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abstract: Extreme F2 phenotypes known as transgressive seg-
regants can cause increased or decreased fitness in hybrids beyond
the ranges seen in parental populations. Despite the usefulness of
transgression for plant and animal breeding and its potential role
in hybrid speciation, the genetic mechanisms and predictors of
transgressive segregation remain largely untested. We generated
seven hybrid crosses between five widely divergent Saccharomyces
yeast species and measured the fitness of the parents and their vi-
able F1 and F2 hybrids in seven stressful environments. We found
that on average 16.6% of all replicate F2 hybrids had higher fitness
than both parents. Against our predictions, transgression frequency
was not a function of parental genetic and phenotypic distances across
test environments. Within environments, some relationships were
significant, but not in the predicted direction; for example, genetic
distance was negatively related to transgression in ethanol and hydro-
gen peroxide. Significant effects of hybrid cross, test environment,
and cross#environment interactions suggest that the amount of trans-
gression produced in a hybrid cross is highly context specific and that
outcomes of hybridization differ even among crosses made from the
same two parents. If the goal is to reliably predict hybrid fitness and
forecast the evolutionary potential of admixed populations, we need
more efforts to identify patterns beyond the idiosyncrasies caused
by specific genomic or environmental contexts.

Keywords: transgressive segregation, hybridization, fitness, hetero-
sis, yeast, quantitative genetics.

Introduction

Hybridization instantaneously increases the genetic varia-
tion contained in populations (Grant and Grant 2019) and
can play an important role in adaptive evolution (Stebbins
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1959; Barton 2001; Seehausen 2004; Abbott et al. 2013;
Arnold 2015). Some hybrids are able to colonize ecological
niches that are not accessible to parental genotypes (Riese-
berg et al. 2003a; Stelkens et al. 2014), a process that may
ultimately result in hybrid speciation, as demonstrated in
a broad range of taxa, including fungi (Leducq et al. 2016;
Mixão and Gabaldón 2020), plants (Ungerer et al. 1998;
Yang et al. 2019), and animals (Nice et al. 2012; Lamich-
haney et al. 2018; Meier et al. 2019).
Reticulate evolution events, including hybridization, in-

trogression, and horizontal gene transfer, have also played
an important role in the evolutionary diversification of
microbial species (Mallet et al. 2016; Shapiro et al. 2016).
One of the best-documented cases are the species in the
genus of themodel microbe Saccharomyces budding yeast.
Interspecies hybridization has featured prominently in Sac-
charomyces’ ancient (Marcet-Houben and Gabaldón 2015;
Peris et al. 2017) and recent (Libkind et al. 2011; Peris et al.
2014; Gallone et al. 2019) evolutionary history (reviewed in
Boynton and Greig 2014; Gabaldón 2020). Saccharomyces
currently includes eight distinct species with origins ∼4–
20 million years ago (Kellis et al. 2003; Borneman and
Pretorius 2015; Shen et al. 2018). Of the eight species, five
are known to hybridize in the wild and/or in domestica-
tion environments (Boynton and Greig 2014; Peter et al.
2018; Pontes et al. 2019). Although sexual reproduction
and especially hybridization are considered rare events in
nature (approximately one sexual cycle per 1,000 asexual
generations; Gonzalez et al. 2006; Tsai et al. 2008), all spe-
cies readily mate with each other under laboratory condi-
tions, forming diploid F1 hybrids (Naumov 1996; Greig
2009). While F1 hybrids are fully viable, they are mostly
sterile and produce only a small fraction of healthy gam-
etes during meiosis because the large sequence divergence
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between species impairs crossing over and proper segre-
gation of homologous chromosomes into daughter cells.
However, the few gametes that do survive F1 hybrid meiosis
can mate and form viable and sexually fertile F2 hybrids,
which can be reproductively isolated from their parents
through their genomic composition, structural genetic var-
iation, and ecological profile, representing a potential route
to hybrid speciation (Leducq et al. 2016; Eberlein et al.
2019).
Extreme F2 and later-generation hybrid yeast pheno-

