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Review article

Divergence with gene flow – the amphibian perspective
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Advances in molecular and computational biology as well as in population genetics theory open new avenues in the study
of speciation, for example enabling the explicit estimation of the amount of gene flow that has occurred during population
divergence. Developments in two areas seem particularly important. First, novel coalescent-based methods can be
applied to multilocus sequence data to infer the time of population divergence, long-term effective population sizes and
their changes and the extent of gene flow between diverging populations. Second, the advent of ultra high-throughput
sequencing technologies enable the inexpensive generation of vast amount of sequence data for any organism. Many
amphibian species have been shown to be incompletely reproductively isolated and can hybridize for prolonged periods
of time, making them ideal models to study the divergence of populations to form new taxa despite ongoing gene flow.
Here I discuss the new findings emerging from multilocus DNA sequence-based approaches that have already been
applied in amphibian population genetics. I also outline future directions of research, emphasizing the utility of parallel
sequencing technologies together with methods of population genetic and phylogenetic inference, which are likely to
provide a better understanding of the process of population differentiation and divergence to ultimately form new
species.
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION

There are almost 6,500 described amphibian species
(Frost, 2009), a number which is rapidly increasing

due to the discovery of new species in tropical areas and
to a lesser extent as a result of taxonomic revisions
(Hanken, 1999; Kohler et al., 2005; Fouquet et al., 2007).
Some aspects of amphibian biology such as low dispersal
abilities often result in a high degree of spatial structure,
but widespread hybridization between species and the
ability to exchange genes for prolonged periods of time
may hamper the description of true relationships between
populations and species. Thus, the delimitation of spe-
cies often requires information on both morphology and
multilocus DNA sequence variation throughout the geo-
graphic range. On the other hand, the features listed
above also make amphibians a group that is well suited to
study the initial stages of speciation, when reproductive
isolation is not complete. Both species delimitation and
understanding processes of population divergence over
space and time are longstanding questions in evolution-
ary biology (Sites & Marshall, 2003; Hey, 2006).

The focus in speciation studies and the approaches to
study the process of divergence have changed with the
development of new species concepts, speciation models
and advances in both laboratory and computational meth-
ods (Coyne & Orr, 2004; Noor & Feder, 2006; Schluter &
Conte, 2009). The biological species concept (Mayr, 1942)
defines species as reproductively isolated groups and
focuses on the evolution of reproductive isolation. It is

tightly linked to allopatric (isolation) models of
speciation, in which two populations accumulate differ-
ences in complete isolation from each other.
Reproductive isolation is seen as the result of the emer-
gence of genomic incompatibilities sensu
Bateson–Dobzhansky–Muller (Bateson, 1909;
Dobzhansky, 1936; Muller, 1942), or related mechanisms
(Coyne & Orr, 2004; Masly et al., 2006; Phadnis & Orr,
2009). In this model, given enough time, the development
of reproductive isolation is an inevitable consequence of
isolation and the process of speciation can be accelerated
by divergent selection (Rice & Hostert, 1993; Fitzpatrick,
2002). Allopatric speciation has been uncontroversial and
is believed to be the most common mechanism leading to
the formation of new species in most animals (Coyne &
Orr, 2004). At the other extreme, however, populations
can also diverge in sympatry with no external barriers to
gene flow, in a process driven by divergent selection (e.g.
Rundle & Nosil, 2005; Barluenga et al., 2006; Savolainen
et al., 2006; Bolnick & Fitzpatrick, 2007) or frequency de-
pendent disruptive selection (Dieckmann et al., 2004).

