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Summary

Exploring the molecular bases of intraspecific reproductive isolation captures the ongoing 

phenotypic consequences of genetic divergence and provides insights into the early onset of 

speciation. Recent species-wide surveys using natural populations of yeasts demonstrated that 

intrinsic post-zygotic reproductive isolation segregates readily within the same species, and 

revealed the multiplicity of the genetic mechanisms underlying such processes. These advances 

deepened our current understandings and opened further perspectives regarding the complete 

picture of molecular and evolutionary origins driving the onset intraspecific reproductive isolation 

in yeasts.

Main text

In all living organisms, genetic differences constantly emerge and accumulate, providing the 

raw material for phenotypic variation upon which natural selection operates. Natural 

populations of yeasts display considerable levels of genetic and phenotypic diversity, in part 

allowing them to conquer a wide range of ecological and geographical habitats (Liti et al. 

2009, Schacherer et al. 2009, Liti and Schacherer 2011, Skelly et al. 2013, Almeida et al. 

2014, Hirakawa et al. 2014, Fawcett et al. 2014, Sampathkumar and Drouin 2015, Ford et al. 

2015, Jeffares et al. 2015). Nevertheless, as demonstrated by recent studies (Charron, et al. 

2014, Hou, et al. 2014, Hou, et al. 2015), independently segregating genetic variants in 

diverging populations could occasionally cause them to be reproductively isolated, leading 

to reduced offspring viability upon hybridization. What kinds of variants are likely to cause 

such intraspecific reproductive isolation in yeasts, and what could be the molecular and 

evolutionary mechanisms involved?

In sexual populations, reproductive isolation acts as a gene flow barrier and is considered as 

a key step in the formation of new species (Coyne and Orr 2004). Among the mechanisms 

leading to reproductive isolation in yeasts, the role of chromosomal rearrangements such as 

large-scale reciprocal translocations has been well established within the Saccharomyces 

species complex (Fischer, et al. 2000). Several documented translocations were shown to 

explain the loss of offspring viability observed in hybrids between closely related species 

(Delneri, et al. 2003, Fischer, et al. 2000), and more recently, within populations of a same 
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species (Charron, et al. 2014, Hou, et al. 2014). One extensively studied example involved a 

translocation between chromosome VIII and XVI in Saccharomyces cerevisiae, which 

conferred an advantageous trait of sulfite resistance and could be tightly linked to adaptation 

of wine making (Clowers, et al. 2015, Hou, et al. 2014, Perez-Ortin, et al. 2002). However, 

although such large chromosomal changes contribute to post-zygotic reproductive isolation 

at different temporal scales (within and between species), their distribution does not 

necessarily correlate with the severity of isolation and the degree of genetic divergence 

observed. For instance, between S. cerevisiae and its close relative S. paradoxus, most 

isolates have collinear genomes and yet are reproductively isolated. Consequently, the role 

of chromosomal rearrangements in speciation in yeasts remains indecisive, and other 

mechanisms must exist leading to the onset of reproductive isolation (Delneri, et al. 2003).

Besides large-scale genome changes, small sequence variations could also lead to intrinsic 

post-zygotic reproductive isolation. The idea was formulated almost eight decades ago by 

Theodosius Dobzhansky and Hermann Müller, whereby diverging populations, separated by 

geographical or ecological barriers, could accumulate independent mutations that cause 

negative epistatic interactions when brought together, leading to loss of hybrid fertility or 

viability. Over the years, examples of such Dobzhansky-Müller incompatibility have been 

found in species among various taxa (Coyne and Orr 2004) and more recently, within 

populations of the same species in model organisms such as Arabidopsis thaliana and 

Caenorhabditis elegans (Bikard, et al. 2009, Bomblies and Weigel 2010, Chae, et al. 2014, 

Seidel, et al. 2008). Curiously, the very existence of such genetic incompatibilities among 

yeasts species has long been a subject of debate, with few rare examples identified to date 

(Chou, et al. 2010, Heck, et al. 2006).