types, known as transgressive segregants, have been shown
to outcompete their parents in stressful environments
(Greig et al. 2002; Stelkens et al. 2014; Zhang et al. 2019)
and are frequently exploited to improve biotechnological
processes such as wine and beer fermentation (Krogerus
et al. 2017; Langdon et al. 2019). The genetic mechanisms
underlying transgression are varied and not yet fully under-
stood, but most evidence points to epistasis and comple-
mentary gene action playing important roles (DeVicente
and Tanksley 1993; Rieseberg et al. 2003b; Koide et al.
2019). Complementary gene action is the additive action
of alleles at quantitative trait loci that are fixed for opposite
trait signs in parental species and add up to extreme trait
values inF2 hybrids. Transgression due to epistasis and com-
plementation can, once established, persist indefinitely in
hybrid populations because fit recombinant homozygous
genotypes can breed true, as opposed to overdominance-
based heterosis, which is consecutively lost with every
generation (Fitzpatrick and Shaffer 2007). Thus, trans-
gression can have lasting effects on hybrid fitness and
the evolutionary outcomes of hybridization.
Because of its largely additive and epistatic nature, theory
predicts that transgression should increase with parental
genetic divergence and decrease with parental phenotypic
differences (Rieseberg et al. 1999). It is, however, notoriously
difficult to assess the relative impact of these predictors of
transgression independently, with the same set of experi-
mental crosses, because they often covary; more genetically
divergent lineages are often also phenotypically different.
Covariance between genetic and phenotypic divergence
can potentially mask or override their opposing effects on
transgression.Here, in the hope of providing a sounder test-
ing ground for theoretical predictions and to explicitly parse
the effects of genetic and phenotypic distance on transgres-
sion, we used a set of seven interspecific hybrid yeast crosses
in which parental genetic and multivariate phenotypic dis-
tances were not correlated.
We made interspecies F1 and F2 hybrid crosses between

five yeast species: S. cerevisiae, S. paradoxus, S. mikatae, S.
kudriavzevii, and S. uvarum. Most of these hybrids have
been found in natural or fermentation environments be-
fore (except for Sk#Sm and Sk#Sp). These species vary
in relatedness from 13% to 21% nucleotide divergence based
on whole-genome alignments (fig. 1), capturing the entire
range of genetic distances in this species group. Their eco-
logical niches and geographic distributions vary widely.
Baker’s yeast (S. cerevisiae) has a global, human-associated
distribution; it is used in the food, biofuel, and medical in-
dustries and is typically found in warm, nutrient-rich en-
vironments, like grapes and other fruits. Saccharomyces
paradoxus is mainly found in the Northern Hemisphere,
and S. uvarummostly occurs in the Southern Hemisphere.
S. cerevisiae

S. paradoxus

S. mikatae

S. kudriavzevii

S. uvarum

0.99

0.57

0.73

0.86
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S. paradoxus x S. kudriavzevii
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interspecific hybrids
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Figure 1: Phylogenetic relationships of parental Saccharomyces species. The tree was built using orthogroup inferences from whole-genome
assemblies. The support values are the proportion of times that the bipartition was found in each of the individual species tree estimates.
Branch lengths represent the average number of substitutions per site across the sampled gene families. Kluyveromyces lactis and Torulaspora
delbrueckii were used as out-groups but are not shown. Interspecific hybrids generated from parental strain crosses are shown.
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Saccharomyces mikatae and S. kudriavzevii have narrow
geographic distributions mostly confined to East Asia. Sac-
charomyces paradoxus, S. mikatae, S. kudriavzevii, and S.
uvarum occur in colder, less nutrient-rich habitats, like
tree bark and forest soils.
We measured the fitness of parents and their viable F1

and F2 hybrids under seven stressful conditions and tested
whether the frequency of hybrid segregants with higher or
lower fitness than the parents (transgressive segregation)
was a function of parental genetic and phenotypic dis-
tance. We also tested whether transgression was environ-
ment dependent and whether any interactions among
phenotype, genotype, and environment explained varia-
tion in hybrid stress response. As a prerequisite to being
used in this experiment, this set of parental strains had
pairwise phenotypic distances (measured in the experi-
mental environments we used) that were not correlated
to pairwise genetic distances.
Material and Methods

