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Hyperthermophilic Archaeon Sulfolobus islandicus
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Although microorganisms make up the preponderance of the biodiversity on Earth, the ecological and evolutionary factors
that structure microbial populations are not well understood. We investigated the genetic structure of a thermoacidophilic
crenarchaeal species, Sulfolobus islandicus, using multilocus sequence analysis of six variable protein-coding loci on a set
of 60 isolates from the Mutnovsky region of Kamchatka, Russia. We demonstrate significant incongruence among gene
genealogies and a lack of association between alleles consistent with recombination rates greater than the rate of muta-
tion.The observation of high relative rates of recombination suggests that the structure of this natural population does not fit
the periodic selection model often used to describe populations of asexual microorganisms. We propose instead that fre-
quent recombination among closely related individuals prevents periodic selection from purging diversity and provides a
fundamental cohesive mechanism within this and perhaps other archaeal species.

Introduction

The frequency of genetic exchange among individuals
will dramatically influence the way diversity is generated
and maintained within natural microbial populations (J. M.
Smith, Feil, and N. H. Smith 2000). Theoretical models pre-
dict that clonally reproducing species evolve through the
recurring process of periodic selection (Atwood, Schneider,
and Ryan 1951). Because there is no recombination, a rise
in the frequency of an adaptive allele results in the rise
in frequency of its linked genome. Therefore, in response
to natural selection, a purely clonal population will be
purged of genetic diversity as the genotype with the highest
relative fitness becomes fixed (Levin 1981). In contrast, ge-
netic loci are unlinked in highly recombining species such
as sexual eukaryotes, allowing natural selection to act
upon regions of the genome independently and preserving
diversity by preventing periodic genome-wide selective
sweeps.

Bacteria and archaea reproduce clonally, vertically
transmitting an identical copy of their genome to the next
generation. However, the transfer of genetic material
among clonal lineages has been shown to occur in microbial
species through the uptake of free DNA from the envi-
ronment or in association with the movement of viruses,
plasmids, and transposable elements. Therefore, the evolu-
tionary dynamics that define the level and structure of
diversity within microbial populations combine elements
of clonality and recombination. Microbial population struc-
ture will ultimately be determined by the relative frequency
at which recombination breaks down clonal structure and
periodic selection promotes it (Cohan 1994).

Empirical studies of bacterial species have revealed
a range of population structures, from purely clonal to
highly recombining (Selander et al. 1985; Souza et al.
1992; Suerbaum et al. 1998, 2001; Holmes, Urwin, and
Maiden 1999; Feil et al. 2001, 2003; Koehler et al.
2003; Sarkar and Guttman 2004). These studies have pri-
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marily focused on bacteria associated with agriculture or
human and plant disease in which anthropogenic activity
may tip the balance between periodic selection and recom-
bination in either direction (i.e., through extreme selective
regimes resulting from the use of antibiotics, facilitated dis-
persal, human alteration of environmental conditions, etc.).
We extend fine-scaled analysis of population structure to
the third domain of life and examine natural population
structure in the thermophilic crenarchaeon Sulfolobus islan-
dicus, which is relatively untouched by human activity.
Sulfolobus species are particularly amenable to popu-
lation genetic analyses because they can be grown chemo-
heterotrophically on solid media in laboratory conditions,
facilitating the isolation and identification of individuals—
an elusive but essential property for high-resolution
multilocus sequence analyses of wild microbial species.
In addition, their unusual “extreme” growth requirements
restrict growth of thermophilic S. islandicus to active geo-
thermal regions, making population boundaries relatively
easy to identify. In order to link the patterns of diversity
we observed to the evolutionary mechanisms that created
them, we first determined where individuals coexist by de-
fining the biogeographical limits of five differentiated pop-
ulations of S. islandicus from the Northern Hemisphere
(Whitaker, Grogan, and Taylor 2003). Here, we investigate
the genetic structure of one of these populations from
the Mutnovsky Volcano on the Kamchatka Peninsula of
eastern Russia to determine if recombination affects the
generation and maintenance of genetic diversity.

