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Abstract
How ecological diversity is maintained and distributed within populations is a longstanding question in microbial ecology. In the
thermophilic cyanobacterium Synechococcus B′, high observed levels of recombination are predicted to maintain ecological
variation despite the simultaneous action of diverse selective pressures on different regions of the genome. To investigate
ecological diversity in these bacteria, we directly isolated laboratory strains of Synechococcus B′ from samples collected along
the thermal gradients of two geothermal environments in Yellowstone National Park. Extensive recombination was evident for a
multi-locus sequence data set, and, consequently, our sample did not exhibit the sequence clustering expected for distinct
ecotypes evolving by periodic clonal selection. Evidence for local selective sweeps at specific loci suggests that sweeps may
be common but that recombination is effective for maintaining diversity of unlinked genomic regions. Thermal performance for
strain growth was positively associated with the temperature of the environment, indicating that Synechococcus B′ populations
consist of locally adapted ecological specialists that occupy specific thermal niches. Because this ecological differentiation is
observed despite the absence of dispersal barriers among sites, we conclude that these bacteria may freely exchange much of the
genome but that barriers to gene flow exist for loci under direct temperature selection.
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Introduction

Microbial populations often exhibit high levels of sequence
diversity [1–4]. Understanding the factors that contribute to
the origins, maintenance, and distribution of this diversity re-
mains one of the central goals of microbial ecology and evo-
lution. In particular, the nature of the role of recombination
during ecological divergence is not clear. Moderate levels of
recombination are expected to prevent divergence in the ab-
sence of selection [5]. If recombination is weak compared to
natural selection, however, as proposed by the ecotype model
of ecological specialization [6], selection both removes
genome-wide variation within populations and drives

genomic divergence between ecologically distinct popula-
tions. As a result, genomic diversity becomes packaged in
distinct clonal lineages, or ecotypes. Some microbial assem-
blages conform to the ecotype model (e.g., [3]). By contrast,
recombination has been demonstrated to maintain genomic
diversity for several ecologically differentiated archaeal and
bacterial populations by preventing genome-wide sweeps [1,
2, 7]. In these cases, diverging genomes may potentially be-
come more isolated over time as sequential selective events
reduce recombination at niche-defining loci, as predicted by
the Bfragmented speciation^ model [8].

Recently, Rosen et al. [9] reported an extreme case of the
recombination-mediated maintenance of genomic diversity
for a population of the thermophilic cyanobacterium
Synechococcus B′ from a microbial mat community in
Yellowstone National Park. Deep sequencing of multiple loci
from environmental DNA revealed high rates of homologous
recombination in the population; notably, the degree of non-
random associations (i.e., linkage disequilibrium, LD) be-
tween alleles at variable nucleotide sites decayed at rates typ-
ical of what is expected for sexually reproducing species.
Consequently, these bacteria exhibit mosaic genomes of
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randomly assorted genetic variation rather than ecologically
distinct genomic backbones. Extensive recombination main-
tains diversity by restricting the purging of variation that oc-
curs during a sweep to the local regions of the genome that are
directly under selection.

Although phenotypic diversity was not directly examined by
Rosen et al. [9], an implication of their results is that ecological
variation should persist in the population despite diverse selective
pressures simultaneously acting on individual regions of the ge-
nome. However, it is not clear whether ecological diversity is
indeed maintained or how it is distributed along the environmen-
tal gradients characteristic of these systems. Because
SynechococcusB′ cells can be distributed broadly along the ther-
mal gradients of these environments [10], spatial variation may
potentially facilitate themaintenance of locally adaptive variation
as a consequence of a balance between the opposing forces of
migration along the gradient, which introduces diversity, and
selection, which removes it [11–13]. In the absence of barriers
to dispersal, this could occur without evidence for genetic struc-
ture throughout much of the genome, since the extensive recom-
bination exhibited by these bacteria is expected to homogenize
neutral variation. Alternatively, with dispersal barriers, these bac-
teria may exhibit ecotypic differentiation at the landscape scale,
for the reason that genetic divergence is expected to increase
between populations with physical distance when gene flow is
restricted [14].

