TREE-1140; No of Pages 8

Cell

P RESS

Reproductive isolation grows on trees

Leonie C. Moyle' and Bret A. Payseur?

" Department of Biology, Indiana University, Bloomington, IN 47405, USA
2 Laboratory of Genetics, University of Wisconsin, Madison, WI 53706, USA

Despite rapid advances in the complementary fields of
speciation genetics and molecular phylogenetics, little
attention has been devoted to understanding how
genetic changes associated with reproductive isolation
accumulate across clades of species. We argue that
comparative analyses of reproductive isolation QTL
(quantitative trait loci) can generate unique insights into
the underlying mechanisms of speciation. By revealing
the timing and evolutionary progression of genetic
changes underlying reproductive isolation, these
approaches allow the direct evaluation of conceptual
and theoretical predictions, such as the ‘snowball effect’,
within a statistically robust hypothesis-testing frame-
work. We outline the potential and challenges of this
synthetic framework, with the aim of stimulating empiri-
cal and theoretical progress towards understanding the
mechanisms that underlie the origin of species.

Two complementary approaches to understanding
speciation

Speciation is of special interest to evolutionary biologists.
Although the nature of species has been debated for at
least 150 years [1,2], most contemporary researchers
accept that one important component of speciation is the
evolution of barriers to interbreeding between diverging
lineages, because these barriers enable the preservation of
evolutionarily independent units. Two complementary
fields provide essential information about this process.
The reconstruction of phylogenetic history uncovers the
relationships and timing of divergence among species,
whereas the genetic dissection of reproductive barriers
reveals the genetic changes involved in speciation. The
last three decades have seen dramatic advances in both
fields. From relatively simple models of trait change, soph-
isticated phylogenetic frameworks for understanding the
evolution of DNA sequences and quantitative traits are
now well developed, as are the computational tools
required for broad-scale application of these approaches
[3-6]. The revival of interest in the evolution of traits
contributing to reproductive isolation has also been
remarkable [2]. Much of this enthusiasm has been stimu-
lated by the application of quantitative trait locus (QTL)
mapping and associated molecular and functional
approaches, to dissecting the genetic basis of isolating
traits in numerous study systems, including both animals
and plants (Box 1). In many of these systems, empirical
data on reproductive isolation loci are available or
emerging for multiple species pairs within the same clade
[7-10], and some studies have begun to reconstruct the
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evolutionary history of individual ‘speciation loci’ (e.g. Refs
[11-14]).

Despite this progress, there are surprisingly few com-
parative studies of the genetic basis of reproductive iso-
lation, as measured via the predominant approach to
speciation genetics, QTL mapping. Here we argue that
comparative studies of reproductive isolation QTL can
provide unique mechanistic insights that cannot be gained
from other strategies, including comparative studies of
reproductive isolation phenotypes. We also identify two
primary obstacles to comparative studies of isolation QTL:
empirical constraints on the generation of appropriate
data and a lack of powerful analytical methods. Through-
out, we focus specifically on the value of comparative QTL
mapping studies of reproductive isolation because QTL
mapping is the most common strategy for understanding
the genetic architecture of species barriers, and the most
feasible approach for generating the required comparative
data, especially in non-model systems. Accordingly, when
we refer to ‘speciation genetics’ approaches we are refer-
ring to QTL mapping studies, although we recognize that
the genes that contribute to species barriers can be ident-
ified in other ways (Box 1).

Unique biological inferences from comparative analyses
of reproductive isolation QTL

