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Geographic Barriers Isolate
Endemic Populations of
Hyperthermophilic Archaea
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Barriers to dispersal between populations allow them to diverge through local
adaptation or random genetic drift. High-resolution multilocus sequence anal-
ysis revealed that, on a global scale, populations of hyperthermophilic micro-
organisms are isolated from one another by geographic barriers and have
diverged over the course of their recent evolutionary history. The identification
of a biogeographic pattern in the archaeon Sulfolobus challenges the current
model of microbial biodiversity in which unrestricted dispersal constrains the

development of global species richness.

It has recently been argued that limits to
dispersal do not affect unicellular organ-
isms because of their small size, enormous
abundance, and metabolic plasticity (/).
This view is supported by environmental
surveys using both 16S ribosomal RNA
(rRNA) signature sequences and phenotyp-
ic characters; these surveys have repeatedly
identified apparently identical microorgan-
isms in similar environments as far apart as
the polar oceans (2, 3). In addition, several
studies using multilocus analysis have
shown that pathogenic bacterial species and
Bacillus spore formers have global panmic-
tic distributions (4—6). But such a ubiqui-
tous distribution seems implausible for
“extremophiles,” whose growth requires in-
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temperate habitats that are often discontin-
uous and distant (7, 8). Sulfolobus species,
for example, are archaea that inhabit solfa-
taric geothermal springs and grow optimal-
ly at about 80°C and pH 3 (9). Abrupt
temperature shifts induce cell cycle arrest
and chromosomal DNA degradation in lig-
uid Sulfolobus cultures (10), and no resis-
tant spore state has been observed for any
Sulfolobus species. It is therefore surprising
that the same Sulfolobus species has been
isolated from geothermal hot springs
throughout the Northern Hemisphere (71).
How organisms with such specific growth
requirements can survive dispersal across
the large, inhospitable distances that sepa-
rate geothermal regions has intrigued those
studying thermophiles since their discovery
(12). To address this question, we examined
the population structure in Sulfolobus and
tested whether barriers to dispersal or ecolog-
ical selection are primarily responsible for
its development.

Sulfolobus strains were isolated from wa-
ter and sediment samples collected from a
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nested hierarchy of geographic locations
(13). At the largest scale, we sampled five
regions separated by distances of >250 km:
the Mutnovsky Volcano and the Uzon
Caldera/Geyser Valley region on the Kam-
chatka Peninsula in Eastern Russia, Lassen
Volcanic National Park and Yellowstone Na-
tional Park in North America, and the solfa-
taric region of western Iceland. Within each
region, we focused our collections on two to
three geothermal areas separated by 6 to 15
km (table S1). Within each area, we collected
samples from up to seven different hot
springs and isolated multiple individual col-
onies from each sample.

Segments of nine chromosomal loci (table
S2) were sequenced from 78 individuals (/3).
Loci were selected that code for proteins with
a variety of putative cellular functions and an
even distribution around the genome of Sul-
folobus solfataricus P2 (14). Of 4663 base
pairs sequenced for each strain, we identified
138 variable positions. Although many diver-
gent Sulfolobus species are capable of growth
under our isolation conditions, all strains iso-
lated in this study are closely related to
RenlHI, a strain that has been informally
named Sulfolobus “islandicus” (15). All
strains (including Ren1H1) are at least 99.8%
identical in 165 rRNA sequence and differ by
at most 1.05% across all nine loci.

Weir and Cockerham’s Fg; parameter
(16) provides a measure of population differ-
entiation based on variance in genetic diver-
sity within and between groups of strains
(17). Pairwise comparisons between strains
grouped by region (Mutnovsky, Uzon/Geyser
Valley, Lassen, Yellowstone, and Iceland),
using a concatenated alignment of all loci,
result in large, significant Fg; values ( Table
1). Analyzed individually, the majority of
loci support differentiation between regional
populations ( Table 1).
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Within regions, significant Fg. values
were also found between Uzon Caldera and
Geyser Valley in Kamchatka, Norris Geyser
Basin and Geyser Creek in Yellowstone Na-
tional Park, and Devil’s Kitchen and Broke-
off Caldera in Lassen National Park. These
values indicate that there is a small but sig-
nificant level of genetic differentiation be-
tween populations that inhabit different areas
within the same geothermal region. To high-
light the importance of multilocus analysis, it
is worth noting that similar analyses of the
sequence data from any single locus did not
provide enough resolution to identify this
level of population subdivision.