Materials and Methods
Strain Isolation

A single water and sediment sample was taken from
each of two hot springs (A and B, approximately 25 m apart)
near the Mutnovsky Volcano on the Kamchatka Peninsula.
The springs were similar in appearance, although they dif-
fered slightly in temperature and pH (A, 90°C, pH 3.0; B,
76°C, pH 2.0). Sixty colonies (24 from hot spring A and 36
from hot spring B) were isolated by direct plating on solid
media at 75°C as described in Whitaker, Grogan, and
Taylor (2003). Clonally purified cultures were isolated from
each resulting colony and preserved for detailed analysis as
previously described (Whitaker, Grogan, and Taylor 2003).
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Table 1

Characteristics of Six Variable Loci

Locus Position® Description® Length SNPs® N° Number of n (Standard Error)  0,,° Df pe
Alleles

11 1,168,340 Hypothetical isocitrate lyase 628 9 2 4 0.0065 (0.0022) 0.0042 2.900 0.001

I 1,424,702 Hypothetical molybdopterin oxidoreductase 566 12 4 2 0.0036 (0.0010)  0.0062 —0.420 0.617

v 1,692,724 Putative ATP-dependent helicase 457 5 1 5 0.0025 (0.0011) 0.0032 0.126 0.427

VI 2,166,513 Hypothetical acetyl CoA acetyl-transferase 433 3 2 4 0.0013 (0.0009) 0.0021 —-0.397 0.638

VIII 2,740,316 Hypothetical thermosome gamma subunit 332 2 1 3 0.0009 (0.0006)  0.0018  0.718 0.211

X 385,800 Hypothetical transcription initiation factor 562 3 0 3 0.0012 (0.0008)  0.0016  0.154 0.377

Total 2,416 31 10 18 0.0030 (0.00063)  0.0032

@ As listed in the Sulfolobus solfataricus P2 genome sequence annotation.
® Number of single-nucleotide polymorphisms.
¢ Number of nonsynonymous substitutions.

9" Average pairwise genetic distance (p-distance) at each locus between 60 members of the population.

¢ Per-site Waterson’s 0, 2N,
' Tajima’s D.
& Proportion of simulated Tajima’s D values greater than observed.

Because all isolates formed a monophyletic clade in com-
parison to other Sulfolobus species and differed from each
other by no more than 1% of nucleotide positions across
six protein-encoding loci (table 1), they were considered
to be the same species (Palys et al. 2000), which has
been designated S. islandicus informally by others (Zillig
et al. 1994).

Marker Determination and Sequencing

Primers were designed to amplify 332- to 566-bp seg-
ments of six loci that were present in a single copy and were
well distributed around the genome of the closely related
species Sulfolobus solfataricus P2 (She et al. 2001). Pri-
mers and polymerase chain reaction (PCR) conditions
for five of these loci (II, III, IV, VI, and VIII) were described
previously (Whitaker, Grogan, and Taylor 2003). Locus IX
is new to this study and was amplified using primers
GCGTTAAGATGGAGAAAGT and GGGATCATAAA-
GAAAAAGT in PCR reactions using conditions described
previously for locus I of Whitaker, Grogan, and Taylor
(2003). For all but 39 of the 360 total sequences, forward
and reverse sequences were obtained for the entire locus
segment. For the others, sequence from at least two-thirds
of the locus segment was used for allele designations. A
representative strain containing each unique combination
of alleles recovered from 60 individuals was independently
regrown from frozen stocks, and each locus was reamplified
and resequenced to ensure fidelity.

Data Analysis

Maximum likelihood parameters were determined
using Modeltest (Posada and Crandall 1998). The model
of Felsenstein (F81) (Felsenstein 1981) was determined
to be the optimal likelihood model for loci III, VI, VIII,
and IX. For locus II, the optimal model was determined to
be the Hasegawa-Kishino-Yano (HKY) model (Hasegawa,
Kishino, and Yano 1985), with a transition to transversion
ratio of 8.0744. Every substitution in locus IV was a
transition, leading to an extremely high transition to trans-
version ratio. However, there was no difference between the
topologies of maximum likelihood trees constructed for
locus IV using the parameter-rich HKY model, which

