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ABSTRACT

Exploring the origin and extent of reproductive isolation within the same species is valuable to capture early events to the
onset of speciation. In multiple genetic models, reproductive isolation was recently observed at the intraspecific scale,
indicating that the raw potential for speciation segregates readily within populations, which could be a rule rather than an
exception in a broad context. We briefly recapitulate the molecular evidence of intrinsic post-zygotic isolation in major
model organisms including Arabidopsis thaliana, Caenorhabditis elegans, Drosophila melanogaster and their close relatives. We
then focus on recent advances in yeast and review the genetic basis of post-zygotic isolation within and between multiple
members of the Saccharomyces genus, especially in Saccharomyces cerevisiae. We discuss the role of various mechanisms
involved in the onset of reproductive isolation including DNA sequence divergence, chromosomal rearrangement,
cytonuclear as well as nuclear–nuclear genetic incompatibilities and provide a comparative view along a continuum of
genetic differentiation, which encompasses intraspecific populations, recent delineating nascent species as well as closely
related sister species in the same subphylum.
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INTRODUCTION

Speciation, the evolutionary process by which new species
emerge, lies at the heart of the observed biodiversity. Under the
biological species concept, the formation of new species requires
the establishment of reproductive barriers that limit the gene
flow among populations (Coyne and Orr 2004). In other words,
new species form when individuals from diverging populations
become reproductively isolated and unable to produce viable
or fertile offspring, eventually allowing nascent species to be
genetically and phenotypically distinct. While this concept is
widely applied for sexually reproducing organisms, it is not until
the past two decades that precisemolecular characterizations of

the genetic basis of reproductive isolation have become possible
(Presgraves 2010).

Reproductive isolation can act prior to mating (pre-zygotic),
which prevent the formation of a zygote or soon after mat-
ing (post-zygotic) leading to reduced offspring viability or fer-
tility (Coyne and Orr 2004). While many external factors, such
as differences in life history and temporal patterns may cause
pre-zygotic isolation (Coyne and Orr 2004), genetic analyses
mainly focused on intrinsic post-zygotic isolation (Presgraves
2010; Maheshwari and Barbash 2011). During the past years,
much progress has been made on the subject, leading to the
identification of multiple mechanisms between closely related
species in various taxa (Bomblies andWeigel 2007a,b; Greig 2009;
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Table 1. Evidences of reproductive isolation within and between species in model organisms.

Species pair Evidence Genes Chromosome Phenotype References

Arabidopsis A. thaliana × A. thaliana TRD HPA1,HPA2 Autosome Viability Demogines et al. (2008)
A. thaliana × A. thaliana Diallele cross DM1-9,SRF3 Autosome Fitness Hittinger (2013); Brion et al.

(2015)
A. lyrata × A. lyrata TRD - Autosome Viability Chae et al. (2014)

Caenorhabditis C. elegans × C. elegans TRD PEEL1, ZEEL1 Autosome Viability Hittinger et al. (2010)
C. elegans × C. elegans TRD - Autosome Viability Charron, Leducq and

Landry (2014)
C. briggsae × C. briggsae Cybrid - Cytonuclear Fitness Chang et al. (2015)
C. briggsae × C. briggsae TRD - Autosome Viability Chen et al. (2014)
C. briggsae × C. nigoni Introgression - X-linked Viability Friedrich et al. (2015)

Drosophila D. melanogaster × D.
melanogaster

TRD - Autosome Viability Bomblies and Weigel
(2007b)

D. melanogaster × D.
simulans

Suppressor Lhr, Hmr, gzgf X-linked Viability Brideau et al. (2006);
Bomblies and Madlung
(2014)

TRD: transmission ration distortion.

Chou and Leu 2010; Presgraves 2010; Maheshwari and Barbash
2011; Ouyang and Zhang 2013; Chen et al. 2014; Zanders et al.
2014). However, contrasting to the perception of its mechanis-
tic multiplicity, only a few examples have been characterized to
the molecular level, and the tempo and mode of reproductive
isolation were still poorly understood. Are the identified mech-
anisms the original cause of reproductive isolation, or just a
consequence of subsequent divergence within nascent species?
Which types of genetic changes are of particular interest in the
onset of reproductive isolation? What is the relative role of se-
lection versus drift through initial stage to the completion re-
productive isolation?