Within areas, Fg; values calculated for
pairwise comparisons between hot springs
were not significantly different from zero,
indicating that populations from local springs
were not genetically differentiated. Identical
genotypes were isolated from different hot
springs in the same area, again suggesting
that there is frequent gene flow among
springs separated by small distances (<50
m). As shown in table S1, there is substantial
genetic diversity within each hot spring. This
microheterogeneity is consistent with the
possibility of multiple microenvironments
within a single spring, but we were unable to
test for differentiation at this scale (18).

We performed a nested hierarchical anal-
ysis of molecular variance (AMOVA), using
all strains grouped by areas within regions, to
test the significance of the population struc-
ture as a whole (/3). AMOVA analysis of
nine loci, concatenated, partitioned 73% of
the molecular variance among regions, 5%
among areas within regions, and 22% within
areas. Random permutation of the data be-
tween areas and regions allows us to reject a
null model of panmixia (P < 0.01).

Using a concatenated alignment of the
nine loci, we performed phylogenetic anal-
ysis to determine the evolutionary relation-
ships among strains. A maximum likeli-
hood phylogenetic tree resolves five dis-
tinct clades with significant bootstrap sup-
port (Fig. 1). These clades clearly
correspond to the five geographic regions
sampled, showing that strains within a re-
gion share a common evolutionary history
distinct from strains found in other regions.

Baas-Becking’s formula of microbial bio-
geography, “everything is everywhere; the
environment selects” (19), is widely accepted
by microbiologists today. In this model, eco-
logical characteristics are primarily responsi-
ble for the spatial patterning of microbial
diversity. Several investigations have identi-
fied specific ecological parameters responsi-
ble for structuring bacterial communities
(20-22). In contrast, despite the range of
environments tested in each geothermal re-
gion (table S1), Fig. 1 shows that Sulfolobus
strains cluster by geographic locale rather

than by hot spring character. When the effect
of geographic distance is removed, we find
no significant correlation between genetic
distance and absolute difference in hot spring
pH or temperature in pairwise comparisons
between strains (pH: Mantel » = 0.06, P =
0.238; temperature, » = 0.05, P = 0.231).
Hot spring geochemistry is largely deter-
mined by host rock composition. Although
the host rock composition of Lassen National
Park and both regions of Kamchatka are sim-
ilar (andesites and basalts), Lassen National

Mutnovsky

Uzon/
Geyser Valley

VoB

0.001

100(99)

100(100)

REPORTS

Park strains are more genetically similar to
strains isolated from the geochemically dis-
tinct (rhyolitic) sites in Yellowstone
National Park (23-26). Papke et al. (27)
similarly describe region-specific cya-
nobacterial lineages that are recovered
from environments with a wide range of
geochemical parameters. From these qual-
itative assessments it is parsimonious to
conclude that geographic isolation is pri-
marily responsible for development of
global population structure.

Fig. 1. Maximum like-
lihood tree for concat-
enated alignment of
all loci for all strains.
Phylogenetic analysis
was performed with
PAUP* 4.0b10 (73).
Numbers next to prin-
cipal branches show
bootstrap support of
>70% using maximum
likelihood and maxi-
mum parsimony (pa-
rentheses) algorithms.
Individual strains are
identified by site name
from table S1 followed
by a letter. Colors de-
note strains from the
same sample. Boxes
designate identical ge-
notypes. Shaded areas
highlight  geographic
regions. Scale bar indi-
cates 1 substitution per
1000 sites.

Iceland feniH1

Table 1. Comparisons between populations reveal significant differentiation and divergence. F¢;
values were estimated using third codon positions and tested for significance against 1000
randomized bootstrap replicates with Arlequin 2.000, assuming no differentiation (33). All values are

significantly different from zero (P < 0.01). N,

differentiation; I1, divergence per 100 nucleotides

, number of individual loci showing significant
+SE based on 500 bootstrap resamplings of each

population, estimated using MEGA version 2.1 (34); D, geographic distance (73).