Parental Strains and F1 Hybrids

We made seven interspecific hybrid crosses from five
members of the Saccharomyces species group (fig. 1; ta-
ble 1). Note that crosses were not all phylogenetically in-
dependent, as S. kudriavzevii and S. cerevisiae were used
repeatedly. Parental strains (gifts from C. T. Hittinger and
D. Greig) used for mating were previously engineered to
be stable, isogenic heterothallic haploids with homothallic
switching endonuclease (HO) deletion using drug resistance
markers (HygMX, KanMX, or NatMX). We generated pa-
rental diploid strains by mating haploid derivatives with
opposite mating types, generating homozygotes (except at
the mating-type [MAT] locus). To make F1 hybrid crosses,
haploid parents with opposite mating types were grown
overnight in liquid YEPD (1% yeast extract, 2% peptone,
2% dextrose) in a shaking incubator at 307C and then
mixed at equal volumes. Mating was induced by spinning
down to concentrate cells and plating drops of 100 mL on
YEPD plates (2.5% agar), kept at room temperature for at
least 12 h. We then streaked out for single colonies on a
fresh YEPD plate and incubated for 48 h at 307C. Colonies
were replica plated to a sporulation plate (KAC; 2% potas-
sium acetate, 2% agar) and incubated at room temperature
for 4 days to induce sporulation. Diploid hybrids were
identified by inspecting individual colonies for tetrads
under the microscope, which were then confirmed by po-
lymerase chain reaction amplifying both alleles at the
MAT locus. A pure F1 diploid hybrid colony from each in-
terspecies pair was picked from the YEPD plate, propagated
clonally in liquid YEPD overnight, and frozen for later use.
F2 Hybrid Crosses

F1 hybrids were grown in liquid YEPD overnight. Cells
were pelleted by centrifugation and washed two times with
distilled water. Cells were transferred to a 500-mL Erlen-
meyer flask containing 50 mL of liquid KAC, which was
shaken at room temperature for 7 days to induce meiosis
(see the schematic of the experimental procedure in fig. 2).
After microscopic verification of sporulation, we centri-
fuged and washed cells, resuspended them in 50 mL of liq-
uid YEPD, and distributed them to 2-mL Eppendorf tubes.
Tubes were incubated at 307C with shaking (300 rpm) for
30 min. Then cells were pelleted, and vegetative F1 cells
were eliminated by adding 1 mL of 1% NaOH solution
and placing the tubes on a heating block at 557C for 3 min.
Cell lysis was terminated by adding 1 mL of HCl solution
(0.25 M) and placing the samples on ice for 2 min. After
centrifugation and removal of supernatant, pelleted cells
were washed with distilled water. The number of surviving
cells after this treatment was estimated by streaking 10 mL
onto YEPD plates (in triplicate) and found to be on average
16:356:1 cells. The remaining populations, now con-
taining only F2 hybrid genotypes, were frozen for later use.
Stressful Environments

We supplemented liquid synthetic complete (SC)medium
(2% glucose, 0.67% bacto-yeast nitrogen base without amino
acids, 0.00079% Formedium complete supplement mix-
ture [CSM] powder) with a range of concentrations of
seven toxic substances: caffeine (C8H10N4O2), citric acid
(C6H8O7), zinc sulfate (ZnSO4), salicylic acid (C7H6O3),
ethanol (C2H6O), hydrogen peroxide (H2O2), and dimethyl
Table 1: Parental Saccharomyces strains with geographic and ecological origin
Species
 Strain ID
 Origin
 Reference
S. cerevisiae
 Y55
 Europe, laboratory strain
 Liti et al. 2009

S. paradoxus
 Q89.8
 United Kingdom, oak
 Liti et al. 2009

S. mikatae
 IFO1815
 Japan, soil
 Scannell et al. 2011

S. kudriavzevii
 FM1109 (ZP 591)
 Portugal, oak
 Hittinger et al. 2010

S. uvarum
 CBS7001
 Spain, insect
 Scannell et al. 2011
Note: References provide more background information on each strain.
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sulfoxide (DMSO; C2H6OS). We created environmental
gradients on 96-well plates, so that the top row (along the
X-axis of the plate) contained the lowest concentration
and every row below increased in concentration until the
bottom row contained the highest concentration lethal for
all strains (details are in table S1; tables S1, S2 are available
online). Every well contained 170 mL volume.
Fitness Assays