Strict isolation and migration models can be linked by a
continuum of scenarios with different levels of gene flow
(Rice & Hostert, 1993; Butlin et al., 2008; Fitzpatrick et al.,
2008, 2009a; Mallet et al., 2009). Gene flow can be re-
stricted spatially or temporally and can be limited to
certain parts of the genome (Wu, 2001; Wu & Ting, 2004;
Mallet, 2007; Yatabe et al., 2007; Nosil et al., 2009; Via,
2009). Apparently natural selection prevents
introgression of some parts of the genome between di-
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verging populations, while other parts may introgress
more easily (reviewed in Nosil et al., 2009). These non-
introgressing parts are expected to contain genes
responsible for reproductive isolation and species-spe-
cific adaptations, and have been termed “genomic islands
of speciation” (Turner et al., 2005). There has been con-
siderable recent interest in the characteristics of such
regions in the genome and the mechanisms of their main-
tenance (Ting et al., 2000; Harr, 2006; Via & West, 2008).
During a selective sweep in a single population, a spread
of an adaptive allele together with neutral sites close to
the selected locus produces a “valley of diversity”. How-
ever, the effect of a selective sweep is transient, due to the
accumulation of new mutations via drift and the levels of
diversity in the valley that are rebuilt. In subdivided
populations, islands of divergence can be maintained be-
cause selection acting in one subpopulation reduces
gene flow and effective recombination between
populations. This mechanism is termed “divergence
hitchhiking” and can explain the maintenance of large ge-
nomic islands of differentiation (Via & West, 2008).
However, empirical studies have found rather small ge-
nomic islands of differentiation (sunflowers: Yatabe et al.,
2007; malaria mosquitoes: Turner et al., 2005).

One of the key questions in speciation studies is how
much gene flow occurs during the initial phases of
speciation. The increasing availability of DNA polymor-
phism data and advances in analytical and computational
techniques now allows us to directly address questions
about the patterns of gene flow during speciation. How
often do the early stages of speciation occur in the face of
gene flow? How common is speciation with gene flow?
How many and which genes are involved in divergence
and which parts of the genome can be easily exchanged
between diverging populations? What is the role of eco-
logical factors in divergence with gene flow? These are
major areas of research in current speciation studies.

Divergence population genetics aims at inferring the
evolutionary history of populations or recently diverged
species, and is mostly used to study divergence with
gene flow. Sequence data can be used in the framework of
divergence models to extract information on long-term ef-
fective population sizes, times of divergence and patterns
and times of gene flow between populations. The math-
ematical framework applied in divergence models is based
on the coalescent theory (Wakeley, 2009), which de-
scribes the ancestry of a random sample of sequences
drawn from a contemporary population. One of the most
important consequences of the stochastic nature of the
coalescent is the commonly observed discordance be-
tween species trees and individual gene trees due to
shared ancestral polymorphisms and incomplete lineage
sorting (Nichols, 2001). Different genealogical histories of
various parts of the genome will be particularly common
when studying closely related species in which both in-
complete lineage sorting and interspecific gene flow may
contribute to a conflict between gene trees and species
trees. Multilocus sequence data allow us to distinguish
between patterns arising due to the stochastic nature of
the coalescent process and differential gene flow. Thus, it

is essential to use information from many unlinked loci to
infer demographic parameters and the timing of migration
between diverging species, and to evaluate the possible
role of selection.

Here I discuss new findings from DNA sequence-
based multilocus studies on divergence population
genetics and speciation in amphibians, with a special em-
phasis on the divergence of populations despite gene
flow between them. The focus will be placed on closely
related, often incompletely reproductively isolated spe-
cies. I will also briefly discuss some peculiar features of
amphibians that make them an interesting but also diffi-
cult group to study. Finally, I will try to outline future
directions of research that I consider most promising and
exciting.

AMPHIBIANS – CRYPTIC STRUCTUREAMPHIBIANS – CRYPTIC STRUCTUREAMPHIBIANS – CRYPTIC STRUCTUREAMPHIBIANS – CRYPTIC STRUCTUREAMPHIBIANS – CRYPTIC STRUCTURE
AND WIDESPREAD HYBRIDIZATIONAND WIDESPREAD HYBRIDIZATIONAND WIDESPREAD HYBRIDIZATIONAND WIDESPREAD HYBRIDIZATIONAND WIDESPREAD HYBRIDIZATION