accommodates the extreme transition to transversion ratio,
or using the parameter-poor F81 model, which uses equal
rates of transition or transversion. Position 374 in locus IV
was excluded from phylogenetic analysis because it intro-
duced homoplasy. For each locus, a maximum likelihood
tree was determined from a heuristic search on 10 random
replicates using the Tree Bisection-Reconnection algorithm
in PAUP* 4.01b10 (Swofford 1996). Significant incongru-
ence among trees was determined using the Shimodaira-
Hasegawa likelihood ratio test (SH test) (Shimodaira and
Hasegawa 1999). For loci I and IV, the SH test results were
independent of the maximum likelihood model used.
Pairs of biallelic loci are classified as incompatible if the
alleles are present in the data set in all four possible combi-
nations. A compatibility matrix for each informative site in
aconcatenated alignment was constructed using the program
SITES (Hey and Wakeley 1997). The proportion of com-
patible loci in pairwise comparisons between genotypes,
and the significance of these values relative to a distribution
of values simulated under the null hypothesis of free recom-
bination, was determined using MultiLocus version 1.2
(Agapow and Burt 2000; http://www.agapow.net/software/
multilocus/) with alleles designated as for Ii (below).
Estimates of the per-locus population recombination
parameter (p) were determined using LDhat version 2.0
(McVean, Awadalla, and Fearnhead 2002). For all simula-
tions, we used the segregating sites for five loci, excluding
locus II due to evidence that it may be under selection (see
Results). We input the average per-site population mutation
rate (Waterson’s 0) of 0.003 determined using DnaSP ver-
sion 3.53 (J. Rozas and R. Rozas 1999). Genetic distances
between loci were approximated using the distances be-
tween homologous loci in the genome of S. solfataricus
P2 (She et al. 2001), or with loci in a random order sepa-
rated by 500,000 bp, with no difference in results. Manually
shuffling the gene order did not change the estimated re-
combination rate. The per-locus rate of initiation of gene
conversion events is the appropriate estimate of recombina-
tion rate for asexual species (McVean, Awadalla, and
Fearnhead 2002). Because the crossing-over model of
LDhat includes both the beginning and the end of a gene
conversion event when estimating p, the output from each
simulation was divided by 2 for estimates of the per-locus
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recombination (initiation of gene conversion) events rela-
tive to mutation. To test the significance of changes in like-
lihood scores for increasing p values, a likelihood ratio test
was performed by comparing twice the difference in log-
likelihood values to a y? distribution with one degree of
freedom. To estimate p/0 ratios, we used the per-locus pop-
ulation mutation parameter (0 per site X number of sites per
locus) averaged across all loci. To test for recombination,
we used the likelihood permutation test which relies on the
inverse correlation between chromosomal distance and
linkage observed in recombining organisms. With this test,
significance is determined by comparison of observed data
to 1,000 data sets where all sites were randomly permuted
(McVean, Awadalla, and Fearnhead 2002).

The standardized index of association (Ii) was deter-
mined with LIAN version 3.1 (Haubold and Hudson 2000).
Ii measures the degree of association between alleles at dif-
ferent loci based on the variance in genetic distance be-
tween genotypes. Ii values were calculated for each hot
spring individually and for a combined set of all strains.
Values of I including all individuals were compared to
those determined when duplicate genotypes were removed
(clone corrected). It should be noted that disregarding the
number of nucleotide differences when designating alleles
can incorrectly bias results toward association because I3
values will reflect variance in genetic distance between in-
dividuals that is disproportionately increased by single-
nucleotide substitutions. To minimize this problem, I3
was calculated using a single position to represent each
major variant of loci II, III, IV, and IX (alleles 1 and 2 in
fig. 1A) and the most informative position in loci VIand VIII
(closest to 50:50 in allele frequency) (Burt et al. 1996). The
significance of T, was determined by comparison to the
null hypothesis of free recombination simulated by 1,000
randomized reshufflings of alleles for each locus between
individuals.

Tajima’s D estimates were determined using Arlequin
version 2.0 (Schneider, Roessli, and Excoffier 2000) and
compared to the distribution of values determined from
coalescent simulations, assuming both neutrality and pop-
ulation equilibrium. The MacDonald-Kreitman test for
selection was performed in DnaSP version 3.53 (J. Rozas
and R. Rozas 1999), using homologous sequences from the
S. solfataricus P2 (She et al. 2001) genome for comparisons
between species.