In fact, the concept of negative epistatic interactions is all but unfamiliar in yeast. The 

development of the synthetic genetic array (SGA) of deletion mutants in S. cerevisiae 

allowed for genome-wide profiling of the synthetic genetic interaction networks, providing 

the best understanding of the functional connections of genes at an organismal level in any 

species so far (Costanzo, et al. 2010). More generally, epistatic interactions also contribute 

to heritable phenotypic variations in yeast, explaining approximately 9% of the total 

phenotypic variance observed within a very large population of segregants from a specific 

cross in S. cerevisiae (Bloom, et al. 2013, Bloom, et al. 2015). Nevertheless, how epistasis 

takes part among genetic variations within natural populations was still not well understood, 

and whether it plays a role in the onset of reproductive isolation was unknown.

With the advent of sequencing technology, there has been a renewed interest in the 

understanding of intraspecific diversity in various yeast species in the last decade (Friedrich, 

et al. 2015, Liti, et al. 2009, Schacherer, et al. 2009, Strope, et al. 2015). These advances 

provided valuable tools to systematically evaluate the onset of intraspecific reproductive 

isolation across the whole species diversity, to the end of precise characterization of the 

possible mechanisms involved to a molecular resolution. With these goals in mind, we have 

performed a first comprehensive effort characterizing intraspecific reproductive isolation 

using a large number of diverse natural populations of S. cerevisiae (Hou, et al. 2014). We 

have identified chromosomal rearrangements segregating in diverse populations and acting 

as the major mechanism leading to reduced offspring viabilities observed in 16% of the 
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crosses. In parallel, a study within S. paradoxus populations reached similar conclusion 

(Charron, et al. 2014). By contrast, no evident case of Dobzhansky-Müller incompatibility 

was found in both species. Are yeasts just prone to this kind of phenomenon, or were we just 

looked at it wrong?

As a matter of fact, all studies up until now were performed under laboratory conditions, 

which involves crossing various isolates and then estimate the offspring viability on a rich 

permissive media that optimize yeast growth. Considering the vast ecological range and the 

diverse environmental stresses (Ho and Gasch 2015) that natural populations of yeasts 

encounter in nature, our view of reproductive isolation cases restricted to laboratory 

conditions might be over simplified. Indeed, when taking into account of different 

environmental factors, negative epistasis involving incompatible genic interactions were 

much more common than previously considered in the yeast S. cerevisiae (Hou, et al. 2015).

To assess the impact of environmental factors in the onset of reproductive isolation within S. 

cerevisiae, we performed a systematic survey using a population of 27 natural isolates 

originated from soil, tree barks, immuno-compromised patients and various fermentations 

across different continents. All selected isolates were previously shown to yield high 

offspring viability on the rich media when crossed with the reference strain S288c (Hou, et 

al. 2014). Interestingly, these highly compatible crosses could be sometimes incompatible 

on other conditions. In fact, we evaluated the offspring viabilities of these crosses in the 

presence of 20 culture conditions including different carbon sources, chemical stress and 

temperatures, and found over 24% (117/481) of the cases showing different degrees of 

offspring loss ranging from 1% to 62% (Figure 1). Within all identified cases, negative 

epistasis were found in conditions related to various stress types (Figure 1A), and were 

randomly distributed among different isolates, regardless of their origin or the level of 

sequence divergence between the parental pair (Figure 1B). These results clearly indicated 

that relying on standard laboratory media was simply biased (Figure 1A), and that negative 

epistasis readily segregates within yeast natural populations and contributes to reproductive 

isolation at the intraspecific scale.

Using a combination of classical genetic analysis of lethal phenotypic segregation in the 

offspring and high-throughput genomic mapping strategy, we further identified and 

characterized the first example of two loci Dobzhansky-Müller incompatibility in yeast 

related to respiratory conditions, such as the non fermentable carbon source glycerol. In this 

case, a clinical isolate YJM421 was incompatible when crossed with the reference S288c, 

yielding only 75% of offspring that are able to grow on glycerol (Figure 2). The rest of the 

offspring were unable to respire because of a specific incompatible allelic combination 

between two genes: COX15, a mitochondrial inner membrane cargo protein that is essential 

for respiration, and SUP7, a tRNA nonsense suppressor. In fact, the incompatible isolate 