To address these issues, we directly isolated a sample of
Synechococcus B′ laboratory strains from environmental sam-
ples collected along the thermal gradients of two Yellowstone
geothermal environments for which these bacteria comprise a
significant component of the microbial communities based on
an rRNA-barcoding analysis of environmental DNA [10]. We
first used multi-locus sequence data to test whether strains
exhibit a mosaic genetic structure comparable to the Rosen
et al. [9] environmental sample, as well as whether there is
evidence for barriers to dispersal among sites. We next
assessed whether there is evidence for local selective sweeps,
which are predicted to occur but which were not directly ob-
served by Rosen et al. [9]. We then assayed the temperature
dependence of growth for a subset of strains to investigate the
diversity in thermal performance of the sample. Finally, we
evaluated whether the observed ecological diversity of the
strains is tightly associated with position along the environ-
mental gradients of these communities, as expected if there
has been local adaptation.

Materials and Methods

Strain Isolation

Strains of Synechococcus B′ were directly isolated from sam-
ples collected in June 2008 from White Creek and Rabbit

Creek in Yellowstone National Park. Samples were taken
from three sites at White Creek (WC5, 54 °C; WC6, 57 °C;
WC7, 61 °C) and from five sites at Rabbit Creek (RC3, 51 °C;
RC5, 55 °C; RC6, 61 °C; RC7, 63.5 °C; RC8, 63.5 °C) that
had been previously determined by rRNA-barcoding to con-
tain these bacteria in high abundance [10]. Environmental
samples were sterilely collected with a 3-mL syringe, trans-
ferred to a sterile microfuge tube and stored in the dark at
ambient temperature until return to the laboratory at the
University of Montana. Isolations were performed at either
50 °C (RC3) or 55 °C (all other samples). Direct isolation
(i.e., without enrichment) was accomplished by the applica-
tion of serially diluted microbial mat sample homogenates on
glass fiber filters. Filters were incubated in flasks containing
mineral salts mediumD [15] under 100 μmol photons m−2 s−1

of cool-white fluorescent light in a temperature controlled
growth chamber. Blue-green colonies developed within
1 week of filtering and were subsequently transferred to a
fresh sterile tube of medium D with sterilized forceps. To
confirm that strains belonged to the SynechococcusB′ lineage,
we amplified and sequenced partial fragments of the 16S
rRNA gene of each strain as in Miller and Castenholz [16].
Amplified fragments were cleaned by QIAquick PCR purifi-
cation (QIAGEN) and then Sanger sequenced with an ABI
3130 genetic analyzer at the University of Montana
Murdock Lab DNA Sequencing Facility. Strain sequences
were ~ 99.5% identical to the Synechococcus strain OS-B′.
Sequence data were deposited in the GenBank database (ac-
cession numbers MH709082-MH709095).

Multi-locus Sequence Analysis and Population
Genetics

Strains were genotyped by sequencing at 11 loci distributed
around the Synechococcus OS-B′ genome [17]. Primers for
PCR amplification of these loci (Supplementary Table 1) were
designed using shotgun-sequenced metagenome data obtain-
ed fromWhite Creek as part of the Yellowstone Metagenome
Working Group [18, 19]. By using this approach, we did not
introduce potential bias regarding the history of selection on
loci. Paired-end sequence reads from the metagenome indicat-
ed strong conservation of local synteny with the published
Synechococcus OS-B′ genome. All fragments were amplified
as 50-μL reactions with an MJ Research PTC-100 thermal
cycler (MJ Research, Waltham, MA, USA) for 40 cycles of
94 °C for 1 min, either 52 °C (4719, 3496), 55 °C (1837, 2490,
1124, C311, 2807, 4733), or 58 °C (C88, 4043) for 1 min, and
72 °C for 1 min. Amplified fragments were cleaned and se-
quenced as above. Sequence data were deposited in the
GenBank database (accession numbers MH688302-
MH688452, MH703909-MH704089, MH709272-
MH709307 and MH746486-MH746523). To infer the evolu-
tionary relationships for individual loci and for a concatenated
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data set, neighbor net genealogical networks were reconstruct-
ed with SplitsTree version 4.14.4 [20] using the default setting
of uncorrected P-distance (appropriate for these data, since
SNPs were two-variant). Similar results were obtained with
the Jukes-Cantor model of estimating evolutionary distance
between sequences, as well as for other network-building ap-
proaches such as median joining. Population genetic analyses
were performed with DnaSP version 5 [21]. To test for genetic
isolation by distance, we performed Mantel tests with IBD
version 1.52 [22].