Prior analysis of S. islandicus populations yielded no
evidence of barriers to gene flow between hot springs less
than 15 km apart (Whitaker, Grogan, and Taylor 2003). To
further ensure that barriers to gene flow between two hot
spring populations did not bias our results, we performed
each test for recombination on strains from each hot spring
sample individually, as well as from the combined sample.
Because results were similar at both levels of analysis, we
conclude that there are no significant barriers to gene flow
between our two hot spring samples and report values only
for the combined analyses.

Results

We identified 34 polymorphic sites from a total of
2,978 bp sequenced for each of 60 S. islandicus strains

(table 1). Two to five alleles were identified at each of
six variable loci, which contain 2-12 cosegregating
single-nucleotide polymorphisms, as shown in figure 1A.
Seventeen unique combinations of the alleles (genotypes)
were identified from 60 individuals (fig. 1B). The frequency
at which we recovered each genotype is shown in figure 1C.
The most frequent genotype (genotype number 1) was
recovered from 23% (14 of 60) of the strains.

We tested for evidence of recombinant genotypes in
the population by evaluating whether the genealogical re-
lationships described by each locus were congruent
(Dykhuizen and Green 1991). Figure 2 shows that the max-
imum likelihood trees for each locus resolve different re-
lationships among the 17 unique genotypes. The SH test
on genealogies constructed with the 17 unique genotypes
revealed significant (P < 0.05) incongruence in 53% of
30 reciprocal, pairwise comparisons among six loci (table
2). Because strictly clonal evolutionary histories should
show the same relationships among individual genotypes
at each locus, the significant conflict among single-gene
phylogenies suggests that recombination has occurred in this
population.

To test for evidence of recombination within a locus,
we examined each pair of informative sites for compatibil-
ity (see Materials and Methods). Figure 3 shows that with
one exception (position 374 in locus IV) polymorphic sites
are compatible within a locus, indicating that nearly all such
positions are linked. In contrast, 73% of all pairwise com-
parisons between loci (groups of linked sites) are incompat-
ible, suggesting, as above, that there has been significant
reassortment of alleles among genotypes. In addition to
the incompatible position in locus IV, a shared polymor-
phism among variants was observed in locus IX (position
369, symbol " in fig. 1A), suggesting that linkage within
a locus may not be complete.

In order to quantify the importance of recombination
to the generation of diversity within the population, we
compared estimates of relative rates of recombination
and mutation using two different analyses. Feil et al.
(1999) suggest that the effect of recombination relative
to mutation can be estimated by examining the number
of nucleotide differences between alleles in individuals that
differ from one another at a single locus (single-locus var-
iants, SLVs). They reason that, in the short evolutionary
time over which SLVs develop, the probability of more
than one mutation occurring in the same locus or the same
mutation occurring independently in multiple individuals is
small. Feil et al. infer that SLVs with more than one cose-
gregating polymorphic site or that share a single mutation
with alleles uncovered elsewhere in the population are
likely to be acquired through recombination. We identified
12 pairs of SLVs among 17 genotypes. In seven of these 12
SLVs, variant alleles differ by more than one nucleotide
substitution. Two pairs of genotypes (1 and 2, 6 and 8) dif-
fered by a single polymorphism that is shared by a different
allele (" in fig.1A4). Following the reasoning of Feil et al.
(1999), this results in a ratio of alleles changed by recom-
bination to mutation (r/m) of 9:3, suggesting that any one
locus is three times more likely to change as a result of re-
combination than from mutation in this species. On a per-
site basis, the r/m ratio is a measure of the diversity of