Comparative approaches can provide unique insights into
speciation. This is amply demonstrated by studies that
have examined associations between either rates of specia-
tion or reproductive isolation phenotypes and biological
variables predicted to underlie cladogenesis (Box 2). Incor-
porating phylogenetic history into speciation studies
improves biological realism. Modeling the effects of
phylogenetic relatedness when examining patterns of
divergence recognizes that lineages generally begin as
reproductively integrated populations and then progress-
ively accumulate barriers to successful interbreeding
(although new species can also, more rarely, arise via
hybridization [15]). Comparative studies can also manage
the biological and statistical dependencies that arise when
examining numerous species pairs that have individual
species or sections of their phylogenetic history in common
(Box 2). For example, isolating barriers appearing between
two taxa early in their evolutionary divergence are likely to
be present in all species subsequently descended from each
of these progenitor lineages. Most importantly, by provid-
ing a statistically robust framework in which more than
one species or species pair (for reproductive isolation
studies) can be analyzed, comparative speciation studies
can evaluate broader evolutionary patterns within and
between groups (Box 2). Although detailed studies of
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Box 1. The genetics of reproductive isolation
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An explosion of research into the genetic basis of species barriers has
occurred in the last 30 years [2]. Quantitative trait locus (QTL)
mapping, the most widespread of these approaches, involves cross-
ing two genotypes (often different species) to generate recombinant
hybrid populations. In these populations, taxon-specific molecular
markers are used to locate chromosomal regions (QTL) that are
statistically associated with the expression of reduced fitness at one
or more reproductive stage(s) in hybrid individuals (see Box 3 Figure
1). For example, post-zygotic isolation QTL are chromosomal locations
that are significantly associated with the expression of sterility or
inviability phenotypes. The goal of these QTL studies is to describe
the number of loci involved, the sizes of their phenotypic effects, their
modes of gene action, their locations in the genome and (ultimately)
their underlying molecular bases.

QTL mapping can identify the genetic basis of a variety of isolating
barriers. This approach has been applied to trait differentiation that
might contribute to prezygotic isolation between species [39], in some
cases establishing a direct mechanistic link between specific QTL
differences and prezygotic isolating barriers [63]. QTL underlying
hybrid intermediacy that could contribute to extrinsic (environment-
specific) postzygotic reproductive isolation have also been identified
in several systems [44,64]. Perhaps most commonly, studies have
successfully mapped QTL underlying intrinsic hybrid sterility or
inviability, including between animal species from Drosophila

individual species pairs are essential for understanding
divergence processes, an important goal of speciation stu-
dies is to identify generalities in the mechanisms respon-
sible for the formation of new species.

Although comparative approaches have provided
insight into the pattern and process of speciation, this
framework has yet to address several fundamental ques-
tions about the underlying mechanisms of reproductive
isolation, including its genetic basis and detailed evolution
through time. By contrast, by identifying the number and
phenotypic effects of loci responsible for reproductive iso-
lation, studies of the genetics of speciation between indi-
vidual species pairs provide this necessary mechanistic
information, but only for limited snapshots of divergence
time. These single case studies are unable to reconstruct

Box 2. Phylogenetic comparative approaches to speciation

[35,36,38], mosquito [65], and mouse [40-42], and plant species from
Solanum [22,66], Helianthus [67], Oryza [10,68] and Mimulus [8,69],
among other organisms. Individually, each of these studies provides
a snapshot of the ‘genetic architecture’ underlying barriers to
interbreeding between two lineages. Other complementary ap-
proaches, including deletion mapping [37] and hybrid rescue muta-
tions [17] have also been used to uncover the genetic basis of species
differences that contribute to reproductive isolation.

It is important to recognize that most QTL identified in mapping
studies are chromosomal regions with statistical effects on a
phenotype, rather than specific genes. As such, one QTL could
contain multiple genetic factors that contribute to trait variation. By
contrast, in several cases the precise genetic changes underlying
hybrid inviability and sterility have been identified [11,16-21].
Several such ‘speciation genes’ have been analyzed for their
clade-wide patterns of molecular evolution, to determine when
and where the relevant molecular changes took place [12,13,16,70].
Ultimately these cases provide the greatest resolution about the
mechanisms of divergence during speciation. However, because
QTL mapping is currently the predominant approach to speciation
genetics, and is likely to remain so for all but the most well studied
systems into the immediate future, we focus exclusively on this
approach when discussing comparative approaches to speciation
genetics.

the order and timing of causal genetic changes, or to
evaluate general patterns or predictions about the accumu-
lation of isolation over an entire clade. Achieving these
goals requires combining the perspective of comparative
approaches with the mechanistic insight of genetic studies,
to develop comparative genetics of speciation. Ideally, this
new approach would focus on the individual genes involved
in species barriers. However, the identification of these
genes remains a significant challenge, even though the list
of genes involved in species barriers continues to grow
[11,16-21] (Box 1). As long as QTL mapping remains the
‘state of the art’ for most empirical systems, comparative
studies will focus on this approach. Table 1 summarizes a
suite of problems we propose would be best addressed with
comparative analyses of reproductive isolation QTL.