To address these questions, it is essential to systematically
explore the onset and accumulation of reproductive isolation
at various evolutionary scales over a broad taxonomic range.
Within the past few years, such efforts have started to be under-
taken (Table 1). In fact, with the increased availability of large
collections of isolates from various species, cases of partial re-
productive isolation at the intraspecific scale were recently ob-
served in model systems such as Drosophila (Brideau et al. 2006;
Corbett-Detig et al. 2013; Phadnis et al. 2015), Arabidopsis (Lep-
pala, Bokma and Savolainen 2013; Alcazar et al. 2014; Chae et al.
2014), Caenorhabditis (Ross et al. 2011; Snoek et al. 2014; Chang,
Rodriguez and Ross 2015) and Saccharomyces (Almeida et al. 2014;
Charron, Leducq and Landry 2014; Hou et al. 2014; Paliwal, Fi-
umera and Fiumera 2014; Bui et al. 2015; Hou et al. 2015). While
the number of cases identified is still low, it has been clear that
the raw potential for speciation segregates readily within popu-
lations, which seems to be a rule rather than an exception in a
broad context.

Here, we briefly recapitulate the genetic origins of intrinsic
post-zygotic reproductive isolation in major model organisms
including Arabidopsis thaliana (Bikard et al. 2009; Chae et al. 2014),
Caenorhabditis elegans (Seidel et al. 2011; Chang, Rodriguez and
Ross 2015), Drosophila melanogaster (Corbett-Detig et al. 2013) and
their close relatives (Brideau et al. 2006; Kozlowska et al. 2012;
Matute, Gavin-Smyth and Liu 2014; Bi et al. 2015; Phadnis et al.
2015). We then concentrate on yeasts and conduct a more com-
prehensive review on the current state of the genetic basis of
post-zygotic reproductive isolation in the Saccharomyces genus
and recent advances at the intraspecific scales within multiple
species of this group (Almeida et al. 2014; Charron, Leducq and
Landry 2014; Leducq et al. 2016), especially in Saccharomyces cere-

visiae (Hou et al. 2014, 2015; Paliwal, Fiumera and Fiumera 2014;
Bui et al. 2015). We focus on the mechanistic diversity as well as
their underlying evolutionary origins that act intraspecifically,
and try to provide a comparative view on the onset of repro-
ductive isolation along a continuum of genetic differentiation,
which encompasses intraspecific populations, recent delineat-
ing nascent species as well as closely related sister species of
the same subphylum.

Brief overview of reproductive isolation in different
model organisms

On the conceptual ground, the most prominent genetic ex-
planation of intrinsic post-zygotic reproductive isolation is the
presence of genetic incompatibilities, popularized in the 1940s
by Theodosius Dobzhansky and Hermann Müller (Dobzhansky
1937; Muller 1942). The hitherto known as the Dobzhansky–
Müller model posits that populations could evolve indepen-
dently and accumulate different mutations that are well
adapted in their original genetic backgrounds but do not func-
tion properly together in hybrids. The loss of viability or fertility
in the offspring may simply be caused by the accumulation of
such incompatiblemutations, which arose as a by-product of ge-
nomic differentiation (Seehausen et al. 2014). Not only that this
model offers an elegant solution on how genetic basis for repro-
ductive isolation could originate from an intermating popula-
tion, but also integrates the notion that incompatible allelesmay
accumulate with increased genomic divergence (Nosil, Harmon
and Seehausen 2009; Seehausen et al. 2014). Examples of such
incompatible gene pairs have been identified between closely re-
lated species in various taxa (Bomblies andWeigel 2007a,b; Greig
2009; Chou and Leu 2010; Presgraves 2010; Maheshwari and Bar-
bash 2011; Ouyang and Zhang 2013; Chen et al. 2014; Zanders
et al. 2014), and more recently among populations of the same
species in several major genetic models such as D. melanogaster
(Corbett-Detig et al. 2013; Phadnis et al. 2015), A. thaliana (Bikard
et al. 2009; Chae et al. 2014), C. elegans (Seidel et al. 2011; Chang,
Rodriguez and Ross 2015) (Table 1).