Within amphibians, there is often no consistent relation-
ship between rates of species diversification and
morphological evolution, with evidence for rapid diversi-
fication occurring with little morphological change and
vice versa (Adams et al., 2009, based on studies on
plethodontid salamanders). Indeed, many amphibian spe-
cies exhibit extreme levels of population structure and
genetic differentiation over relatively small geographical
areas with no morphological divergence (Highton, 1995;
Kozak et al., 2006), and many have been found to be mor-
phologically “cryptic” species (Hanken, 1999; Chek et al.,
2001; Fouquet et al., 2007; Lemmon et al., 2007). On the
other hand, amphibians are also known to retain the abil-
ity to exchange genes for a very long time (Wilson et al.,
1974; Prager & Wilson, 1975; Vences & Wake, 2007; but
see Sasa et al., 1998) and hybridization is a well known
phenomenon with many examples of various kinds of hy-
brid zones (e.g. Szymura, 1993; Babik et al., 2003;
Fitzpatrick & Shaffer, 2004; Sequeira et al., 2005; Arntzen
et al., 2009). New molecular methods of revealing cryptic
and hybridizing species can also indicate species groups
that may have been diverging in the face of gene flow, and
give an exciting opportunity to study several aspects of
speciation and the role of gene flow in population diver-
gence.

MULTILOCUS STUDIES ONMULTILOCUS STUDIES ONMULTILOCUS STUDIES ONMULTILOCUS STUDIES ONMULTILOCUS STUDIES ON
AMPHIBIANSAMPHIBIANSAMPHIBIANSAMPHIBIANSAMPHIBIANS

The majority of amphibian DNA sequence studies pub-
lished so far have been based on mtDNA data alone.
However, inferences about species/population histories
based on one locus are often misleading, as they do not
reveal whole genome patterns and cannot describe com-
plex evolutionary histories (Zhang & Hewitt, 2003). The
up to four times smaller mtDNA effective population size
in comparison to nuclear loci may cause an oversimplifi-
cation of evolutionary history (the process of lineage
sorting, when alleles in the two diverging species/
populations become reciprocally monophyletic, is ex-
pected to proceed faster in mtDNA), a distortion due to
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selection on mtDNA (Ballard & Whitlock, 2004; Hurst &
Jiggins, 2005), or an underestimation of genetic diversity
(stronger action of drift on mtDNA, with the possibility of
recurrent selective sweeps; Bazin et al., 2006).

Another widely used class of markers, microsatellites,
may provide a large number of loci that are evenly distrib-
uted across the genome. However, repetitive DNA is
often characterized by a high mutation rate, departures
from the strict stepwise mutation model and a high fre-
quency of homoplasy, resulting in difficulties in
describing relationships between alleles. These features
make microsatellites of limited use in phylogenetics and
divergence population genetics. Moreover, developing
new microsatellites in amphibians is often a challenging
task due to their huge genomes (Garner, 2002; Gregory,
2005).

Single copy nuclear sequence markers provide much
more information about genealogical relationships among
alleles. Patterns of genetic differentiation contain informa-
tion on times of divergence and population sizes, as well
as current and past gene flow, and can be applied in the
framework of divergence models. There have been just a
few studies on closely related amphibian species utilizing
nuclear multilocus sequence data (Weisrock et al., 2006;
Gamble et al., 2008; Fitzpatrick et al., 2009b; Themudo et
al., 2009) and even fewer studies that made explicit at-
tempts to study the process of population divergence in
the face of gene flow over time (Niemiller et al., 2008;
Nadachowska & Babik, 2009).

Species boundaries and shallow phylogeniesSpecies boundaries and shallow phylogeniesSpecies boundaries and shallow phylogeniesSpecies boundaries and shallow phylogeniesSpecies boundaries and shallow phylogenies

The case of Mexican ambystomatid salamanders exempli-
fies the utility of a multilocus approach in a recently and
rapidly radiating clade (Weisrock et al., 2006). The
Ambystoma tigrinum complex is a recently derived and
extremely morphologically diverse group, with species
undergoing metamorphosis as well as species that are
facultatively or obligately paedomorphic. The complex
has been extensively studied for over 20 years. Obligate
paedomorphosis has been shown to evolve multiple times
from a facultatively paedomorphic ancestor (Shaffer,
1984; Shaffer & Voss, 1996); however, even the most mor-
phologically divergent species retain the ability to
hybridize (Voss & Shaffer, 1996; Riley et al., 2003;
Fitzpatrick & Shaffer, 2004). Weisrock et al. (2006) aimed
at determining species boundaries in a facultative
paedomorph, Ambystoma ordinarium, which has been
shown to comprise at least two different mtDNA lineages
indicating that the group might not be a monophyletic
taxon (Shaffer & McKnight, 1996; Highton, 2000). The
authors analysed mtDNA data sets and eight unlinked
nuclear loci derived from an EST library. The mtDNA
based phylogenetic tree revealed no distinct clades and
general non-monophyly of species, in contrast to most
nuclear loci, two of which reveal exclusive monophyly,
two reveal paraphyly and one reveals polyphyly. The au-
thors argued that the observed discordance of gene trees
can be explained by both historical introgression and in-
complete lineage sorting due to the retention of ancestral
polymorphisms in descendent populations (Pamilo & Nei,