A. Locus

Nucleotide 135
position 3 4 2
Allele 1 GG AG
Allele2 fllAAGAG
Allele 3 flAAGA A-A
Allele 4 fllaAGAACHA
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FiG. 1.—Distribution of variation among alleles and genotypes from the Mutnovsky Sulfolobus islandicus population. (A) The variable sites for each
allele for each locus. Loci are listed in the order found in the genome of the closely related species Sulfolobus solfataricus. Nucleotide position is counted
from the first position of the fragment used in analysis. “+” indicates incompatible site in locus IV. " indicates a shared polymorphism between alleles 1
and 2 in locus IX. (B) Distribution of alleles at six loci among 17 genotypes. Shading highlights different alleles. Numbers within the boxes show allele
number as in (A). (C) The number of times each genotype was recovered from the population; genotype numbers as in (B).
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FiG. 2.—Incongruence among genealogies. Maximum likelihood
phylogenetic trees for each locus showing the relationship between 17 gen-
otypes. Scale bars represent 1 nucleotide change per 1,000 bp. A set of
genotypes with the same allele for locus II are highlighted in bold in each
genealogy to show the difference in the relationships among genotypes
described by each locus. Genotypes are numbered as in figure 1. “*” shows
topologies that are in significant conflict with the topology of each of the
five other loci (see table 2). Site 374 in locus IV was excluded resulting in
three alleles rather than the five shown in figure 1A.

recombinant alleles. The minimum ratio of sites changed
by recombination compared to those changed by mutation
in this population is 36:3, suggesting that, at a minimum,
any site is 12 times more likely to change by recombination
than mutation.

The r/m method is especially susceptible to under-
estimating rates of recombination in data sets with low
diversity due to difficulty in distinguishing mutations from
recombination events that introduce a single-nucleotide
change (Feil et al. 1999). Diversification that occurs primar-
ily through the stepwise accumulation of mutations predicts
a positive correlation between the number of nucleotide
differences between alleles and the number of allele differ-
ences between genotypes (Feil et al. 2003). We see no
such relationship in all pairwise comparisons between
genotypes (data not shown), supporting the result that re-
combination is the primary mechanism generating geno-
typic diversity in this population.

We further assessed the rate of recombination within
the population using the coalescent-based method of
McVean, Awadalla, and Fearnhead (2002). This method
estimates the composite likelihood scores for the data
across a range of per-locus recombination rates (p =
2N.r). Across a range of 0—100, we found that the likeli-
hood scores increased to a p value of 20 above which
we found no significant increase in likelihood. Based on
this analysis, we approximate the lower bound for the rate
of initiation of recombination events to be 10 (2N,r/2, see
Materials and Methods). The average per-locus population

Table 2
Shimodaira-Hasegawa Test for Conflict Among Tree
Topologies for Different Loci

Locus I 111 v VI VIII IX

I — 0.000% 0.029 0.071 0.085 0.041
I 0.003 — 0.029 0.224 0.444 0.209
v 0.001 0.000 — 0.224 0.074 0.209
VI 0.002 0.000 0.029 — 0.090 1.000
VIII 0.001 0.000 0.029 0.089 — 1.000
IX 0.002 0.000 0.029 1.000 0.778 —

* P values for the difference in log-likelihood scores between the maximum
likelihood tree topology for each locus (columns) and the data for that locus con-
strained by the maximum likelihood topology of other loci (rows). P values <
0.05 are bold.

mutation rate (6 = 2N.u) was determined to be approxi-
mately 1.5. The resulting p/0 ratio for this analysis is on
the order of 6.6:1. Using this method, we rejected the null
model of no recombination (P < 0.05).

We were unable to resolve the optimal track length
using the gene conversion model of recombination pro-
vided in the method of McVean, Awadalla, and Fearnhead
(2002). Future studies including additional loci from a larger
range of genetic distances across the chromosome will
better resolve the size of the DNA fragments that are in-
corporated during genetic exchange in this species.

We gauged the extent to which recombination affects
the overall structure of a population by measuring the
standardized index of association (Ii) (Smith et al. 1993;
Haubold and Hudson 2000). Ii is expected to be zero if
populations are freely recombining and greater than zero
if there is association between alleles. We estimated 13
to be 0.076 when all 60 strains were included in the data
set. This I3 value is significantly different from zero (P =
0.001) and would thus reject the null hypothesis of free
recombination. When duplicate genotypes were removed
from the data set, however, Ii decreased to 0.033, which
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FiG. 3.—Compatibility matrix. Each informative site is listed on x
and y axes. Pairs of sites are incompatible if they are observed in all four
possible combinations. Shaded blocks show pairs of sites that are incom-
patible. White blocks are sites that are compatible.