Different evolutionary forces could putatively explain the
observed incompatibilities. Adaptive processes such as niche
specialization to pathogens were of particular importance in
the evolution of plant immune systems, where defense-related
genes acquired in different populations could cause hybrid
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necrosis through autoimmune responses (Bomblies and Weigel
2007a,b; Alcazar et al. 2009, 2014; Chae et al. 2014). Many other
cases were related to neutral processes such as genetic drift or
the propagation of selfish genetic elements (Seidel, Rockman
and Kruglyak 2008; Bikard et al. 2009). For example, reciprocal in-
activation of a duplicated essential gene pair HPA1/HPA2 in nat-
ural accessions of A. thaliana could lead to seed abortion in the
F2 offspring when none of the functional copies were present
(Bikard et al. 2009). Differences in recombination rates or muta-
tion loads could also put emphasizes on certain types of mech-
anisms, for example cytonuclear incompatibilities involving in-
teracting genes located on mitochondrial and nuclear genomes
(Rand, Clark and Kann 2001; Lee et al. 2008; Chou and Leu 2010;
Chou et al. 2010; Paliwal, Fiumera and Fiumera 2014; Chang, Ro-
driguez and Ross 2015). In fact, due to the dynamic structure
and high mutation rate, mitochondrial genomes accumulated
mutations more rapidly compared to the nuclear genome, in
turn causing incompatibilities. Such cytonuclear incompatibili-
ties were found to cause F2 sterility in interspecific yeast hybrids
(Lee et al. 2008; Chou et al. 2010), and could be a common cause
of hybrid weakness in Drosophila (Rand, Clark and Kann 2001).

Besides incompatibilities at the gene level, large genomic
changes could also lead to post-zygotic reproductive isolation
(Coyne andOrr 2004). For example, differences of the ploidy level
or chromosome numbers among parental species were common
in causing reproductive isolation in plants (Bomblies and Mad-
lung 2014) and animals (Coyne and Orr 2004), where unbalanced
gene dosages in the offspring could lead to inviability or sterility.
Between A. thaliana and its sister species A. lyrata, differences
in chromosome numbers (five for A. thaliana and eight for A.
lyrata) were accounted for the observed reproductive isolation,
where F1 hybrids were viable but sterile (Bomblies and Weigel
2007a,b). Other localized chromosomal rearrangements, for ex-
ample, translocations and inversions, have also drawnmuch in-
terest, as parental species that differ by such structural varia-
tion would most likely produce offspring with unequal distribu-
tion of essential genes upon meiosis (Coyne and Orr 2004). The
role of chromosomal rearrangements is indeed well established
leading to post-zygotic reproductive isolation in various taxa, es-
pecially in plants (Hoffmann and Rieseberg 2008) and Drosophila
(Kulathinal, Stevison and Noor 2009).

However, while extremely insightful, reproductive isolation
studies in complex model systems suffered from several draw-
backs. Studies using such models often restricted to a low num-
ber of parental combinations due to experimental workloads,
therefore large-scale analysis has rarely been undertaken (Chae
et al. 2014). Moreover, due to considerable genome size and com-
plexity, precise identifications of the molecular mechanisms in-
volved are challenging especially for structural variations such
as inversions and translocations. As a result, only a low number
of cases have been fully characterized to date, and an overview
of the relative importance of different mechanisms to the onset
and propagation of reproductive isolation across the observed
natural diversity in these species is far from being reached.

Yeasts, ideal model to explore inter- and intraspecies
reproductive isolation

An emerging model system, which allows the integration of the
genetic and genomic diversity within and between closely re-
lated species, is the budding yeast S. cerevisiae and its close rel-
atives. Compared to other complex models, yeasts present nu-
merous advantages due to their short generation time, small and

compact genomes and laboratory amenable sexual reproduc-
tions. Rather than relying on a low number of crosses and trans-
mission ratio distortion in the offspring as it is the case for com-
plex organisms, yeasts offer the possibility to systematically ex-
amine a large number of crosses and use pooledmapping strate-
gies that require much less sequencing efforts. Natural popu-
lations of multiple yeasts species can be isolated from various
biotopes and geographical locations (Liti et al. 2009; Schacherer
et al. 2009). The vast natural distribution with the ever-growing
availability of whole genome sequencing data makes yeasts an
ideal model system to obtain a comprehensive view on how re-
productive isolation emerges at different evolutionary scales by
taking into account the roles of ecology, domestication and other
selective or neutral processes.