We measured the growth of parental diploids, F1 hybrids,
and F2 hybrids in seven environmental gradients, each with
eight levels of increasing concentration of a substance (fig. 2;
table S1). For this, parents and F1 hybrids (whichwere clonal)
were grown in SC medium overnight. F2 populations were
taken directly from frozen samples and resuspended in SC
medium to avoid preselection and thus loss of genetic diver-
sity in SC overnight. Every well on a 96-well plate (plate A)
was inoculated with 10 mL of yeast culture. After inoculation,
plates were incubated at 307C for 48 h. Then, 1 mL of cul-
ture from each well was transferred to the same position
on a fresh 96-well plate (plate B) containing identical concen-
trations of the same substance. Another transfer to a fresh
plate (plate C) was done 48 h later. Immediately following
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Figure 2: Schematic of experimental procedure designed to identify transgressive interspecific yeast hybrids, proliferating along a stress
gradient that is not tolerated by their parents. Serial transfers into fresh medium are common practice and help to exclude dead cells, which
can otherwise confound optical density (OD) measurements. Total population growth was calculated as the difference in OD between the
start and end of the 48-h growth period on plate C. Darker-shaded yeast cells signify F2 hybrids carrying beneficial genetic variation, allow-
ing them to thrive under stressful conditions. SC p synthetic complete; YEPD p 1% yeast extract, 2% peptone, 2% dextrose.
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this last transfer (time point t0), we measured the optical
density (OD; at 600 nm) of every well with a microplate
reader (Tecan, Sunrise). OD scales proportionally with cell
number and is a common high-throughput measure of mi-
crobial population growth and Malthusian fitness in liquid
medium. After incubation at 307C for 48 h, we took a sec-
ond ODmeasure (time point t1). We calculated population
growth as the difference in OD between t0 and t1 in each
well. We collected data from six replicates for each parental
and F1 hybrid strain and from 12 replicates for F2 hybrids in
each of the seven environmental gradients. Note that in the
case of F2 hybrids, every well contained different genotypes
(the result of chance meiotic segregation and recombina-
tion between parental genomes).
Genetic and Phenotypic Distance

Genetic distances between parental strains were calculated
using estimated DNA-DNAhybridization values generated
using theGenome-to-GenomeDistanceCalculator 2.1with
formula 2 (Meier-Kolthoff et al. 2013). The distances are es-
timated by locally aligning each genome pair used in our
hybrid crosses using BLAST1 (Camacho et al. 2009), pro-
ducing high-scoring segment pairs. Previously published
genome assemblies for each Saccharomyces species were
used for genetic distance estimation (Scannell et al. 2011;
Yue et al. 2017; Bendixsen et al. 2021). Notably, because of
the lack of an assembled genome for S. paradoxus strain
Q89.8, a closely related S. paradoxus strain (CBS432) was
used. Similarly, for S. kudriavzevii strain FM1109, the strain
ZP 591 (from which FM1109 was originally derived) was
used (Sampaio and Gonçalves 2008). To understand the
phylogenetic relationships of the parental Saccharomyces
species, we built a consensus species tree using orthogroup
inference. Orthologs were identified from the same previ-
ously assembled and annotated Saccharomyces genomes
(Scannell et al. 2011; Yue et al. 2017; Bendixsen et al. 2021).
Kluyveromyces lactis and Torulaspora delbrueckii were used
as out-groups in the phylogenetic analysis. We used Ortho-
Finder version 2.5.2 (Emms and Kelly 2015; Emms and Kelly
2019) and aligned all orthologous protein-coding genes iden-
tified in the five Saccharomyces species. In total, 5,304 ortho-
groups were identified, and gene trees were constructed for
each group. The consensus species tree was inferred using
STAG (Emms and Kelly 2018) and rooted using STRIDE
(Emms and Kelly 2017).
To obtain pairwise phenotypic distances between pa-

rental strains, we used the growth measurements (OD)
of the parents measured along the seven environmental
gradients as explained above and entered these multivar-
iate data into a multidimensional scaling (MDS) analysis
(using the magrittr, dplyr, ggpubr, and ggplot2 packages
in R). Because wemeasured growth in seven environmental
gradients, each with eight levels of increasing concentra-
tions of a different substance, we first calculated pairwise
OD differences between all parental strains per environ-
ment and per concentration to create an input distancema-
trix.We then extracted and plotted the first two dimensions
and used paired Euclidean distances between strain means
as pairwise phenotypic distances. The first two dimensions
together explained large amounts of variance (from 92.3%
to 97.6%) in the individual environment analyses and thus
captured the most important variation in this data set for
our downstream analysis of phenotypic distance.
Heterosis in F1 Hybrids