was not significantly different from values expected under
the null hypothesis of free recombination (P = 0.132). The
difference in I3 between complete and clone-corrected data
sets provides evidence of an “epidemic” population struc-
ture in which certain clones rise in frequency relative to the
rest of the recombinant population (Smith et al. 1993).
High rates of recombination would allow selection to
act on individual loci. We tested for evidence of selection at
each locus using Tajima’s D statistic (Tajima 1989). As
shown in table 1, only locus II had a Tajima’s D value that
was significantly greater than 1, which is consistent with
diversifying selection. This result reflects the fact that
two divergent alleles at locus II are maintained in the Mut-
novsky population at a higher frequency than would be ex-
pected under neutrality. An alternative explanation for
apositive Tajima’s D statistic could be population substruc-
ture. However, population substructure prevents mixing
between individuals in different populations and would
be expected to affect all loci in the genome. The fact that
we did not observe the positive Tajima’s D value for
any other locus indicates that only locus II (encoding a pu-
tative isocitrate lyase) is under diversifying selection. We
found no significant signal for positive selection at any
locus by comparing the ratio of nonsynonymous to syn-
onymous substitutions within S. islandicus to that found
between S. islandicus and S. solfataricus using the
MacDonald-Kreitman test (McDonald and Kreitman
1991). As is observed in many populations, negative or
purifying selection against amino acid changes appears to
be occurring at all loci as shown by the fact that only
29% of total nucleotide polymorphisms were replacement
(nonsynonymous) substitutions (table 1).

Discussion

It has been suggested that periodic selection is a fun-
damental force in the development of genetic diversity in
microbial populations by providing cohesion within clus-
ters of individuals inhabiting the same ecological niche,
while promoting divergence among clades adapted to dif-
ferent environments (Cohan 2001). The genetic structure of
the Mutnovsky population of S. islandicus does not fit the
periodic selection model. Recombination occurs at rates
greater than mutation, and the majority of the diversity is
in the form of mosaic combinations of variant alleles. These
data suggest that recombination not only generates diversity
but also maintains recombinants within the population
by preventing selection from acting to fix a single adaptive
genotype.

Recently, several empirical studies of bacteria and ar-
chaea have identified a surprising level of genetic hetero-
geneity within local populations, which the authors note
are difficult to reconcile with the theoretical predictions
of the periodic selection model (Acinas et al. 2004; Papke
et al. 2004; Tyson et al. 2004; Venter et al. 2004). It has
been suggested that heterogeneity results from neutral
mutations that accumulate either because selection events
are rare or because microbial populations are too vast to
suffer the full effects of genetic drift (Giovannoni 2004;
Thompson et al. 2005). If, as has been suggested for marine
bacterioplankton populations (Thompson et al. 2005),
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S. islandicus genetic heterogeneity was similarly main-
tained because periodic selection events are rare, we would
expect that each unique allele would be associated with
a unique genotype and never in the mosaic combinations
shown in figure 1. In light of our data and other studies
of pathogenic bacteria showing frequent recombination
(Souza et al. 1992; Suerbaum et al. 1998, 2001; Holmes,
Urwin, and Maiden 1999; Feil et al. 2001; Koehler et al.
2003), we suggest that in many natural microbial popula-
tions, genetic heterogeneity may be maintained because
recombination prevents periodic selective sweeps from
purging diversity.

The maintenance of diversity in this S. islandicus pop-
ulation might also be facilitated by an environment that is
temporally or spatially heterogeneous, or both. Temporal
heterogeneity, in which the environment changes faster
than a single adaptive genotype can become fixed in a pop-
ulation, may be consistent with the hydrological dynamics
of hot springs that result in great variations in temperature,
pH, and geochemical conditions over short timescales
(Brock 1978). Spatial heterogeneity may also maintain ge-
netic diversity through niche specialization, which would
prevent competitive exclusion and periodic selection
(Turner, Souza, and Lenski 1996). However, the evidence
presented here posits a prominent role for recombination in
making this Sulfolobus population into a cohesive, albeit
heterogeneous, species, whether or not spatial or temporal
heterogeneity assists in maintaining diversity by reducing
competition between individuals.