Saccharomyces genus and reproductive isolation

The Saccharomyces sensu stricto complex comprises seven known
species (S. cerevisiae, S. paradoxus, S. arboricola, S. kudiavzevii,
S. mikatae, S. eubayanus and S. uvarum) to date, all of which could
cross to form viable hybrids under laboratory conditions, with
limited mating preferences (Murphy et al. 2006; Greig 2009; Hit-
tinger 2013) (Fig. 1). Although outcrossing events are rare (Knop
2006; Hittinger 2013), natural hybrids between closely related
Saccharomyces species are readily observed (Gonzalez et al. 2006;
Belloch et al. 2009; Baker et al. 2015). Many of the hybrids were
found to be involved in industrial-related processes, such as beer
(Baker et al. 2015) andwinemaking (Gonzalez et al. 2006). Among
Saccharomyces species, introgressions are frequently reported,
for example, between S. cerevisiae and S. paradoxus (Zhang et al.
2010; Barbosa et al. 2016). Recent evidence indicates that such
events could occur across multiple populations within a species
(Almeida et al. 2014). In fact, genome-wide screen in a large num-
ber of S. uvarum isolates identified multiple chromosomal re-
gions ascribed to different Saccharomyces species, such as S. ku-
driavzevii, S. cerevisiae and S. eubayanus. It is worth noting that a
large number of introgressions observed were found in isolates
from anthropic niches, including various alcoholic fermentation
processes (Almeida et al. 2014).

Strong post-zygotic reproductive isolations are observed be-
tween species within this complex. Interspecific hybrids typ-
ically yield less than 1% of viable meiotic offspring in most
parental combinations (Greig 2009), and ∼7% for the least di-
verged species pair S. eubayanus and S. uvarum (Libkind et al.
2011; Hittinger 2013). High levels of DNA sequence divergence
are considered as the main cause of loss of hybrid offspring vi-
ability, which impairs proper chromosomal segregation through
mechanism of anti-recombination by the mismatch repair sys-
tem (MMR) (Greig et al. 2003; Liti et al. 2006). In fact, viable hybrid
offspring often show high numbers of aneuploidies and reduced
recombination rate (Hunter et al. 1996; Delneri et al. 2003), the
effect of which could be rescued by deleting components of the
MMR (Hunter et al. 1996; Greig et al. 2003).

It is widely admitted that the degree of post-zygotic isolation
is correlated with the level of divergence between the parental
pair, as the effect of anti-recombination progresses with in-
creased DNA sequence divergence (Liti, Barton and Louis 2006;
Greig 2009; Hittinger 2013). However, this overly simplified gen-
eralization might be due to sampling bias of the parental isolate
pairs. As a matter of fact, it is increasingly evident that multiple
mechanisms operate concurrently at both intra- and interspe-
cific levels, leading to partial or complete offspring loss depend-
ing on the parental populations involved. Therefore, the corre-
lation between sequence divergence and reproductive isolation
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Figure 1. Intraspecific divergence and evidences of post-zygotic reproductive isolation within species of the Saccharomyces genus. References [1–9]: Greig et al. (2003);
Heck et al. (2006); Liti et al. (2006); Demogines et al. (2008); Cubillos et al. (2011); Wang et al. (2012); Hou et al. (2014, 2015); Paliwal et al. (2014). [10 and 11]: Charron et al.
(2014); Leducq et al. (2016). [12 and 13]: Hittinger et al. (2004, 2010). [14]: Almeida et al. (2014).

might be plausible when other mechanisms were absent, and
likely to play a relatively minor role to the initial stage of repro-
ductive isolation.