Closely related species often share biological features solely because
of their recent common ancestry. Accordingly, hypothesis tests that
include multiple closely related species must take into account the
potential statistical and biological dependencies that can arise from
shared history. In order to understand the evolutionary dynamics of
character change [6,61], comparative approaches aim to differentiate
evolutionary trends or patterns caused by common underlying
mechanism(s) from those that simply result from this shared
phylogenetic history

Phylogenetic comparative approaches have contributed substan-
tially to our understanding of speciation. By reconstructing the
phylogenetic history of large clades, heterogeneity in the relative
rates of speciation and extinction can be measured [71-73]. The
comparative framework also allows the identification of associations
between measures of diversification (including speciation rates and
reproductive isolation phenotypes) and biological variables thought
to underlie cladogenesis (reviewed in Ref. [2]). For example,
comparative studies have suggested correlations between elevated
rates of speciation and the frequency or intensity of sexual selection
[74], the switch to phytophagy in insects [75], or differences in the
parasite species richness among host species [76].

Comparative studies have also specifically examined the accumula-
tion of reproductive isolation phenotypes by evaluating the relation-
ship between phylogenetic distance (as a proxy for time since

divergence) and one or more metrics of pairwise reproductive
isolation, using multiple pairs of species in a clade (e.g. Refs [77-
80], reviewed in Ref. [2]). In general, these studies reveal an increase
in the strength of reproductive isolation phenotypes over increasing
evolutionary divergence as well as, in some cases, differences in the
rates of accumulation of isolation phenotypes that act at different
reproductive stages [2]. These studies have also incorporated or
adapted phylogenetic comparative methods to take into account the
statistical and biological dependencies that come from examining
multiple species pairs that share one or more individual taxa in
common. For example, a modified Phylogenetic Independent Con-
trasts method [3] uses nested averaging of reproductive isolation to
reduce all pairwise comparisons across a node to a single comparison
[77,81].

Appropriately corrected comparative methods have also been used
to examine more directed questions about the evolution of isolation
phenotypes. For example, Noor [82] used a phylogenetically based
comparative method to evaluate evidence for ‘reinforcement’ by
comparing the strength of prezygotic isolation between triads of
Drosophila species, each of which includes one sympatric and one
allopatric species pair. In this way, rather than posing a statistical
problem of non-independence, the shared evolutionary history of
species is used as a tool to provide insight into the process of
speciation.



TREE-1140; No of Pages 8

Trends in Ecology and Evolution Vol.xxx No.x

Table 1. Hypotheses about the evolution of reproductive isolation that can be tested with comparative isolation mapping

Prediction

Testable null hypothesis

Postzygotic isolation grows faster than linearly with time
(‘snowball effect’ [8])

Prezygotic isolation evolves before postzygotic isolation
(e.g. due to rapid evolution of traits involved in sexual
selection [87] or sexual conflict [88])

Prezygotic isolation evolves by reinforcement

Number of QTL contributing to isolation is linearly proportional to branch length

No difference in where prezygotic and postzygotic isolation QTL occur on
the phylogeny

Clades that have species with historical range overlaps accumulate isolation

QTL at the same rate as clades without range overlaps

Isolation is driven by natural or sexual selection

Number of isolation QTL is linearly proportional to branch length;

Isolation QTL are uncorrelated with phylogenetic shifts in putative agents of

selection
Isolation QTL are randomly distributed with respect to trait shifts on the phylogeny

Isolation is catalyzed by or causes shifts in organismal
biology (e.g. outcrossing rate, recombination rate)

Below, as illustrations, we expand on two specific appli-
cations of this approach to salient issues in speciation
genetics.