Growth Experiments

Growth rates of strains were assayed for duplicate indepen-
dent cultures over the range of 37–66 °C under 100 μmol
photons m−2 s−1 of cool-white fluorescent light on a 12/12-h
light/dark cycle. Cell homogenates were inoculated into
Erlenmeyer flasks containing 75mL ofmediumD to a starting
optical density (OD750) of 0.005, as determined with a
Beckman Coulter DU 530 spectrophotometer (Brea, CA,
USA). Flask position was randomized every 24 h, and growth
was monitored as the change in OD750 over time. The gener-
ation time during exponential growth phase was estimated
from the regression of logarithmically transformed OD750 data
on time, and results were reported as population doublings per
day.

Results and Discussion

A Diverse Sample of Synechococcus B′ Strains Exhibits
Extensive Recombination and No Dispersal Barriers

Synechococcus B′ populations are major components of the
microbial mat communities that develop below 65 °C at
Rabbit Creek and White Creek in Yellowstone National Park
[10]. Synechococcus B′ sequences can account for up to ~
40% of the rRNA barcodes recovered from samples collected
from these sites [10]. We collected samples from established
Synechococcus B′-containing sites at Rabbit Creek (a 140-m
stretch spanning 51–63.5 °C) and White Creek (a 120-m
stretch spanning 54–61 °C), respectively. To obtain a repre-
sentative sample of Synechococcus B′ diversity without en-
richment, we applied serially diluted microbial mat sample
homogenates to sterilized glass fiber filters and picked indi-
vidual blue-green colonies that developed following incuba-
tion of the filters in liquid medium (see the BMaterials and
Methods^ section). By this approach, we obtained 29 strains
from Rabbit Creek and 11 strains fromWhite Creek (the letter
in the strain name indicates creek of origin, and the first digit
indicates the collection site as in Miller et al. [10], with in-
creasing number more upstream). We confirmed through se-
quencing of an approximately 1-kbp fragment of the 16S

rRNA gene that each strain belonged to the Synechococcus
B′ lineage.

We next obtained sequence data for the strains at 11 loci
distributed around the Synechococcus strain OS-B′ genome
(Fig. 1). For each locus, the maximum sequence identity be-
tween one of our sampled alleles and the strain OS-B′ genome
ranged from 99% (3496) to 100% (865, 4733, 2807, C311).
Based on the observation of extensive recombination within a
deeply sequenced Synechococcus B′ population [9], we ex-
pected that the relationships among strains would be better
described by a genealogical network rather than by a tradition-
al bifurcating phylogeny, which does not accommodate re-
combination. This was indeed the case. A neighbor net net-
work [23] inferred for a concatenated alignment of the se-
quence data for the 11 markers (approximately 6000 nucleo-
tides) showed evidence of substantial recombination, i.e., the
loops in the network (Fig. 2).

Strains did not generally cluster by site in the network. The
broad distribution of genetic variation among locations sug-
gests that Synechococcus is not dispersal-limited over the spa-
tial scale of sampling (White Creek and Rabbit Creek are
separated by ~ 2 km). This conclusion was corroborated by
the lack of a significant positive correlation between genetic
distance and geographic distance (P = 0.13 by a Mantel test).
The sequenced loci also appear to be neutral with respect to
environmental temperature: the partial correlation of genetic
distance and temperature difference between sites (controlled
for geographic distance) was also not significant (P = 0.11).