For example, besides sequence divergence, chromosomal re-
arrangements (Fischer et al. 2000; Delneri et al. 2003) and cytonu-
clear incompatibilities (Lee et al. 2008; Chou et al. 2010) also con-
tribute to the observed post-zygotic reproductive isolation in the
Saccharomyces genus. Classic Dobzhansky–Müller incompatibili-
ties could also play a role, although no clear examples have been
found so far (Greig et al. 2002; Greig 2007; Kao, Schwartz and
Sherlock 2010). In fact, allotetraploid hybrids between S. cere-
visiae and S. paradoxus (with two copies of each parental genome)
showed high offspring viability contrasting to diploid hybrids,
strongly suggesting that dominant Dobzhansky–Müller incom-
patibilities were not present between this species pair (Greig
et al. 2002). Nevertheless, while chromosome replacements in S.
cerevisiaewith its S. paradoxus homologs in haploids weremostly
viable (Greig 2007; Kao, Schwartz and Sherlock 2010), the exis-
tence of recessive epistatic interactions impacting offspring fer-
tility and fitness cannot be ruled out (Li, Wang and Zhang 2013).

Nevertheless, as interspecific reproductive isolation is nearly
complete in Saccharomyces, it has been difficult to disentangle
the effect of simple divergence from functional genetic differ-
entiation. As a result, the role of mechanisms identified using
interspecific approaches remains largely indecisive at the incip-
ient stage of reproductive isolation (Fischer et al. 2000; Delneri et
al. 2003), and recent works have turned their focus on intraspe-
cific studies using natural populations within the same species
of Saccharomyces yeasts.

Evidence of intraspecific reproductive isolation
within yeast natural populations

With the increasing availability of whole genome sequencing
data, multiple yeast species have become the workhorses for
functional and evolutionary genomic studies (Almeida et al.
2014; Brion et al. 2015; Friedrich et al. 2015; Jeffares et al. 2015;
Strope et al. 2015). Evidence of intraspecific reproductive isola-
tion leading to offspring loss upon crosses has been quite fre-
quently observed within collection of isolates of various yeast
species (Hittinger, Rokas and Carroll 2004; Liti, Barton and Louis

2006; Hittinger et al. 2010; Cubillos et al. 2011; Wang et al. 2012;
Almeida et al. 2014). However, such cases were often foundwhen
generating recombined offspring for linkage mapping and were
usually dismissed as ‘annoying crosses’ without further dissec-
tion of the underlying causes. Again, these observations indi-
cate that mechanisms leading to reproductive isolation segre-
gate readily at the intraspecific scale. Using various approaches,
many recent studies addressed specifically how such mecha-
nisms could emerge and lead to intraspecific reproductive iso-
lation, which will be discussed individually in the following sec-
tion (Fig. 2).

The role of chromosomal rearrangements in intrinsic
post-zygotic isolation

Although it is well accepted that large chromosomal rearrange-
ments such as translocations and inversions could contribute at
least partly to the observed offspring loss in Saccharomyces hy-
brids (Fischer et al. 2000; Delneri et al. 2003), their role at the in-
cipient stage of speciation has received much debate (Delneri
et al. 2003). For one reason is that the overall distribution of chro-
mosomal rearrangements usually does not correlate with the
level of reproductive isolation or with the scales of genetic di-
vergence observed (Fischer et al. 2000; Delneri et al. 2003). In fact,
many species pairs within the Saccharomyces sensu stricto com-
plex harbor individuals with collinear genomes but are com-
pletely reproductively isolated (Greig 2009). Moreover, artificially
generated collinear parental pairs by reverting the observed
translocation between the S. cerevisiae and S. mikatae species
clearly showed that translocation events only have a marginal
effect on the loss of offspring viability (Delneri et al. 2003).

Paradoxically, it appears that while genomic configurations
were sometimes conserved between species, individuals from
the same species could be surprisingly diverse in terms of chro-
mosomal profiles (Charron, Leducq and Landry 2014; Hou et al.
2014). When studying a large collection of natural isolates in
S. cerevisiae, three different types of translocationwere identified
in 10 out of 60 isolates, which explains the total effect of repro-
ductive isolation observed (Hou et al. 2014). Similar observations
have been made in S. paradoxus populations, where the level
of chromosomal rearrangements was partly but significantly
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Figure 2. Molecular mechanisms leading to reproductive isolation within natural populations of S. cerevisiae.

correlated with the level of reproductive isolation across 25 iso-
lates (Charron, Leducq and Landry 2014). Most identified rear-
rangements arise through neutral events such as ectopic re-
combination between repetitive sequences such Ty elements,
with few exceptions that were adaptive in specific environmen-
tal contexts by altering expression patterns of genes present at
the junction of the rearranged regions (Perez-Ortin et al. 2002).