The evolutionary order and timing of reproductive
isolation mutations

Reproductive isolation QTL that differ between species
pairs must have evolved along non-shared branches of a
phylogeny (Box 3 Figure I). Conversely, where shared QTL
among more than one species cross are due to the same
underlying genetic change, this change must have occurred
along an evolutionary branch shared by all species
involved in the comparison. Thus, simply identifying hom-
ologous versus lineage-specific QTL in a phylogenetic con-
text can broadly delimit the timing of the origin of new
‘isolating’ alleles at these loci [22]. Precisely pinpointing
the evolutionary timing of shared alleles is likely to be
more complex, although additional biological information
could help to resolve this challenge (Box 3).

The ability to delimit the evolutionary timing of QTL
allows hypothesis testing about the relative importance of
specific genetic changes during different stages of diver-
gence. For example, there is considerable debate about
which isolating barriers are first associated with species
differentiation [2]. Examining the accumulation of differ-
ent isolation phenotypes over increasing evolutionary dis-
tances can go some way to addressing this question (Box 2).
However, by ordering the evolution of isolating QTL in
time, comparative analyses can implicate which loci and
corresponding barriers evolved ‘early’ versus ‘late’ with
respect to an evolutionary split between two lineages. Such
studies also enable other mechanistic observations, in-
cluding whether the relative size (magnitude of phenotypic
effect) of these traits differs between early versus late
accumulating QTL. Although there are well developed
expectations about the distribution of effect sizes of loci
underlying adaptive change [23,24], comparable predic-
tions are not yet available for reproductive isolation loci.
Conceivably, the effect sizes of isolation loci might be
expected to increase over evolutionary time because the
potential for incompatibility will grow as genomes and
developmental systems become increasingly divergent.

Similar comparisons of relative timing or changes in
effect size could be conducted between different classes of
reproductive barrier or different ecological conditions. Tes-
table predictions include how and when different kinds of
isolating barrier are expected to develop, as well as the
influence of external (e.g. geographical), biological (e.g.

mating system, population structure and genetic architec-
ture of reproductive isolation), or mechanistic (e.g. genetic
drift versus natural selection) factors on this rate of
accumulation (Table 1). For example, major ecological
shifts causing rapid evolutionary change might be respon-
sible for the accelerated accumulation of isolation at one or
more stages [25]. This could be tested by evaluating
whether evolutionary branches associated with ecological
shifts also show enriched accumulation of isolation QTL, in
groups with lineages that occur in several distinct ecologi-
cal conditions.

Evaluating theoretical predictions: The ‘snowball effect’
for postzygotic reproductive isolation

Much of the available mathematical theory of speciation is
population genetic, focusing on the accumulation of
mutations that underlie reproductive isolation, rather
than on the isolation phenotypes themselves [26]. An
especially useful theoretical framework has been the Dobz-
hansky-Muller model, which describes the evolution of loci
underlying postzygotic reproductive isolation (hybrid
inviability and sterility) [27-29]. Specifically, this model
proposes that hybrid dysfunction is due to negative epis-
tastic interactions between alleles that have indepen-
dently arisen and been fixed in geographically separate
populations. Because incompatibilities are due to dis-
rupted interactions between two or more loci, this model
predicts that the number of hybrid incompatibilities
[‘Dobzhansky-Muller Incompatibilities’ (DMIs)] that iso-
late two lineages should increase faster than linearly with
divergence time — the ‘snowball effect’ [27]. Similar logic
predicts that the expected number of DMIs between two
species increases exponentially from the root to the tips of a
phylogeny [22].

Comparative QTL analyses provide the data necessary
to test such predictions. For example, in Box 3 Figure I the
snowball effect between species 1 and 3 can be tested
because the rooted tree topology (1, (2,3)) allows each
isolation QTL acting between these two species to be
assigned to branches above and below the most recent
common ancestor of species 2 and 3. Although there is
strong empirical support for the mechanisms postulated to
produce the snowball effect — including the existence of
DMIs - the effect itself has never been tested. Statistically
and biologically robust comparative analyses of isolation
loci are essential for evaluating theoretical expectations
such as the snowball hypothesis. These analyses could
also provide a framework for evaluating more directed
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Box 3. Reconstructing the sequence of origin of reproductive isolation QTL by comparative mapping

