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Abstract
Sulfolobus islandicus has been developed as a model system for combining approaches of evolutionary
and molecular biology in Archaea. We describe how the application of this interdisciplinary approach can
lead to novel hypotheses derived from patterns of natural variation that can be tested in the laboratory
when combined with a diversity of natural variants and versatile genetic markers. We review how this
approach has highlighted the importance of recombination as an evolutionary parameter and provided
insight into a molecular mechanism of recombination that may be unique in the archaeal domain. We
review the development and improvement of the model system S. islandicus that will enable us to study
the mechanism and genomic architecture of recombination guided by evolutionary genomic analysis of
Nature’s ongoing experiments in wild populations.

Background
Although historically studied as unique and independent
disciplines, the fusion of evolutionary and molecular biology
has led to great advances in our understanding of the
interactions among different scales of life from cells to
populations of organisms (see [1] for a review of two
examples). Research at the interface of these two fields is
able to utilize molecular approaches to validate evolutionary
hypotheses obtained from population genomics studies,
while also lending important evolutionary perspectives to
findings at a molecular level [2]. The synthesis of evolutionary
and molecular biology has currently found favour in model
eukaryotes such as Drosophila [3] and Saccharomyces [4],
yet any organism with clearly defined patterns of natural
variation among closely related individuals and a tractable
genetic system could be a model system for research
at this junction. Although tractable genetic systems are
commonplace in the Bacteria and Archaea, complementary
studies of natural variation in members of these domains are
scarce [5–8]. Rarely have micro-organisms been exposed to
this powerful synthesis. In the present review, we highlight
the development of Sulfolobus islandicus as a model system
for research at the molecular–evolutionary junction. We focus
on a demonstration of the power of these tools in combination
to study genetic exchange in Archaea.

Hypotheses developed from patterns of
natural variation
Traditional molecular microbiology seeks to eliminate natural
variation, restricting variables to only those introduced in
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the laboratory. Although this approach was successful
in the 20th Century, our understanding of the evolutionary
process is limited to hypotheses generated a priori. Population
genomics, made possible by high-throughput genome
sequencing and environmental genomics, has now revealed
both novel mechanisms of evolution [9] and new molecular
systems [10] that could not have been imagined a priori by
examining a few individual captive strains in the laboratory.
To gain new insights into evolutionary processes, patterns
of natural variation must be examined at a population scale,
focusing on closely related strains and therefore on recent
evolutionary events. This level of evolutionary resolution
eases the attribution of evolutionary and phenotypic
consequences to specific genomic differences and greatly
simplifies linking genotype and phenotype in the laboratory
by decreasing the number of variables changed between
strains. In addition, this evolutionary scale allows inference
about the interaction between fundamental evolutionary
parameters, such as mutation, selection, gene flow and neutral
genetic drift. A precaution for these types of studies, however,
is that careful consideration of sampling strategies is essential
to answer specific questions [5].
As an example of using population genomics to examine
and identify essential evolutionary processes, we review the
development of S. islandicus as a model system to study
recombination in Archaea. The Euryarchaea have received
some attention for the effects of recombination in natural
populations both in Halorubrum [11] and Ferroplasma [12],
as well as empirical evidence for recombination among species
of halophilic archaea [13]. In the Crenarchaea, recombination
has been explored extensively at the molecular level using
Sulfolobus acidocaldarius as a model system [14–18]. We were
interested in recombination in S. islandicus, because it is a
fundamental parameter that defines the process of evolution
[19], and because we and others hypothesize that the study of
this process in Crenarchaea may help to identify molecular
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Figure 1 Phylogeny of the Red and Blue species of S. islandicus
The Red and Blue species are two sympatric divergent lineages deﬁned
by low rates of interspecies genetic exchange as described further in [5].
Tree built from an alignment of whole genome core nucleotide positions
using ClonalFrame. Scale bar, units of substitutions per 1000 sites.

Two mechanisms maintain coexisting species: intrinsic
barriers to gene transfer and ecological barriers. Sulfolobus
cells have been shown to aggregate in response to UV
irradiation through UV-inducible type IV pili, and this
response mediates the exchange of DNA between cells in
the divergent species S. acidocaldarius [16,29]. A barrier to
recombination could be an inability of cells to successfully
generate mating pairs and exchange DNA, an inability to
recombine exchanged DNA or synthetic lethality from the
combination of new alleles. Ecological speciation would
occur if two species are “haunting different stations” [30],
or utilizing different resources, within a single hot spring.
Owing to the difficulty in recognizing biologically relevant
environmental heterogeneity at the microbial scales of time
and space, distinguishing between these hypotheses must be
resolved in the laboratory using a genetic system that works
for a diversity of strains.