The capacity for recombination within S. islandicus
may be an adaptive strategy with evolutionary consequen-
ces that parallel those proposed to explain the evolution of
sex (Redfield 2001). Frequent recombination prevents pe-
riodic selection from purging genomic diversity, but it also
allows deleterious mutations to be purged from the popu-
lations without the risk of losing linked adaptive alleles
(Muller 1964; Duarte et al. 1992). Furthermore, reassort-
ment of adaptive alleles into new combinations accelerates
the adaptive process (Goddard, Godfray, and Burt 2005)
and has been shown to be especially advantageous in highly
variable environments (Burger 1999; Lenormand and Otto
2000). Finally, genetic exchange and recombination could
also serve as mechanisms for maintaining chromosomal
integrity in response to the high levels of DNA damage
induced by a thermoacidic environment (Grogan 1998).

Although recombination occurs within this S. islandi-
cus population, there is an overrepresentation of certain
genotypes (e.g., the most frequent genotype was recovered
from 24% of strains rather than the 13% predicted from
allele frequencies), which is reflected in the I3 values cal-
culated for the complete data set. This observation indicates
that a single clone may rise in frequency relative to the rest
of the recombinant population but does not entirely exclude
other genotypes within the population, as would occur in
a complete selective sweep. Similar “epidemic” population
structures have been observed in global collections of some
bacterial pathogens (Feil et al. 2001). It has been suggested
that this epidemic population structure may result from se-
lection of certain clonal types that have increased pathoge-
nicity, antibiotic resistance, or ability to evade the immune
system or through neutral microepidemics resulting from
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transmission in local populations (Feil and Spratt 2001;
Fraser, Hanage, and Spratt 2005). The fact that we observe
a similar epidemic structure in S. islandicus indicates that
this type of structure is not limited to the unique lifestyle of
bacterial pathogens. Epidemic clonal expansions may occur
continuously in microbial populations without the severe
selective constraints imposed by human activity.

The mechanism of genetic exchange and recom-
bination in natural populations of S. islandicus remain
mysterious. Species of crenarchaea have components of
homologous recombination systems that are more similar
to those found in eukaryotes than bacteria (Seitz, Haseltine,
and Kowalczykowski 2001). Potential agents of gene trans-
fer have been identified for Sulfolobus species (Schleper
et al. 1995; Martusewitsch, Sensen, and Schleper 2000;
Rice et al. 2001), and genetic marker exchange has been
demonstrated under laboratory conditions (Grogan 1996).
The mechanism of gene transfer in the hot spring environ-
ment through any of these systems has not been determined,
and the frequency with which they may facilitate recombi-
nation is unknown.

If homologous recombination efficiency in archaea
decreases with genetic divergence (Majewski and Cohan
1998; Daubin, Moran, and Ochman 2003), the model of
microbial population dynamics described above predicts
that recombination provides cohesion among closely re-
lated individuals in a process analogous to the cohesion
in biological species of sexual eukaryotes (Dykhuizen
and Green 1991). Evidence for this pattern of genetic ex-
change has been observed in two recent studies of the spe-
cies from the euryarchaeal kingdom of the archaeal domain
that identified evidence for recombination but did not assess
its affect on natural population structure. The first study re-
covered recombinant genome fragments of Ferroplasma
type II from the community genome sequence of a biofilm
growing on acid mine drainage (Tyson et al. 2004). By re-
constructing the genome sequences from three euryarchaeal
members of this community, Tyson et al. inferred that re-
combination break points occurred approximately once
every Skb when nucleotide sequences were >98% similar
(i.e., within Ferroplasma type II species), but found very
few instances of recombination between more diverged se-
quences, (i.e., between Ferroplasma type I and II species),
which averaged 77% nucleotide identity. More recently,
Papke et al. (2004) demonstrated evidence for recombina-
tion in the halophilic euryarchaeon Halorubrum isolated
from Spanish salterns. Although significant nucleotide
diversity was identified among strains isolated for this
study, here too, the majority (all but one) of recent recombi-
nation events (as seen by SLVs) were identified between
individuals that showed very little sequence divergence.
In combination with these studies, our demonstration of
high rates of recombination in Sulfolobus islandicus, shows
that recombination is a fundamental force maintaining di-
versity with natural microbial populations and providing
cohesion within species of the archaeal domain.

Supplementary Material

All sequences have been submitted to GenBank with
accession numbers AY740403-AY740423.
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