While chromosomal rearrangements cannot be the only ex-
planation of reproductive isolation observed in many Saccha-
romyces species pairs, there has been a recent example illustrat-
ing that such rearrangements could be directly involved during
incipient speciation in allopatric populations of North American
S. paradoxus (Leducq et al. 2016). In this case, two allopatric pop-
ulations separated by glaciation differing by a translocation and
an inversion in their genomes gave rise to a hybrid population
upon secondary contact. These rearrangements were then fixed
in the hybrids and introgressed by repeated backcrossing events
with one of the parental population that does not have these re-
arrangements. Eventually, the hybrid population became repro-
ductively isolated with both parental species through time, il-
lustrating that speciation through chromosomal rearrangement
could indeed be possible in yeast (Leducq et al. 2016).

Cytonuclear incompatibility and offspring fitness

Compelling evidence suggests that cytonuclear incompatibil-
ities could play a major role during speciation. Incompati-

ble combinations between mitochondrial and nuclear genomes
were found to lead to hybrid problems in a wide range of species
(Rand, Clark and Kann 2001; Chang, Rodriguez and Ross 2015),
including yeast (Lee et al. 2008; Chou et al. 2010). In fact, as mi-
tochondrial genomes were more prone to mutations, nuclear
genomes have to evolve accordingly because proper interac-
tions between the two were often essential for survival or fit-
ness (Chou and Leu 2010). Because of such constant arms race
between mitochondrial and nuclear genomes, cytonuclear in-
compatibilities were more likely to evolve as diverging popu-
lation could take different trajectories of cytonuclear coevolu-
tion. Among the Saccharomyces genus, examples of cytonuclear
incompatibilities were found between S. cerevisiae and S. para-
doxus as well as between S. cerevisiae and S. uvarum (formerly S.
bayanus), each with independent origins (Chou et al. 2010). For
example, the incompatibility between S. cerevisiae and S. para-
doxus was due to inefficient splicing of the COX1 intron in S.
paradoxus by the S. cerevisiae version of the MRS1 gene, which
arose with the loss of corresponding intron in S. cerevisiae. In
all cases, the observed cytonuclear incompatibility dampens off-
spring respiratory capacities, leading to partial sterility (Chou et
al. 2010).

At the intraspecific level, no evident cases of specific cy-
tonuclear gene pairs leading to reproductive isolation have
been found so far. However, global epistasis between nuclear
and mitochondrial genomes was commonly observed leading
to increased phenotypic variance within S. cerevisiae (Paliwal,
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Fiumera and Fiumera 2014). By testing pairwise combinations
of mitochondrial and nuclear genomes in 10 divergent isolates,
it was shown that novel combinations often lead to reduced fit-
ness, and the effect of which was not correlated with the level
of genetic divergence between the tested pairs. These observa-
tions suggest coevolutions between mitochondrial and nuclear
genomeswere already significant at the intraspecific scale; how-
ever, whether such observed fitness variation could eventually
lead to reproductive isolation remains unclear.

Antagonistic effects of mutator phenotype
related to mismatch repair

In addition tomitochondrial and nuclear genome pairs, genes in
the nuclear genome could also coevolve and lead to hybrid prob-
lems. One classic example was illustrated by the MMR in S. cere-
visiae. Using allelic survey across a number of natural isolates,
it has been shown that specific combinations of the PMS1 and
MLH1 genes, essential players of MMR system, were conserved
across the species and possibly maintained by balancing selec-
tion (Heck et al. 2006). When the original combinations are dis-
rupted, interaction between incompatible allelic pairs could re-
sult in a mutator phenotype due to malfunctioning in the MMR.
Accumulation of undesired mutations could then lead to spo-
radic offspring loss, the effect of which could depend on specific
backgrounds (Demogines et al. 2008).