Rosen et al. [9] reported that linkage disequilibrium (LD,
the degree of nonrandom association between variable nucle-
otide positions) decayed approximately 10-fold within several
hundred nucleotides in their environmental sample as a con-
sequence of high amounts of recombination. Based on these
results, we should expect to observe similar levels of LD de-
cay within loci for our sample. We measured LD as the square

Fig. 1 Locations of the 11 sequenced loci on the Synechococcus strain
OS-B′ genome
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of the correlation (r2) between haplotypes at two polymorphic
nucleotide positions (i.e., SNPs), which takes on values be-
tween 0 (at equilibrium) and 1 (when the loci are completely
linked). We observed a similar general pattern for individual
loci from our sample of strains (Fig. 3; Supplementary Fig. 1).
Seven of the loci exhibited a rapid decay of LD (Fig. 3a, b;
Supplementary Fig. 1a–f). However, for four loci, strong LD
was observed between sites separated by hundreds of nucleo-
tides (Fig. 3c, d; Supplementary Fig. 1c, g). For the latter loci,
LD persists due to the limited number of recombination events

between polymorphic sites. These differences are evident in
the genealogical networks for individual genes. For example,
the C88 network is highly reticulated due to historic recombi-
nation events that break up linkage between SNPs (Fig. 4a).
By contrast, the loci with high levels of LD (e.g., 4733 in Fig.
4b) exhibited a star phylogeny structure with reduced levels of
variation radiating from a central node, few recombination
events (and therefore few cycles in the network), and the per-
sistence of ancestral alleles (i.e., sampled alleles at internal
nodes in the network).

Fig. 2 Neighbor net network of
the relationships among 40
Synechococcus B′ strains from
Rabbit Creek and White Creek
inferred for a concatenated
alignment of 6309 nucleotides
from 11 markers from throughout
the genome. Scale bar is in units
of nucleotide substitutions per
site. Strains for which growth rate
data were collected are color-
coded with respect to whether no
growth was observed at 55 °C
(blue), no growth was observed at
60 °C (green), or growth was ob-
served at ≥ 60 °C (red),
respectively

Fig. 3 Linkage disequilibrium
(r2) between polymorphic
nucleotide sites as a function of
nucleotide distance for the
following loci: 1837 (a); 2807
(b); 865 (c); and 4733 (d)
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Fig. 4 Neighbor net networks for
Synechococcus B′ strains for C88
(a) and 4733 (b). Scale bars are in
units of nucleotide substitutions
per site
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Evidence for Local Selective Sweeps

Rosen et al. [9] predicted but did not observe the existence of
local selective sweeps in the Synechococcus B′ population.
Our sample of different regions of the genome offered the
potential to detect local sweeps. A gene-specific star phylog-
eny (Fig. 4b) can potentially be caused by a local selective
sweep in the evolutionary past, as new diversity arises from a
common ancestral allele following the purging of genetic var-
iation from a population. Because a region of the genome that
has recently experienced a selective sweep should exhibit a
number of sequence signatures, we estimated several popula-
tion genetic parameters from the sequence data to further eval-
uate the evidence for past sweeps (Table 1). For example,
sequence diversity of a sample should be low following a
sweep. In addition, we expect to observe an excess of neutral
SNPs at low frequency in the sample, indicated by a signifi-
cantly negatively distorted value of Tajima’s D [24]. In gene-
alogical terms, this corresponds to the case for which the ter-
minal branches of a genealogy are abnormally long compared
with neutral expectations (i.e., observed SNPs represent rela-
tively new variation). Finally, we also expect a comparatively
low number of recombination events since the sweep, because
there has been insufficient time for them to accumulate.