Given a known set of phylogenetic relationships among a group of
species, and high-quality QTL mapping data from multiple species
pairs within this group (Figure la), information about the evolu-
tionary order and timing of specific QTL can be inferred (Figure Ib).
For illustration we show only a three species phylogeny, although
larger trees can provide more informative and robust comparative
analyses. Among the three depicted species in the Figure, isolation
QTL unique to species pair (1,2) or (1,3) must have evolved along
nonshared evolutionary branches between species 1 and 2 (branch
c), or species 1 and 3 (branch b). (Note that this reconstruction says
nothing about the allelic changes that underlie isolation between
species 2 and 3.) Reconstructing the timing of origin of unique QTL is
therefore relatively straightforward in the scenario where isolation
alleles, once gained between two lineages, permanently contribute
to barriers between all descendent species of these lineages. This
assumption might be more or less reasonable, depending on the
type of barrier under consideration. For example, intrinsic post-
zygotic isolating barriers are generally considered ‘irreversible’ [2].
By contrast, for potentially more labile traits such as those
contributing to ecologically mediated isolation or differentiation in
reproductive timing, transitions between ‘isolating’ and ‘nonisolat-
ing’ states might be more frequent. As additional information about
the lability of different isolating traits accumulates, more complex
phylogenetic models that incorporate reversible changes can be
constructed.

In contrast to delimiting the timing of unique QTL, at least two
challenges face the phylogenetic reconstruction of QTL apparently
shared among more than one species pair. The first is largely
empirical: shared loci are identified as co-localizing to the same
genomic region; however, co-localized QTL need not be underpinned
by exactly the same (i.e. evolutionarily homologous) mutation. (By
contrast, in cases where the precise DNA change underlying species
barriers is known, it is more straightforward to establish homology
via sequence comparisons). This challenge can be met empirically.
For example, if co-localized QTL from different species crosses are
homologous, they are not expected to complement each other (i.e.
restore species interfertility) when genetically combined. Therefore,

(a) | ] 1] v

M M ~ ~

10 |

I I :ﬂ® §

_@@ 3 |

16

even without knowing the underlying DNA change, standard genetic
approaches can be used to evaluate hypotheses about underlying
homology.

The second (arguably larger) challenge is analytical. For any single
allelic change that is shared (homologous) among more than one
species pair, there are always at least two evolutionary scenarios
consistent with its evolutionary origin, and therefore at least two
possible phylogenetic reconstructions of the underlying mutation. For
example, in Figure |, shared (homologous) QTL between sp1-sp2 and
sp1-sp3 hybrids could have evolved along branch a or d. In some
cases, resolution might be relatively straightforward. For example, in
each QTL mapping population, the allele that is consistently
associated with the expression of incompatibility could suggest
which species has the derived allele, and therefore delimit the
evolutionary change to one of the two alternative branches. None-
theless, resolution is likely to be more complex for some reproductive
isolation traits. The genetic changes that typically underlie postzygo-
tic hybrid incompatibility (DMls), for example, are necessarily
epistatic; they are the product of disrupted interactions caused by
allelic changes at two or more loci. Therefore, for these traits an
additional problem to be considered is which of the two (or more)
genetic interactors is being mapped at a given QTL. This complexity is
amplified by the possibility that DMIs could be due either to
interactions between derived alleles in the two diverging lineages or
to derived-ancestral interactions (i.e. interactions between loci that
have both undergone substitutions in one of the lineages [27]),
although theory indicates that the former interactions should occur
more commonly [27]. In principle, reconstructions are possible for
multiple partners when epistatic combinations of loci are identified
through mapping, but will be more complex than reconstructions for
loci underlying non-epistatic loci that can contribute to other forms of
reproductive isolation.

This challenge of deciding which of the two (or more) possible
evolutionary scenarios is better explained by shared QTL data is one
that could benefit from further theoretical attention. The addition of
more species will also probably aid in resolving the phylogenetic
timing of shared genetic changes.