1988). This study constitutes a good example of how a
combination of past hybridization and retention of ances-
tral polymorphisms can lead to striking differences in
gene and species trees even among extremely morpho-
logically divergent and currently allopatric species.

Due to the limited opportunity for a phylogenetic sig-
nal to accumulate between successive speciation events,
the reconstruction of the evolutionary history of young
species pairs is difficult. Themudo et al. (2009) used
mtDNA and five nuclear loci to resolve the relationships
of the rapidly radiated crested newt superspecies
(Triturus, Salamandridae). The radiation was dated to 8–
11 million years ago. The authors applied a new
hierarchical Bayesian approach to construct the species
tree (Edwards et al., 2007; Liu & Pearl, 2007; see below).
The resulting species tree was almost fully resolved, and
showed previously undetected branching events and
deep differentiation in two lineages of T. karelini, which
the authors proposed to elevate to full species.

The last example in this section concerns morphologi-
cally very similar species with substantial levels of
genetic differentiation. There are many examples of
changes in taxonomic practice in “cryptic” amphibian
species after applying molecular tools. In the vast major-
ity of cases, these judgments are based on mtDNA alone
(e.g. Austin et al., 2002; Moriarty & Cannatella, 2004).
Only a few studies have used mtDNA and allozymes (e.g.
Pauly et al., 2007), or mtDNA and one nuclear locus (e.g.
Crawford, 2003; Timpe et al., 2009). Gamble et al. (2008)
used three nuclear loci and mtDNA to study the genea-
logical relationships between the subspecies of two
species of cricket frogs (Acris crepitans and A. gryllus).
They found discordances between morphological and
vocalization data and the distribution of evolutionary lin-
eages as inferred from genetic markers. Based on
combined mitochondrial and nuclear analyses, the au-
thors proposed to elevate one of the subspecies to
species status (A. blanchardi).

Divergence with gene flowDivergence with gene flowDivergence with gene flowDivergence with gene flowDivergence with gene flow

Only two studies have so far explicitly attempted to study
divergence in the face of gene flow over time in amphib-
ians. Niemiller et al. (2008) studied the Tennessee cave
salamander complex (Gyrinophilus palleucus, all
obligately paedomorphic) and its terrestrial and metamor-
phosing sister species, the spring salamander (G.
porphyriticus), to find out whether cave salamanders
arose in allopatry or by divergence with gene flow. Sev-
eral coalescent-based methods were used to study levels
of gene flow in mtDNA and a RAG-1 gene fragment and to
address potential discordances between the species and
gene trees. Specifically, the authors applied an “isolation
with migration” model, which assumes that a single an-
cestral population split into two descendent populations
t generations ago; since then, the populations may (or
may not) have been subject to gene exchange. They used
the recently updated version of the program IM (IMa,
Hey & Nielsen, 2007) to obtain the distribution of mean
time of migration events and to distinguish between sce-
narios of secondary contact and hybridization versus
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continuous divergence with gene flow. In contrast to the
traditional view, the authors found strong evidence that
Tennessee cave salamanders originated from spring sala-
manders via divergence with gene flow, indicating an
ecological mode of speciation.

A similar approach was used by Nadachowska & Babik
(2009) to study the evolutionary history of two subspe-
cies of the smooth newt (Lissotriton vulgaris vulgaris
and L. v. kosswigi). The authors used sequence variation
at eight nuclear loci and mtDNA to study diversity, diver-
gence and patterns of gene flow. They found asymmetric
introgression of mtDNA from vulgaris to kosswigi.
Phylogenetic trees of nuclear loci revealed clearly distinct
clades in four studied markers and haplotype-sharing be-
tween subspecies in one anonymous nuclear locus.
Despite deep, pre-Pleistocene divergence, IMa analyses
provided evidence for ongoing migrations from vulgaris
to kosswigi. By comparing temporal distributions of mi-
gration between subspecies with the estimated
divergence time, the authors found signatures of more
ancient gene flow, indicating that initial divergence might
have occurred in the face of gene flow.

