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Recent advances in assessing gene flow between
diverging populations and species

Jody Hey

The evolutionary process of divergence, which ultimately leads
to the generation of new species, is thought to occur usually
without any gene exchange between the diverging populations.
However, until the recent growth of multi-locus datasets, and
the development of new population genetic methods, it has
been very difficult to assess whether or not closely related
species have, or have not, exchanged genes during their
divergence. Several recent studies have found significant
signals of gene flow during species formation, calling into
question the conventional wisdom that gene flow is absent
during speciation.
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Introduction

If one discovers that two species are zof reproductively
isolated but have actually been hybridizing and exchan-
ging genes, what is the first question to ask? For some
practical concerns, the relevant question is the semantic
one of ‘should they be identified as separate species?’. But
a more basic evolutionary question is ‘how did the species
separate from each other if they have been exchanging
genes?’ Species are nearly always identified because some
kind of divergence (e.g. morphological or genetic) from
other species has been discovered. We also know that it
only takes a small amount of gene flow to keep two
populations from diverging [1]. So if divergence has
happened and gene exchange has also been happening,
then there is a conundrum.

The general answer to the puzzle is that divergence can
happen at some genes, even if there is gene exchange for
other genes. Hybrids carry a full set of genes from each
population, but backcross hybrids do not, and so it is
possible for some genes to pass between populations if

backcross hybrids vary in their fitness depending on which
genes they carry. In this way, natural selection, acting
differently in two diverging populations, can prevent gene
flow at some genes (i.e. the genes at which divergence is
occurring) and can enable other genes to pass between the
populations. In other words, divergence in the presence of
gene exchange implies that natural selection is playing an
active role in the divergence process [2—4].

"This review covers recent developments and applications
in the detection and estimation of gene flow between
species that have recently diverged. Given that a number
of studies have found evidence for gene flow, it appears
that divergence and speciation may often occur in the
presence of gene flow.

Population genetics and divergence

When one population separates into two, genetic variation
will be shared for some period of time even in the absence
of gene exchange [5-7]. Figure 1 shows an example of how
genealogies are more likely to coalesce within species if
separation times are longer ago. If the sizes of both popula-
tions are large, and gene trees are deep within populations,
then genealogies and genetic variation might be shared at
some genes for very long periods of time, possibly even
after the populations have diverged and become reproduc-
tively isolated species. This means that it is possible to
sequence a copy of a gene from one species and find that it
is more similar to a gene from a closely related species than
itis to another copy of the gene from the same species. This
will happen simply by chance if the populations separated
only recently, even if there is no gene exchange. So the
challenge is to determine whether or not genetic variation
that is shared by both populations is simply a remnant of
variation in the common ancestor or if it is due to gene
exchange after the population started to separate.

Gene flow revealed by differences among
genes

If population genetic data are available from multiple loci,
for each of two divergent populations or species, then the
patterns of variation at the different genes can be con-
trasted with one another. A history of divergence with
gene flow is generally indicated if some loci show little
divergence and others show a large amount of divergence,
such that the variation in divergence among the different
genes 1s greater than expected under a model without
gene flow [8].

In recent years, findings of this sort have mostly come
from insect species, including Drosophila species [9-11],
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Figure 1
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Population-splitting events are depicted as an ancestral (gray) population splitting into green and red descendant populations. (a) Recent
population splitting. (b) Older population splitting. In each figure a genealogy for a set of sampled gene copies is shown to demonstrate how
genealogies can be intermingled. This occurs more for samples from two closely related populations (a), than for populations that have been

separated for a longer time (b).

Hawaiian crickets [12], and the larch budmoth [13]. A
particularly illuminating case arises among the ‘M’ and ‘S’
forms of the mosquito Anopheles gambiae, which are dis-
tinguished and identified on the basis of diagnostic single
nucleotide polymorphisms (SNPs) and on being partially
reproductively isolated from each other. The two forms
belong to the same species, and they have broadly over-
lapping geographic ranges. A genome scan found just
three small portions of the genome — on three different
chromosomes — that are differentiated between the two
types [14°]. The pattern fits very well with what might be
expected in the early stages of speciation by sympatry.
The two sympatric populations have diverged at multiple
points in the genome, and this divergence causes partial
reproductive isolation. Importantly, the pattern is also
consistent with modeling work and data that suggest that
the genes in which divergence does happen, when there
is gene flow, are likely to be in areas of restricted recom-
bination [15,16]. Two of the three genome-regions that
are divergent in A. gambiae are located near centromeres,
where crossing over is greatly reduced.

In some of these cases, the contrast is so great between
the apparent histories of different genes that a conclusion
of differential gene flow seems inescapable. However, the
variance among loci in the degree to which they share
alleles can be surprisingly large, even under a model of no
gene flow [7,17]. 'This point raises the need for a statistical
approach in which the null model has zero gene flow for
the sampled loci.

Statistical approaches to inferring gene flow

Figure 2 shows a graphical model that represents an
ancestral population that split, at a specific point in time,
into two populations, after which there might have been
gene exchange in one or both directions. The model can
be represented in mathematical terms by six parameters,
including the effective population sizes of the ancestral

and descendant populations (N4, and N; and N, respec-
tively), the splitting time (#), and two gene-flow para-
meters (72; and m,). Called the ‘isolation with migration’
[18], it is a form of ‘divergence with gene-flow’ model [4]
that permits a fully mathematical, coalescent treatment of
the problem [19,20]. For questions on gene flow, two
general approaches have been developed to use this
model statistically.

The simplest approach is to fit the data to the model,
assuming no gene flow, and then to test whether the
quality of the fit between data and model is so bad that the
assumption of a zero gene flow model must be rejected
[8,21].