Populations compared For N, IT (*SE) D (km)

Between regions

Mutnovsky:Yellowstone 0.84 9 6.5(0.10) 6305

Uzon/Geyser Valley:Yellowstone 0.79 9 4.2(0.7) 6086

Mutnovsky:Lassen 0.82 8 7.0(1.0) 5966

Uzon/Geyser Valley:Lassen 0.77 9 4.4(0.8) 5775

Lassen:Yellowstone 0.50 6 0.9 (0.3) 1005

Mutnovsky:Uzon/Geyser Valley 0.59 7 3.4(0.6) 254
Between areas within regions

Uzon Caldera:Geyser Valley 0.14 2 4(0.2) 15

Devil's Kitchen:Brokeoff Caldera 0.36 3 0 6 (0.3) 8

Norris Geyser Basin:Geyser Creek 0.37 3 .3(0.1) 6
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Fig. 2. Relationship between ge-
netic divergence and geographic
distance. Each point represents a
single pairwise comparison be-
tween seven isolated popula-
tions: Mutnovsky, Uzon Caldera,
Geyser Valley, Brokeoff Caldera,
Devil's Kitchen, Norris Geyser
Basin, and Geyser Creek. Points
above the line are comparisons
with the Mutnovsky population.
Regression lines show relation-
ships between genetic divergence
and geographic distance [solid line,
all comparisons (R*> = 0.72);
dashed line, comparisons below 0.001 A
1000 km not including the Mut- .
novsky population (R? = 0.63)].

0.007 A

0.006 -

0.005 A

0.004

0.003 -

0.002 -

Divergence (Net pairwise differences/bp)

For neutral markers, genetic divergence
between populations is inversely proportional
to the level of gene flow between them. A
model in which geographic distance increas-
ingly restricts gene flow therefore predicts a
positive correlation between genetic diver-
gence and geographic distance between pop-
ulations and provides a quantitative test for
the effects of geographic isolation (28). Table
1 and Fig. 2 show the relationship between
genetic divergence and geographic distance
among Sulfolobus populations. A large, high-
ly significant correlation coefficient was
found in a Mantel test of all pairwise com-
parisons of genetic and geographic distance
between strains (» = 0.82, P = 0.001) (13).
This pattern of divergence is consistent with a
model in which geographic distance (and the
physiological challenges to survival that ac-
company it) contributes to the differentiation
among populations.

Although biogeographical patterns are com-
monly found in multicellular eukaryotic organ-
isms, they are unexpected for microorganisms.
Several authors have observed geographic pat-
terns in bacterial distributions, but their data lack
the resolution needed to explicitly test the im-
portance of geographic barriers (7, 29—31). The
only other empirical test of microbial geographic
structure is based on differences in the genomic
fingerprint of repetitive elements (32). These
data are difficult to interpret in an evolutionary
context because they depend on the untested
assumption of homology between similar-sized
bands, and because there is no model for the
evolution of repetitive elements that substanti-
ates their use as a measure of genetic divergence
between populations. The patterns of genetic
divergence presented here are based on nucle-
otide substitutions, which are well character-
ized by classical evolutionary theory.

15 AUGUST 2003 VOL 301
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Our data show that gene flow among Sul-

folobus populations is limited. Either the

highly specialized growth requirements of
these hyperthermophilic acidophiles prevent
dispersal, or immigrants are unable to persist
in established endemic populations, or both.
This type of population subdivision will
markedly decrease effective population size,
thereby increasing the effect of genetic drift.
In addition, genetically isolated populations
have an increased potential for local adapta-
tion to specific environmental conditions. Al-
though this analysis has focused on extreme
environments, it is not difficult to imagine
other barriers to dispersal that may foster the
development of geographically isolated pop-
ulations (geotypes) in a broad array of micro-
bial specialists. If true, this would suggest
that microorganisms harbor substantially
greater biodiversity and species richness than
current estimates imply. Careful investigation
of fine-scale microbial population structure
promises to enhance both our understanding
of microbial diversity in nature and our abil-
ity to analyze the evolutionary mechanisms
that shape it.
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