Heterogeneous introgression in hybrid zonesHeterogeneous introgression in hybrid zonesHeterogeneous introgression in hybrid zonesHeterogeneous introgression in hybrid zonesHeterogeneous introgression in hybrid zones

Multilocus approaches provide the opportunity to study
heterogeneities in the frequencies of introgressed alleles
across the genome and the dynamics of secondary con-
tact hybrid zones. Genetic interactions of hybridizing
species can result in hybrid dysfunction, increased hy-
brid vigour, or rapid introgression. These scenarios were
traditionally viewed as mutually exclusive. However,
natural selection can act differentially on different genes,
preventing introgression of some parts of the genome
while other parts may introgress more readily (Nosil et al.,
2009). Thus, variation at different loci within the same
hybrid population can be shaped by various population
genetic processes. Fitzpatrick et al. (2009b) studied admix-
ture dynamics in recently initiated hybrid populations of
barred tiger salamanders (Ambystoma mavortium) and
Californian tiger salamanders (A. californiense). The au-
thors analysed 64 EST markers and found variable levels
of introgression across studied loci and populations.
Few, strongly selected alleles displaced or almost dis-
placed native alleles within hybrid populations. This
study constitutes convincing evidence that in recently
established hybrid zones some loci can undergo rapid
selective sweeps and quickly go to fixation. In long-estab-
lished hybrid zones, such loci can mistakenly be
considered as ancestral shared states that never di-
verged. The system studied provided a rare opportunity
to unravel the history of rapid selective sweeps, because
good pre-contact reference populations still exist and the
hybrid zone is young enough to study genes before they
have gone to fixation.

FUTURE DIRECTIONSFUTURE DIRECTIONSFUTURE DIRECTIONSFUTURE DIRECTIONSFUTURE DIRECTIONS
New sequencing technologiesNew sequencing technologiesNew sequencing technologiesNew sequencing technologiesNew sequencing technologies

The advent of ultra high-throughput sequencing has
opened up unprecedented opportunities to study the di-
vergence between species and populations at the
genomic level. There are several technologies currently

available; the most popular are Roche 454FLX, Solexa
Illumina GA and ABI Solid (Shendure & Ji, 2008), which all
sequence 4 × 108 – 5 × 1010 basepairs of DNA in a single
analysis, and the throughput increases rapidly, although
the individual reads are usually shorter that in classical
Sanger sequencing. The 454 Roche technology is prob-
ably the most interesting in this respect, as it provides the
longest read length (currently 400–500 bp).

A promising method that takes advantage of new
sequencing technologies is CRoPS (Complexity Reduc-
tion of Polymorphic Sequences; van Orsouw et al., 2007),
enabling rapid scoring in population studies of hundreds
of sequence markers from any genome. The method com-
bines AFLP technology (Amplified Fragments Length
Polymorphisms), which is based on selective PCR amplifi-
cation of DNA fragments obtained from restriction
enzyme digestion of total genomic DNA, with next gen-
eration sequencing technologies (454). The reduced
representation of the genome obtained  (AFLP fragment
libraries sequenced and aligned) is scanned for SNPs
(Single Nucleotide Polymorphisms) using fully-auto-
mated bioinformatics tools. The method is especially
efficient in organisms for which large-scale genotyping
may be difficult due to lack of extensive genome sequence
information, high proportions of highly repetitive DNA
fragments in large genomes and/or low levels of
polymorphisms. Amphibians are known to have large
genomes (Gregory, 2005), with a high proportion of
noncoding and repetitive DNA. Furthermore, to date ex-
tensive genome sequence information is available only
for Xenopus (Silurana) tropicalis (http://
www.ncbi.nlm.nih.gov/genome/guide/frog/).

