rRNA and
ITS sequences (Ward et al., 1998, 2006). Through
comparative genomic analyses we have demon-
strated that the genomes of these Synechococcus
0S-A and OS-B’ isolates are not representative of all
native Synechococcus OS-A and OS-B’ populations
inhabiting the mat community that were sampled in
our metagenomic sequences. Our analyses have
revealed examples of functionally specialized po-
pulations that may have been derived from gene
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exchange and may define previously unknown
Synechococcus OS-A-like or B'-like functional po-
pulations (that is, ecotypes). More extensive analy-
sis of these genomic and metagenomic databases
may reveal whether or not genomic fluidity is a
more general phenomenon associated with hot
spring mat communities, where organisms exist in
close proximity and where DNA transfer through
processes such as natural transformation or phage
infections might occur with some frequency. To
adequately address the question of niche adaptation,
we will need to correlate functional differences
(based on gene content and enzyme activity in situ)
with ecological differences (based on microgeo-
graphic distribution) and sequence clustering of
shared genes. As appreciation of, and information
about, the astounding genetic diversity of microbes
increases; it is also becoming obvious that popula-
tion genetics, systematics, genomics and metabolic
potential must be integrated to resolve complex
issues about microbial communities.
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