Building versatile tools for wild
S. islandicus strains

systems present in the common ancestor of Archaea and
Eukaryotes [20–23].

Evolutionary analysis of a single isolated
population
Population studies showed that a geographically isolated
S. islandicus population from the Mutnovsky volcano in
Kamchatka, Russia [24], was more diverse than North American S. islandicus populations [25]. In addition, multi-locus
sequence analysis demonstrated evidence of recombination in
this population [26]. Evolutionary hypotheses for this pattern
included that the Mutnovsky population was older, more
stable or more highly recombining than the North American
populations. To better test these hypotheses, we conducted an
additional population genomic analysis of diversity within a
single hot spring from the Mutnovsky region. This study
revealed a fourth, unexpected, pattern in which diversity
within the Mutnovsky population was maintained by the
coexistence of two sympatric species of S. islandicus [5]
(Figure 1). Species are defined because genome analysis shows
higher rates of recombination within than between them
[5,27,28]. While solving one mystery about diversity in the
Mutnovsky population, this study opened up new questions
and hypotheses about mechanisms of speciation that demand
genetic tools to investigate in the laboratory.

Great strides have been made recently in establishing
S. islandicus as a model system for studying the biology of the Archaea from both biochemical and genetic
standpoints. There now exist multiple selectable markers,
efficient electroporation-based transformation techniques,
homologous-recombination-based gene-knockout systems,
and shuttle-vector-based gene reporter and overexpression
systems [31–35]. We have been exploiting versatile genetic
markers, especially efficient markers for positive selection,
as well as developing new experimental tools to investigate
the processes of marker exchange and recombination in
S. islandicus, thereby testing hypotheses developed from
observations of natural populations.
Our aim is to empirically test hypotheses regarding marker
exchange in S. islandicus in order to elucidate the role
of genetic exchange in microbial speciation. Specifically, if
intrinsic barriers exist, strains of two different sympatric
species will cross at a lower frequency than strains of the
same species in the laboratory. Initial efforts focused on
isolating various genotypes of uracil auxotrophs in strains
of S. islandicus that fit into the two distinct species, which
is readily achieved by spreading wild-type cells on to
nutritive plates containing 5-FOA (5-fluoro-orotic acid) and
uracil. Attempts to conduct a selection for uracil prototroph
recombinants similar to those carried out in S. acidocaldarius
failed [18], owing to the fact that even uracil auxotrophs
can grow on plates lacking uracil. This was not surprising,
as this ‘leaky’ phenomenon of uracil-based selection has
been widely reported in genetic manipulations of several
hyperthermophiles. It is still unclear why uracil selection
is exhibited stringently in S. acidocaldarius and Pyrococcus
furiosus, yet has no utility in S. islandicus, S. solfataricus or
Thermococcus kodakarensis [34,36–39].
Because selection for uracil auxotrophs failed in
S. islandicus, an additional genetic marker was needed. The
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Figure 2 Mating assay for studying marker exchange in S. islandicus
(a) Tester strain pyrEF − lacS − was crossed with the M.16.04 wild-type strain. (b) Tester strain pyrEF − lacS − argDC − was
crossed with the M.16.27 wild-type strain. Presence of lacS activity causes hydrolysis of X-gal, resulting in blue colonies.
White colonies are lacS − .