Another promising prospect is provided by the study
of transcriptomes, which should provide a wealth of data
including variation of adaptive significance. Using new
sequencing technologies and new automated
bioinformatic pipelines, it is possible to sequence whole
transcriptomes and assemble transcripts de novo (Vera et
al., 2008; Meyer et al., 2009). Transcriptomes can be
scanned for divergent genes, genes with fixed
nonsynonymous mutations and genes with signals of
positive selection resulting in the identification of candi-
date genes for adaptations. Genome scans can be
particularly informative when applied to closely related
populations with ongoing hybridization (Schluter &
Conte, 2009), where identification of parts under diver-
gence selection and genes that easily flow between two
species is crucial for understanding the dynamics of hy-
brid zones and the divergence process in more detail.

Coalescent–based methods of inferenceCoalescent–based methods of inferenceCoalescent–based methods of inferenceCoalescent–based methods of inferenceCoalescent–based methods of inference
from DNA sequencesfrom DNA sequencesfrom DNA sequencesfrom DNA sequencesfrom DNA sequences

There has been enormous theoretical progress in popula-
tion genetics and coalescent theory in recent years
(Kuhner, 2009; Wakeley, 2009). Despite existing theoreti-
cal models showing that speciation can occur in the face
of gene flow (for a review, see Bolnick & Fitzpatrick, 2007),
convincing empirical evidence has been scarce (Coyne &
Orr, 2004). One of the most serious problems has been to
distinguish divergence with gene flow in the early stages
of speciation from gene flow after secondary contact. The
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two most popular methods currently available are IM and
IMa (Hey & Nielsen, 2004, 2007) and MIMAR (Becquet &
Przeworski, 2007, 2009). Further methods based on ABC
(Approximate Bayesian Computation) were developed by
Ross-Ibarra and colleagues (RI-ABC; Ross-Ibarra et al.,
2009). IMa and MIMAR both use multilocus sequence
data to infer effective population sizes (ancestral popula-
tion size and descendent population sizes), time of
ancestral population split and levels of gene flow between
descendent populations. IMa analyses full polymorphism
spectra and is sensitive to intra-locus recombination. In
contrast, MIMAR uses summary statistics to estimate the
model parameters and can be applied to data with signs of
intra-locus recombination. Both programs have been
used to study patterns of gene flow between differentiat-
ing populations (Bull et al., 2006; Kronforst et al., 2006;
Carling & Brumfield, 2008; Niemiller et al., 2008; Stadler et
al., 2008; Nadachowska & Babik, 2009), although only
IMa provides distributions of the number and mean time
of migration events. This method has been used to study
divergence in cave salamanders (Niemiller et al., 2008) and
smooth newts (Nadachowska & Babik, 2009). In both
cases, the authors argued that initial divergence might
have occurred in the face of gene flow (see above).

The third method, RI-ABC (Ross-Ibarra et al., 2009),
may use data with or without intralocus recombination to
test alternative models of population divergence explic-
itly, including an isolation model, a migration model, an
isolation with migration model in sympatry where gene
flow occurs only during initial stages of population differ-
entiation and is followed by complete isolation, and an
allopatric model followed by secondary contact and gene
flow. This method was introduced only recently and so
far has been used to infer historical divergence and gene
flow in the genus Zea (Ross-Ibarra et al., 2009); it gives
the exciting prospect of explicitly testing divergence with
ongoing gene flow against divergence in isolation with
subsequent gene flow after secondary contact.

A similar approach that can be used together with
methods implemented in the programs mentioned above
is to run coalescent simulations (e.g. SIMCOAL – Laval &
Excoffier, 2004; SIMDIV – http://lifesci.rutgers.edu/
~heylab/HeylabSoftware.htm) to test the fit of the data to
various models of population divergence. Assuming sce-
narios with different levels and times of gene flow after a
population split, one can compare summary statistics
(such as nucleotide diversity, p or Fst) obtained from
simulated data under an assumed model (scenario) with
the values of summary statistics calculated from real data.
With multilocus sequence data increasingly easy to ob-
tain, these techniques and their modifications should find
widespread application in the study of the complex evolu-
tionary histories of amphibian species.