Other than offspring loss related to the accumulation of dele-
terious mutations, the mutator phenotype could also lead to ac-
celerated adaptation in stress conditions due to increased mu-
tation rates (Bui et al. 2015). In fact, it was shown that strains
with incompatible combination of PMS1 and MLH1 thrives more
rapidly on high osmotic stress condition by acquiring advanta-
geousmutations in the PMR1 gene earlier than strainswith com-
patible combinations.

In principle, such mutator phenotype could be considered
as a special form of Dobzhansky–Müller incompatibility. How-
ever, the effect of incompatible allelic combination results in in-
creased mutation rates and only act indirectly on offspring via-
bility. The most curious feature of this type of interaction is that
the incompatibility could lead to opposite effects on offspring
viability depending on different environmental contexts. The in-
terplay between genetic interactions and environmental selec-
tions could therefore be important in the onset of reproductive
isolation, at least in this specific configuration.

Condition-specific genetic incompatibilities
and the role of selection

Similarly, different environmental conditions could also have
an impact on the effect of classic Dobzhansky–Müller incom-
patibilities in yeast. Genetic incompatibilities related to nega-
tive epistatic interactions were mostly invisible on permissive
laboratory conditions that optimize growth in S. cerevisiae (Hou
et al. 2014). However, by taking into account of different envi-
ronmental factors, such interactions were much more common
than previously thought, leading to condition specific reproduc-
tive isolations. In fact, systematic survey across 25 crosses on
20 conditions revealed over 24% of the cases showing offspring
loss with various severities, the effect of which were specific to
independent crosses and conditions (Hou et al. 2015). Using seg-
regation analysis followed by pooled sequencing strategy, the
first example of two loci Dobzhansky–Müller incompatibilities
within a yeast species was identified related to respiratory con-

ditions. In this case, the incompatibility was due to a nonsense
mutation in the COX15 gene and a tRNA suppressor SUP7, lead-
ing to the loss of 25% of the offspring in conditions that require
respiration (Hou et al. 2015). Bothmutations were extremely rare
across natural populations in this species, although there were
some evidence suggesting that the specific derived combination
was maintained by positive selection (Hou et al. 2015).

Interestingly, most identified cases of negative epistasis ap-
peared not to be related to two loci interactions but instead
showing a higher genetic complexity even at the intraspe-
cific scale (Hou et al. 2015; Hou and Schacherer 2016). More-
over, despite the relatively high frequency of occurrence, most
incompatible cases were not shared across different isolates,
indicating unique genetic origins (Hou and Schacherer 2016).
These observations highlight again the role of environmental se-
lection to the onset of reproductive isolation in yeast. It is worth
noting that natural populations within the same species govern
raw speciation potential through condition-specific epistatic in-
teractions. Nevertheless, precise molecular dissection of more
such incompatibility cases is still required to get a global view of
types and distributions of genes involved.

CONCLUSION AND PERSPECTIVES

Yeasts along with other major genetic model organisms pro-
vide unique comparative insights into the genetic basis of post-
zygotic reproductive isolation across a broad evolutionary scale.
In particular, systematic exploration by looking at large nat-
ural yeast populations across multiple environmental condi-
tions was particular useful and fruitful to dissect the mechanis-
tic complexity of reproductive isolation. Nevertheless, despite
significant advances, intraspecific reproductive isolation is still
underexplored. In particular, most molecular exploration of re-
productive isolation caseswere restricted the Saccharomyces cere-
visiae, and even somany evident cases in S. cerevisiae still have to
be characterized. Would the patterns be different in other yeast
species where the level of intraspecific genetic diversity is usu-
ally higher? How relevant are the mechanisms found in yeast to
the onset of post-zygotic reproductive isolation in other species
in general? What are the roles of the genetic bases of reproduc-
tive isolation in shaping other phenotypic traits? Further explo-
rations of the natural population diversity across a broad taxo-
nomic range will be promising to provide some answers to these
questions, andmay impart deeper understandings regarding the
patterns and constraints of genetic differentiation as well as
their role in speciation and biodiversity.
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