In our sample, mean silent nucleotide diversity (πsilent; i.e.,
synonymous codon sites and non-coding sequence) for the
sample was 0.04 (Table 1), comparable to the value of 0.03
in the Rosen et al. [9] sample. Two of the sampled loci (865,

4733) exhibited evidence of all three of the above signatures
of a selective sweep (Table 1). Both loci have comparatively
low πsilent levels. Furthermore, the amount of population poly-
morphism relative to sequence divergence (πsilent/Ksilent) from
a more thermotolerant congener (Synechococcus strain OS-A;
[17]) is also low for 865 (Table 1; the OS-A genome lacks an
ortholog of 4733). Because silent sites are not necessarily
selectively neutral, normalization by divergence controls for
potential differences among loci in the constraints on evolu-
tionary rate. We can conclude that it is unlikely that the low
diversity at this locus is due to an intrinsically low evolution-
ary rate. In addition, 865 and 4733 exhibit significantly nega-
tive values of Tajima’sD as well as a low number of estimated
recombination events (Table 1). Two additional loci (1124,
4043) show more modest support for a past sweep based on
more than one of these signatures (Table 1).

The above results indicate that selective sweeps have
shaped Synechococcus B′ genome evolution. However, these
sweeps are local, since most loci in our data set have main-
tained high levels of variation. This variation is maintained by
the extensive recombination that we detected, which breaks up
linkage between the target(s) of selection and other regions of
the genome.

These evolutionary dynamics are consistent with the results
of Rosen et al. [9], are analogous to patterns observed for
sexually reproducing eukaryotes, and have been observed
for other bacterial populations as well [2]. They are fundamen-
tally different from the ecotype model [6], which posits that

Table 1 Diversity among loci for
Synechococcus B′ strains Locus Na Length (nt)b No. of SNPs πtotal

c πsilent
d Ksilent

e πsilent/
Ksilent

Df RM
g

2807 38 606 44 0.023 0.038 0.50 0.11 1.15 12

C88 39 537 45 0.022 0.081 0.62 0.13 0.30 16

865 40 612 26 0.004 0.010 0.46 0.02 − 2.07* 2

1837 36 433 42 0.035 0.079 0.49 0.16 1.63 15

1124 40 562 27 0.007 0.013 0.49 0.03 − 1.44 4

3496 39 649 46 0.022 0.073 0.64 0.11 1.02 14

2490 38 614 79 0.017 0.023 0.43 0.10 − 1.75 5

4043 33 622 24 0.008 0.011 0.68 0.07 − 0.77 2

4719 37 533 85 0.026 0.036 0.20 0.20 − 1.23 5

4733 34 553 25 0.005 0.005 –h – − 1.87* 1

C311 39 588 79 0.023 0.070 0.62 0.11 − 1.09 16

a Sample size
b nt, nucleotide
c Total nucleotide diversity
d Nucleotide diversity at silent nucleotide sites
e Jukes-Cantor corrected silent nucleotide site divergence from the Synechococcus strain OS-A genome
f Tajima’s D
gMinimum number of recombination events
h Locus is not present in the Synechococcus strain OS-A genome

*P < 0.05
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the fixation of beneficial mutations results in the genome-wide
removal of variation from the population. At these loci, all
Rabbit Creek and White Creek alleles have descended from
a beneficial allele that was fixed in an ancestral population
(e.g., Fig. 4b). This illustrates that beneficial mutations may
rapidly spread across the landscape without a loss of variation
throughout much of the Synechococcus genome.