(b)

sp1 sp2 sp3

TRENDS in Ecology & Evolution

Figure I. Evolutionary accumulation of reproductive isolation loci. (a) Mapping data showing the genomic location of isolation QTL acting between species pairs (1,2)
and (1,3). QTL are labeled with circled numbers. Roman numerals indicate chromosomes 1 to 4. (b) A rooted phylogeny describing relationships among the three
depicted species, and the proposed evolutionary timing of changes contributing to reproductive isolation based on QTL that are unique to either species pairs (1,2) or
(1,3) or shared (homologous) between (1,2) and (1,3). Circled numbers correspond to QTL labeled in (a). Question-marks indicate ambiguous evolutionary
reconstructions for the adjacent QTL. Letters a, b, c, d label the four evolutionary branches on this three species phylogeny.

hypotheses about subsets of species pairs within a clade,
such as whether the number of shared hybrid incompat-
ibility loci between different groups of species pairs is
greater (or less) than would be expected based on the
known phylogenetic relationships between species. Devi-

ations from expected values could occur if a particular
evolutionary branch (or branches) had experienced an
acceleration or deceleration of DMI accumulation. Such
tests also could be applied to data on QTL for other kinds of
isolating barriers (Table 1). Finally, existing comparative
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methods could be modified to test for a direct association
between the rate of accumulation of DMIs and the number
of speciation events (nodes) within a phylogeny [30].

Challenges to comparative isolation mapping

Given the accepted value of comparative analyses in evol-
utionary biology, and the rapid proliferation of QTL
underlying reproductive isolation in the literature, why
are there not more comparative analyses ofisolation QTL?
Limitations on these studies are partly explained by the
logistical and practical challenges of gathering appropri-
ate data from multiple taxon pairs within a clade. QTL
mapping is expensive and time-consuming, and has often
proceeded on an ad hoc basis depending upon the interests
of particular researchers. Nonetheless, these factors do
not completely explain the lack of comparative QTL
analyses of reproductive isolation, for there are many
comparative QTL analyses of other kinds of quantitative
genetic traits (e.g. Refs [31-33]). Rather, the primary
obstacles appear to be twofold: first, historically there
have been unique experimental constraints on QTL
studies of reproductive isolation, which have limited the
availability of appropriate comparative data; and second,
there are some crucial analytical methods and tools
that must be developed to address problems specific to
reproductive isolation data. Fortunately, neither of these
challenges is insurmountable.

Historical experimental limitations on comparative
isolation QTL data
Genetic analyses of reproduction isolation have unique
experimental constraints. In particular, the most appro-
priate ‘evolutionary window’ in which to examine the
genetics of species barriers is more circumscribed than
for other kinds of phenotypes: the taxonomic units
examined must be sufficiently diverged to express repro-
ductive isolation (e.g. sub-species and above) but still inter-
fertile enough to allow genetic analyses [2]. This problem is
amplified in the context of comparative analyses, which
require multiple taxon pairs in the same clade.
Nonetheless, the recent explosion of QTL studies of
reproductive isolation suggests that this experimental
challenge can be met by concentrating on experimentally
appropriate biological systems. For example, the expan-
sion of isolation mapping studies to include subspecific
taxon pairs has added valuable chronological breadth to
our picture of how and when isolation QTL accumulate
(e.g. Refs [34,35]). In fact, some of the most successful
models for the genetics of speciation satisfy the criteria
necessary for comparative analyses of reproductive iso-
lation QTL. Drosophila, for example, already has the
potential to integrate multiple different mapping studies
that examine reproductive isolation at different taxonomic
levels or at different stages (e.g. Refs [35-39]). The ecolo-
gically diverse plant group Mimulus has already been the
focus of detailed QTL analyses of barriers to interbreeding
among multiple groups at different taxonomic levels [8,34].
Similarly, agricultural and medical model systems in-
cluding tomato, rice and mouse contain many diverse
and inter-fertile taxa, have sufficient molecular genetic
tools to enable the development of multiple mapping popu-
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lations, and feature studies of isolation phenotypes among
one or more taxon pairs [9,10,22,40-42]. Other ecological
and evolutionary model systems, such as the plant group
Aquilegia (columbines) [43] and the animal group Gaster-
osteus (sticklebacks) (e.g. Refs [44-46]), are particularly
well suited to studying the genetic basis of prezygotic and
extrinsic postzygotic isolation. In addition to these devel-
oping systems, comparative mapping might be particularly
suited for clades in which the capacity for hybridization is
lost relatively slowly, such as birds and some plant groups
[47-49], where there is the potential to examine changes
spanning longer timescales. Overall, the field is poised for a
flood of data that could be used in comparative analyses of
isolation QTL.