Bridging phylogenetics and populationBridging phylogenetics and populationBridging phylogenetics and populationBridging phylogenetics and populationBridging phylogenetics and population
geneticsgeneticsgeneticsgeneticsgenetics

The true relationships of closely related species can often
be obscured by incomplete sorting of ancestral
polymorphisms (see above). Incomplete lineage sorting
can be especially pronounced in species with certain evo-
lutionary histories (such as recent divergences) and can

be observed for a longer period of time in cases of high
population sizes (Hudson & Coyne, 2002). Both recent
divergences (e.g. Weisrock et al., 2006) and large popula-
tion sizes can be found in amphibians (Crawford, 2003;
Carnaval & Bates, 2007; Fouquet et al., 2007;
Nadachowska & Babik, 2009). In such cases, discordance
between gene trees from different loci may be common.
There is an ongoing discussion of how researchers
should deal with such data (Edwards, 2009). The com-
monly used concatenation method, where sequences
from different genes are combined into one
“supersequence” to construct a phylogeny, is likely to be
misleading because unlinked loci throughout the genome
have different histories (Mossel & Vigoda, 2005;
Carstens & Knowles, 2007; Kubatko & Degnan, 2007;
Matsen & Steel, 2007). An increasing number of newly
developed coalescent-based methods now incorporate
independent loci in phylogenetic inference, taking popu-
lation genetic processes underlying species divergence
into account (Maddison, 1997; Degnan & Salter, 2005;
Maddison & Knowles, 2006; Ane et al., 2007; Carstens &
Knowles, 2007; Edwards et al., 2007; Liu & Pearl, 2007;
Oliver, 2008; Kubatko et al., 2009). These methods either
identify the species tree that maximizes the probability of
a set of genealogies given the species tree (e.g. Maddison
1997; COAL – Degnan & Salter, 2005, ESP-COAL –
Carstens & Knowles, 2007), minimize the amount of deep
coalescence (deep coalescence measures the discord-
ance between a gene tree and a species/population tree
by assuming that all discordances between trees are just
due to incomplete lineage sorting and counting extra gene
lineages) to estimate species phylogeny (e.g. MDC –
Maddison, 1997; Maddison & Knowles, 2006; imple-
mented in the Mesquite package, Maddison & Maddison,
2008), or apply Bayesian hierarchical models and use joint
distribution of gene trees for many loci given a species
tree as a prior (e.g. BEST – Edwards et al., 2007; Liu &
Pearl, 2007; Liu, 2008). For more examples and more de-
tailed discussion of multilocus molecular systematics, see
Edwards (2009).

Incomplete lineage sorting at the initial stages of
speciation results in discordance between gene trees, al-
though the same pattern will be observed when there is
ongoing gene flow between diverging populations. Thus,
it is often difficult to conclude whether shared
polymorphisms are the result of the retention of ancestral
polymorphisms or recent migration. Undoubtedly, esti-
mating species phylogenies in complex systems with
unclear patterns of gene flow is one of the most challeng-
ing tasks in evolutionary biology. To my knowledge,
there has been only one simulation study to date which
examined the influence of gene flow on phylogenetic sig-
nal comparing three methods (concatenation, ESP-COAL
and MDC) of species multilocus tree inference under four
different models (n-island, stepping stone, parapatric,
allopatric) and different levels of gene flow (low, moder-
ate, high) (Eckert & Carstens, 2008). The simulations
showed that, in contrast to the coalescent-based meth-
ods, the concatenation method performed poorly, even in
the face of gene flow (with the exception of n-island and
stepping stone models with moderate to high gene flow).
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When more than four loci were sampled, the probability of
finding the true species tree increased substantially.
Nonetheless, care is needed when interpreting the result-
ing trees. Further work is certainly required, but the
substantial development in recent years is promising and
will have an impact on future research (Edwards, 2009).

CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS

Several aspects of amphibian biology, such as cryptic
structure, widespread hybridization and the ability to ex-
change genes for long periods of time, make them an
excellent system for the study of longstanding issues in
evolutionary biology, including divergence in the face of
gene flow. So far there have only been a limited number of
studies on amphibians using multilocus sequence data;
nevertheless these studies have already advanced our
understanding of the mechanisms of divergence and his-
torical gene flow in animals. The development of new
molecular and computational tools is expected to boost
multilocus studies of nonmodel organisms. New
sequencing technologies and coalescent-based methods
of inference from multilocus sequence data are of special
interest and can be extremely useful in the field of amphib-
ian divergence and speciation.
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