assay was modified by introducing a mutation of the reporter
gene lacS, which encodes β-galactosidase. A genetically stable
uracil auxotrophic strain with a precise deletion of pyrEF
(encoding orotidine-5 -monophosphate pyrophosphorylase
and orotidine-5 monophosphate decarboxylase respectively)
was constructed in the M.16.04 wild-type S. islandicus strain
using a gene-knockout system based on simvastatin selection,
in which an overexpression cassette of the HMG-CoA (3hydroxy-3-methylglutaryl-CoA) reductase gene (hmgR) was
used as a selectable marker [34]. This marker-free pyrEF
deletion mutant was used further as a background strain
to delete the lacS gene using the same strategy, generating
pyrEF and lacS double-deletion mutants (C. Zhang and R.J.
Whitaker, unpublished work). Using the double mutant as a
tester strain, a mating system was set up in which wild-type
M.16.04 was mixed with the tester strain with or without
UV irradiation and then spread on to 5 -FOA-containing
plates. Two apparent genotypes arise from this process: the
tester strain pyrEF − lacS − , or recombinant pyrEF − lacS +
(Figure 2a). We estimated a rate of recombination using this
system of approximately 10 − 3 and 10 − 4 with and without
UV irradiation respectively, once corrected for spontaneous
mutation in the pyrEF locus of the wild-type strain.
The necessity for blue/white screening limits the
detection power for finding recombinants on plates
when recombination rates are very low (<10 − 5 ). Also,
it was difficult to isolate and purify blue colonies from
the tens of thousands of surrounding white colonies.
Therefore a more sophisticated exchange system relying
on multiple efficient selection markers was required. The
pyrEF − lacS − double mutant was used in conjunction with
a hybrid pyrEF/lacS-selectable marker to delete the arginine
decarboxylase-encoding gene, argDC, via marker-less gene
deletion, generating a triple mutant. Growth analysis showed
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that the triple mutant was unable to grow in liquid medium
or on plates without agmatine; however, normal growth was
restored upon supplementation with agmatine. Furthermore,
genetic complementation of the triple mutant with a
functional copy of argDC in trans can convert mutants from
agmatine auxotrophs into prototrophs (C. Zhang and R.J.
Whitaker, unpublished work). This clear phenotype made
it possible to apply argDC as a reliable marker. Unlike the
previous system with dominant growth of the tester strain,
this modified system only allows the growth of recombinants
and spontaneous mutants (Figure 2b). Similarly, there are
also two genotypes on these plates, pyrEF − lacS − argDC +
and pyrEF − lacS + argDC + ; however, low frequencies
can be estimated with greater confidence. The colonies can
be analysed by X-gal (5-bromo-4-chloroindol-3-yl
β-D-galactopyranoside) staining and PCR diagnosis.
Genetic tools now provide a means to test the hypothesis
and identify the genetic basis for intrinsic barriers to
recombination among closely related strains, should they
exist.

Additional questions generated by
population genomic studies
Additional information about how the mechanism and
genome structure contribute to patterns of recombination
can be derived from population genomic data. Figure 3 shows
population differentiation between the two species measured
throughout the genome using a sliding-window approach to
see how different regions varied in their signal of fixation
between species. This analysis showed that there is a mosaic
of speciation in which a few large regions of the genome
are highly differentiated between species and do not share
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Figure 3 Differentiation between species occurs in large genomic continents
F st (ﬁxation index) values from comparisons of the Blue and Red species are plotted for 10 kb windows with 5 kb steps. The
line represents the 10 kb average of F st . Grey bars represent windows with less than 5 kb of core nucleotide positions and
are not analysed. High F st values indicate increased differentiation, and low F st values indicate reduced differentiation.

variation, whereas other regions of the chromosome were less
differentiated, implying that variation is shared [40,41]. This
mosaic of speciation could be driven by variation in selection,
mutation or recombination across the chromosome. Previous
studies have suggested that variation in genetic diversity
similarly exists in more divergent isolated strains also driven
by one of these three mechanisms [42,43]. Population
genomic analyses of a single population allow us to test
how genomic variation in these three processes contributes
to these patterns. These results can be confirmed by
investigating patterns of recombination in laboratory crosses
using natural SNPs (single nucleotide polymorphisms) as
genetic markers and high-throughput genomic sequencing.
Remaining questions as to the mechanisms that cause
variation in recombination, mutation or selection around the
chromosome and whether the mechanism of genetic exchange
contributes to the pattern that we observe can now be tested
in the laboratory. Resolving the answers to these questions
requires a molecular approach that explores a diversity of
strains as described above.

loci and the selection pressures that are imposed on them,
evolutionary trajectories defined by geographic isolation,
genetic drift and speciation, and the basis of virus–host coevolutionary interactions. In addition, a synthetic approach
can reveal a great deal about molecular mechanisms such
as mutation, transposition and horizontal gene transfer.
Applying this sort of synthesis to organisms from the third
domain is sure to uncover novel insights into evolutionary
and molecular biology that could not have been imagined
without looking outside the laboratory.
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Concluding remarks
S. islandicus is poised to become a model system in which
one can combine evolutionary inference with molecular
tools. We have demonstrated how a synthetic approach
can provide insight into the molecular mechanisms of
recombination within archaeal populations. Future studies
hold great promise to define these mechanisms and how
recombination is distributed around the genome. Application
of a similar synthetic approach has been used to identify
and experimentally test essential rapidly evolving genomic
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