Analytical and methodological challenges

Genetic mapping data for reproductive isolation also intro-
duce analytical complications that do not apply to other
kinds of QTLs. In particular, although we wish to infer the
evolution of isolation and associated QTL along specific
lineages, reproductive isolation is fundamentally a joint
property of two lineages, and the data are collected from
pairs of species [2,26]. The best description of such ‘rela-
tional’ phenotypes in a comparative analysis is unclear.
This problem does not arise for traits whose evolutionary
change can be straightforwardly assigned to a single evol-
utionary lineage or branch. In addition, reproductive bar-
riers might be highly specific to species pairs, precluding
inferences about ‘hidden data’ (i.e. tip states that are
unknown due to missing data). For example, postzygotic
isolation (hybrid inviability and sterility) frequently
involves epistasis between different loci in two lineages
(DMIs: see above); the hybrid sterility effect of any given
substitution is therefore dependent on the particular
genetic background in which it is found. Accordingly,
knowing the location and number of loci that contribute
to sterility interactions between two species (e.g. species 1
and 2 in Box 3 Figure I) might not provide information
about the loci that contribute to sterility between each of
these lineages and a third, closely related, species (e.g.
species 3 in Box 3 Figure I). When isolation QTL analyses
are only conducted for a subset of the taxon pairs within a
clade, statistical methods will need to address this iso-
lation-specific ‘hidden data’ issue.

In other ways, existing comparative methods provide a
useful starting framework. Rates of evolution of QTL
number or individual QTL effects could be measured using
generalized least squares [50], standardized contrasts
[3,51], likelihood [52] or other methods [53]. The presence
or absence of particular QTL, the total number of QTL, or
the QTL effect size at ancestral nodes could also be inferred
using methods developed for discrete [54] or continuous
[55] traits. But some modifications will be needed to better
model the evolution of reproductive isolation. For example,
in contrast to the standard Brownian motion model, which
assumes equal probabilities of trait increase and decrease
along branches, reproductive isolation typically increases
over time.

In addition to these isolation-specific problems, as in
any comparative analysis, appropriate methods will also
need to accommodate several sources of statistical error,
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including uncertainty in the inferred locations and effects
of QTL (owing to such factors as the sample sizes in the
crosses, the fidelity of the genetic map, and assumptions
about the relationship between genotype and phenotype in
the mapping approach), and uncertainty in the estimates
of the phylogenetic topology and branch lengths. QTL
mapping [56] and phylogenetic and comparative methods
[67-59] that could account for such statistical uncertainties
are available. In the case of species that are only recently
diverged and/or only partially reproductively isolated from
one another, sources of biological variation could also
complicate inference. For example, genome-wide phyloge-
netic incongruence, which can arise from incomplete lin-
eage sorting and/or introgression via hybridization, could
be especially problematic among closely related taxa.
These factors could influence both confidence in the re-
construction of relationships and the interpretation of QTL
data from mapping populations that are differentially
affected by, for example, historical introgression between
the species of interest. Although these are problems for all
comparative analyses of QTLs, they might be exacerbated
in systems used to study reproductive isolation.

Resolutions and future directions

Successfully integrating genetic mapping of reproductive
isolation with phylogenetic inference will require the crea-
tive attention of a diverse community of researchers, in-
cluding statistical geneticists, systematists, theoretical
population geneticists, and experimentalists studying
the genetics of speciation. Existing frameworks can pro-
vide some direction and guidance. For example, although
much of the available theory that quantitatively describes
the evolution of reproductive isolation [26,60] focuses on
the evolution of isolating barriers between individual
species pairs, many existing models could be expanded
to explicitly incorporate the accumulation of barriers
among multiple species within a clade. Additionally, as
outlined above, existing comparative methods already
provide sophisticated analytical approaches for incorpor-
ating phylogenetic information into models of trait evol-
ution [3,61]. Similar approaches based on alternative
stochastic models, such as Levy processes (which could
include ‘phenotypic jump’ components in addition to con-
tinuous drift and diffusion) or Brownian motions with
reflecting boundaries, could be used to more realistically
model the unique characteristics of the evolution of repro-
ductive isolation, including its tendency to increase over
time. Similarly, methods used for the phylogenetic depic-
tion of reticulation, hybridization, or recombination [62]
could be adapted to represent relational reproductive iso-
lation traits.