YJM421 has a nonsense mutation in the COX15 gene, and in the same time a nonsense 

suppressor SUP7 to compensate the effect of the mutated COX15. However, as the reference 

strain S288c does not possess the suppressor mutation, 25% of the offspring obtained by 

mating these two strains will inherit only the non-functional COX15 and not the suppressor, 

therefore become incapable to grow on respiratory conditions (Figure 2).
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It is now clear that in addition to chromosomal rearrangements, negative epistasis could also 

lead to the onset of reproductive isolation within yeast natural populations in a condition-

specific manner. Nonetheless, it is interesting to note that even though the frequency of 

potential incompatibilities is relatively high (117/483), most of them were not shared among 

different isolates, suggesting a rather unique genetic origin for different cases (Figure 1). 

Taking for example the identified Dobzhansky-Müller case, the allelic combination of 

cox15stop and SUP7 were only found the clinical isolate YJM421, making this isolate 

universally incompatible with more than 100 natural isolates of S. cerevisiae that do not 

possess this combination. What could be the force that drives the onset and the maintenance 

of this particular configuration?

As it turned out, alleles causing hybrid incompatibility may sometimes offer fitness 

advantages under stress conditions. When the suppressor mutation SUP7 in YJM421 was 

ectopically expressed in other isolates, it conferred to diverse fitness effects. Some isolates 

displayed significant gain of fitness in some conditions in the presence of the suppressor, 

and others displayed the exact opposite (Figure 2). This observation suggests that carrying 

the suppressor might be advantageous in certain environmental conditions, thus balancing 

the effect of potential offspring loss upon hybridization.

Overall, it is evident that even at the intraspecific scale, mechanisms leading to the onset of 

reproductive isolation are multiple. Nevertheless, our understanding of how intraspecific 

genetic diversity impacts the onset of reproductive isolation is still incomplete. More 

particularly, studies in S. cerevisiae were still biased as all crosses were performed between 

natural isolates and the laboratory reference strain S288c. Would the conclusions be 

somewhat different in unbiased pairwise crosses? In addition to epistasis within the nuclear 

genome, is there a role of interactions between the mitochondrial and nuclear genome to the 

onset of reproductive isolation (Paliwal, et al. 2014)? What is the relative importance of 

chromosomal rearrangements vs. negative epistasis? Are these events random or related to 

selection? And finally, what should we expect to see in other yeast species, when the 

observed genetic diversity is usually higher?

Exploring the mechanisms leading to the onset of reproductive isolation stems from the 

fundamental interest of understanding biodiversity. Recent systematic surveys within yeasts 

have revealed the multiplicity regarding the molecular and evolutionary origin of 

intraspecific reproductive isolation, yet much is still left to explore. Whether these 

mechanisms would eventually lead to speciation is unclear, yet it is worth noting that 

potential barriers to gene flow could segregate contemporaneously within natural 

populations of a single species of yeast.
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Figure 1. Negative epistasis segregates within populations of S. cerevisiae related to various 
environmental conditions
A. Distribution of epistasis cases according to various stress types. Shades of colors 

represent different conditions tested that belong to the same category. A total of 117 cases 

are categorized.

B. Distribution of epistasis cases according to isolates crossed with S288c. Colors 

correspond to type of stress as indicated. Isolates are organized clockwise according to the 

level of sequence divergence compared to S288c, with CLIB192 being most closely related 

with a divergence of 0.11%.
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Figure 2. The molecular basis of the first example of two loci Dobzhansky-Müller incompatibility 
related to respiration in S. cerevisiae
Crossing between isolate carrying allelic combination of a nonsense mutation and a tRNA 

nonsense suppressor with isolate without this combination. After meiosis, 25% of the 

offspring inheriting only the nonsense mutation but not the suppressor were non-viable on 

conditions with non-fermentable carbon sources, as the nonsense mutation was essential for 

respiration. Nevertheless, when the nonsense suppressor was introduced other genetic 

background, it could confer to gain or loss of fitness in different environmental conditions, 

possibly indicating an adaptive role of certain incompatible alleles in complex ecological 

contexts.
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