Recently a much fuller likelihood-based approach was
developed by extending Felsenstein’s classic equation to
the isolation with migration model. The Felsenstein
equation, which was a conceptual breakthrough — not
a mathematical one — shows how a dataset and the
parameters of a population genetic model can be related
to one another, by treating the unknown genealogy (G) as
a dummy variable that is removed by integration [22]:

Pr(Data|Parameters) = Z Pr(Data|G)Pr(G|Parameters)
G

Actually approximating the solution to this requires an
appropriate mutation model for the data, for calculation of
Pr(Data|G), a probabilistic model of gencalogies (i.c. a
coalescent model) suitable to the problem for the calcula-
tion of Pr(G|Parameters), and an efficient way to sample
from the possible set of genealogies. Nielsen and Wake-
ley [23] figured out how to adapt this framework to the
isolation with migration model by casting the problem in a
Bayesian framework. Their method is not fast, because it
relies on a Markov chain Monte Carlo simulation, but it is
flexible, and recently it has been extended to multiple
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The ‘isolation with migration’ model. An ancestral population of effective size N, separated at time t into two descendant populations of effective
sizes N; and N,. After the population separation, genes are exchanged at rates m; and m,.

loci for the full six-parameter model in Figure 2 [24°], as
well as to including a variety of mutation models [25,26].
The method is implemented in a computer program,
called IM for ‘isolation with migration’ (http://lifesci.
rutgers.edu/~heylab/HeylabSoftware.htm#IM).

The output of the IM program is a curve — one for each of
the six model parameters — that is an estimate of the
posterior probability of that parameter, given the data. In
most cases, the curve can be treated as a likelihood
surface from which the location of the peak identifies
the maximum-likelihood estimate of that particular para-
meter, and the fall-off away from the peak can be used
to estimate confidence intervals of that estimate. For
example, if the migration parameters have the highest
probability at zero, then the estimated migration rate
is zero, and if the estimated probability of zero migra-
tion is itself near zero, then one can reject a migration of
zero.

An example from chimpanzees

Figure 3 shows examples of migration parameter curves
for the central and western subspecies of common chim-
panzee, Pan troglodytes troglodytes and Pan troglodytes verus,
respectively [26]. In the case of gene flow from P. 7
troglodytes to P. t. verus, the curve has a peak near zero,
and the probability of the peak is very near to what the
probability is at zero. In this case, we cannot reject a
migration rate of zero. However, in the reverse direction,
the peak is far from zero, and the estimated probability of
zero gene flow is zero, and so we can reject a model of no
gene flow from P. 7. verus to P. t. troglodytes. The full

analysis of these subspecies suggests a separation time of
about 400 000 years ago, whereas the divergence between
the common chimpanzees and the bonobo (Pan bonobo)
was estimated to be about 900 000 years ago [27].
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Output from the isolation with migration (IM) program for the two
migration parameters for an analysis of two chimpanzee subspecies,
Pan troglodytes verus and Pan troglodytes troglodytes. For each value of
each parameter, the graph shows the estimated probability that that is
the true value of the parameter, given the data.
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The IM approach is now in frequent use and has yielded
some surprising findings that are not just restricted to
questions on gene flow. For example, three pairs of
Heliconius butterfly species [28] where found to have been
exchanging genes, but also to have speciation times
estimated in the hundreds of thousands of years. The
time depth in years is surprising because of the short
generation time of these species (i.e. less than two
months). Therefore, even though the butterflies diverged
from each other on a time-scale similar to that experi-
enced by the chimpanzees, in population genetic terms
the time depth for the butterflies is many times greater.
Not all studies find evidence of gene flow, however. For
example, pair-wise analyses of three populations of rain-
forest skinks estimated gene flow to be zero in all but one
case, and in the non-zero case the rate was not signifi-
cantly different from zero [29].

Separate migration rates for different

genes

A variation on the basic six-parameter method is to fit a
model in which every locus in the dataset is provided with
a pair of gene-flow parameters [30]. This model can
explicitly incorporate the differential gene flow that is
expected if gene flow azd divergence are both occurring.
Bull ¢z a/. [31°] studied two of the three Heliconius species
(Heliconius cydno and Heliconius melpomene) studied by
Kronforst e a/. [28], and also found evidence for gene
flow. However, in this case, by running a model in which
each locus has distinct gene-flow parameters, they could
reject zero gene flow at one nuclear locus, Mpi (mannose-6-
phosphate isomerase), but not at any of three other loci.
Another recent study using the locus-specific migration
parameters looked at two subspecies of the European
rabbit (Oryctolagus cuniculus) [32] and, again, loci differed
in their apparent histories of gene flow. The migration
rate estimates for two loci near centromeres were not
significantly different from zero, but zero migration could
be rejected for two other loci.

Conclusions: understanding speciation

These recent findings of gene flow between divergent
populations and species seem to suggest that gene flow
is a common feature of the early stages of the divergence
process. This is surprising for two reasons. First, these
examples come not from populations that have recently
separated but from different populations or species
that have been clearly identified on the basis of diver-
gence. Second, it has at times been claimed that gene
flow is rare or non-existent between populations that
continue to diverge and become species [33]. The recent
findings that have come from applying population
genetic methods to the divergence process undermine
this view, although it is too soon to appreciate just how
frequently divergence and speciation happen with, and
without, gene flow. It is also important to recognize
that these population genetic findings fit well within

other considerations of the speciation process that
emphasize processes other than strict biogeographic
separation. In recent years, speciation discussions have
focused increasingly on the roles of selective agents,
such as ecological factors [34-37], competition within
sexes (i.e. sexual selection) [38], and reinforcement
[39].
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