From a statistical perspective, solutions are also
required for the practicalities of explicitly designing exper-
iments for comparative isolation mapping, and for hand-
ling, analyzing, and interpreting the experimental results.
For the latter, QTL mapping approaches that test hypoth-
eses about shared versus unshared QTL (Box 4) are
already available. These strategies could be modified to
include phylogenetic information. More broadly, a useful
goal would be the joint analysis of mapping data and
phylogenetic history. Ideally, such an approach would
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Box 4. Comparing QTL in Multiple Mapping Populations

Evolutionary change in the genetic architecture of a trait can be
examined by measuring the same phenotype in mapping popula-
tions generated by crossing different parental strains. In particular,
evidence for a QTL in a specific genome interval can be statistically
compared among different crosses [83-85].

Li et al. [84] provided a straightforward algorithm for jointly
analyzing mapping data from multiple inbred-line crosses. Map-
ping is first conducted separately in each cross to obtain an initial
indication of the genetic patterns in the data. Individual phenotypes
and marker genotypes are then combined across mapping
populations, recoding the parental marker alleles in a binary
fashion ([84] suggest recoding based on phenotypic patterns).
Finally, the combined set of phenotypes and genotypes are
analyzed. By conducting separate analyses that treat the indicator
variable cross as either an additive covariate or an interactive (cross
x QTL) covariate, shared and cross-specific QTL (respectively) are
identified.

The increased sample size that comes from combining multiple
mapping populations brings both higher statistical power for
detecting QTL and higher mapping resolution when QTL are shared
among crosses [83,86]. Combined cross analysis also enables the
joint consideration of mapping populations generated in different
laboratories and/or with different genetic structures (e.g. F,, RIL,
NIL). Most important, divergence in QTL patterns among crosses
can be tested statistically, rather than ““eye-balling” the overlap of
LOD-score peaks from different mapping populations. Hypotheses
of particular interest to studies of the evolution of reproductive
isolation, including changes in the epistatic partners that underlie
Dobzhansky-Muller incompatibilities, can also be evaluated using
this framework.

We see advantages to directly incorporating phylogenetic infor-
mation into methods such as combined cross analysis (which
currently ignore the evolutionary relationships among the parental
strains). For example, phylogenetics provides a natural approach for
recoding parental marker alleles. This approach would be particu-
larly useful for “transgressive’ traits such as reproductive isolation,
where the lack of divergence between the parental strains (both are
fertile) provides little intuition for recoding based on the phenotype.
Furthermore, the probability that QTL are cross-specific should be
affected by the phylogeny of the crossed strains, and this
dependence could be incorporated into the mapping algorithm by
adding parameters that reflect phylogenetic relationships.

simultaneously account for uncertainty in phylogenetic
reconstruction, QTL parameters, and the relationships
between them.

Conclusions

In their landmark book, Speciation, Coyne and Orr
describe the third (contemporary) phase of speciation
research as involving five themes: genetic analysis, ‘math-
ematical theory, an emphasis on ecology, molecular
analysis, and the use of comparative studies’ (p. 5, Ref.
[2]). Surely an additional theme should be the fusion of
two or more of these traditionally separate approaches.
Comparative studies of reproductive isolation loci can
combine the power of QTL mapping with the broad scope
of the comparative perspective to generate unique
insights into the mechanistic basis of reproductive iso-
lation. These studies enable the testing of mathematical
theory and the evaluation of ecological and evolutionary
mechanisms of speciation, within a statistically and bio-
logically robust framework. In doing so, they will help to
build a more complete view of the evolution of reproduc-
tive isolation and thereby the mechanisms and causes of
speciation.
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