Local Temperature Adaptation Despite High Gene
Flow

The study of Rosen et al. [9] does not investigate phenotypic
diversity but proposes that a recombination-mediated Bcloud^
of ecological variation may persist at the population level
despite diverse selective pressures simultaneously acting on

Fig. 5 Temperature dependence
of population growth rate in
doublings per day for a sample of
15 Synechococcus B′ strains.
Error bars are two standard errors.
Strains are distinguished by
whether no growth was observed
at 55 °C (top panel), no growth
was observed at 60 °C (middle
panel), or growth was observed at
≥ 60 °C (bottom panel),
respectively
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different regions of the genome. Temperature is a major driver
of ecological diversity among anciently divergent, 16S rRNA-
defined Synechococcus lineages, which specialize on different
thermal niches in these ecosystems [16, 25, 26].Wemight also
expect that ecological variation in thermal performance exists
within Synechococcus B′ populations, given the breadth of
thermal habitat that they occupy [10]. If this is the case, this
raises the question of whether locally adapted Synechococcus
B′ genotypes are sorted and maintained along these gradients,
notwithstanding the lack of both dispersal limitations and ap-
parent genetic structure for these organisms (Fig. 1).

According to this scenario, we should observe both that
variation in thermal performance exists among strains and that
these phenotypic differences are associated with variation in
the environmental temperature. To investigate this possibility,
we assayed the temperature dependence of growth for 15 ran-
domly selected strains representing the population genetic di-
versity of our sample (Fig. 1). We observed considerable var-
iation in thermal performance among strains (Fig. 5). This
included differences among strains in the minimum and max-
imum temperatures that support growth, as well as a negative
correlation between growth rates at 45 °C and 60 °C (R = −
0.61; F[1, 12] = 7.1; P = 0.02). Both results are consistent with
apparent trade-offs in performance at physiological tempera-
ture extremes that have resulted in the ecological specializa-
tion of Synechococcus B′ strains. There was also a strong
match between phenotype and the environment along the geo-
thermal gradients of the two streams: the observed maximum
temperature of growth in culture was positively associated
with the environmental temperature of the sample from which
a strain was isolated (R = 0.76; F[1, 13] = 17.6; P = 0.001). This
is evidence for local adaptation despite the absence of genetic
structure at sequenced loci (Fig. 1). For example, strains R3–
14, R6–10, and R8–2 have diverged in thermal niche (Fig. 5)
and are locally adapted to their position along the Rabbit
Creek thermal gradient, yet they share highly similar genetic
backgrounds (Fig. 1).

This local adaptation is similar to that observed for ancient-
ly divergent Prochlorococcus ecotypes [3]. However, unlike
Prochlorococcus ecotypes, which rarely recombine, local ad-
aptation of Synechococcus B′ persists despite high levels of
recombination. We propose that the extensive recombination
that we observe could potentially facilitate the spatial structur-
ing of ecological variation by breaking up linkage and creating
fine-scale differences in migration-selection balance among
genomic regions. As a result, gene flow may become restrict-
ed specifically for regions of the genome that are under tem-
perature selection (as well as other environmental variables
that potentially co-vary with temperature).

One implication of our results is that the mosaic genomes
of Synechococcus offer the potential to identify the genetic
basis of locally adaptive ecological variation. Because histor-
ical recombination events break up linkage between the genes

that underlie ecological variation and surrounding regions of
the genome, the sequences of ecologically similar genotypes
are only expected to cluster near niche-defining targets of
selection. Future investigations will take a genome-wide ap-
proach to identify these loci as extreme outliers in an analysis
of genetic differentiation between samples of phenotypically
divergent strains [27]. The Synechococcus system therefore
promises insights on the longstanding challenge to explicitly
map genotype to phenotype at fine-scale (i.e., nucleotide) res-
olution. The approach will also enable us to determine wheth-
er outlier loci are linked to regions of novel, locally adaptive
gene content. This is of particular interest in light of genome
evolution of the freshwater cyanobacterium Microcystis
aeruginosa. Strains of M. aeruginosa also exhibit mosaic ge-
nomes as a consequence of extensive genomic rearrangements
and horizontal gene transfer [28], and differences in
Microcystis gene content among strains appear to be ecologi-
cally important [29]. Together, this will enable joint evaluation
of the contributions of both allelic variation within the core
genome and strain-specific differences in gene content,
respectively, to Synechococcus local adaptation.
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