The molecular underpinnings of heterosis are manifold.
They can be classified into genetic effects of overdomi-
nance, where variation in the parent populations is main-
tained by balancing selection and results in heterozygote
advantage in the hybrid, and dominance effects, which is
the genome-wide masking of recessive mutations that are
mildly deleterious in the homozygous parents, giving het-
erozygous hybrids fitness advantages. There is evidence
that digenic or higher-order epistasis can also play a sig-
nificant role in causing heterosis in F1 hybrids (Yu et al.
1997; Shapira et al. 2014; Shapira and David 2016).
Heterosis was estimated for each cross in each envi-

ronment as in Shapira et al. (2014). In brief, mode of in-
heritance was determined by calculating the degree of
dominance (d/a) using the midparent value m (mean
growth of parent 1 1 mean growth of parent 2)/2), ad-
ditive genetic variation a (mean growth of the better par-
ent 2 m), and dominance variation d (mean growth of F1

hybrid 2 m). Dominance was grouped into seven catego-
ries: codominance (d=a p 0), partial dominance of fitter
parent (0 ! d=a ! 1), partial dominance of less fit parent
(21 ! d=a ! 0), complete dominance of fitter parent
(d=a p 1), complete dominance of less fit parent (d=a p
21), overdominance of F1 (d=a 1 1), and underdom-
inance of F1 (d=a ! 1). Only F1 hybrids with overdomi-
nant growth profiles were considered heterotic.
Transgressive Segregation Frequency in F2 Hybrids

We counted positively transgressive segregants as those F2

hybrids with fitness exceeding the midparent value by two
standard deviations (12 SDs) and negatively transgressive
segregants as F2 hybrids with fitness less than two standard
deviations below midparent value (22 SDs; DeVicente
and Tanksley 1993; Díaz et al. 2014). In both cases, only
environments and concentrations with sufficient growth
were considered. In a given environment and concentra-
tion, if either of the parental species or the F2 hybrid had
anODgreater than 0.1, the well was included in the analysis,
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resulting in 2,937 hybrid measurements. For each concen-
tration level, wells showing transgressive growth were di-
vided by the total number of replicate wells (i.e., wells con-
taining the same concentration of a substance). For a given
cross and environment, transgression frequency was cal-
culated by averaging all concentration levels with at least
one OD more than 0.1.
We used linear regression to test whether genetic and

phenotypic parental distance predicted variation in trans-
gression frequency across environments and crosses. To
explore whether positive transgression of the F2 hybrid
populations can be explained by cross type, test environ-
ment, or concentration level of stress, we used a generalized
linear mixed model (family p binomial). The binary re-
sponsevariablewaswhetheranF2hybridwaspositively trans-
gressive (0: F2 !midparent1 2 SDs; 1: F2 1midparent1
2 SDs). Hybrid cross, environment, concentration level,
their two-way interactions, and the combined three-way
interaction were examined as fixed factors. Replicate was
used as a random factor. Analyses were done using the
nlme and lme4 packages in R version 3.6.1 (R Core Team
2019). To identify the model with the best fit, we applied
model reduction to find the simplest model with the lowest
Akaike informationcriterion andANOVAcomparingmod-
els reduced by one fixed effect at a time to the full model.
To visualize the effects of hybrid cross, environment, and
concentration level as well as their pairwise interactions,
we calculated and plotted the total number of positive trans-
gressive segregants in each category (data have been depos-
ited in the Dryad Digital Repository: https://doi.org/10
.5061/dryad.66t1g1k21; Brice et al. 2021).
Results

Phenotypic Profiling

Growth assays along seven environmental gradients re-
vealed significant variation between parental, F1, and F2

hybrid strains (fig. 3). The highest concentrations were
usually lethal for all strains (exceptions were, e.g., S. cere-
visiae in ethanol, some F1 hybrids in citric acid, and F2

hybrids in salicylic acid). Note that below we use popula-
tion growth as a proxy for Malthusian fitness, as is com-
mon practice in microbiology. F1 hybrids often showed in-
termediate or higher fitness compared with both parents. F2

hybrid fitness ranged widely, from lower to intermediate or
higher than both parents, depending on the cross and on
the environment (fig. S1 [figs. S1–S4 are available online]
shows F1 and F2 fitness relative to the midparent value).
Replicate growthmeasurements of parental strains across

all environments clustered into distinct groups with non-
overlapping phenotypic profiles (large MDS plot in fig. 4)
with a low stress value (0.021), indicating that the differ-
ence between distances in the reduced dimension com-
pared with the complete multidimensional space has a
high goodness of fit. Inmost environments, parental strains
occupied different areas in phenotype space with almost no
overlap between them (e.g., salicylic acid). In some environ-
ments, parental phenotypes largely overlapped (e.g., caf-
feine). Replicates of F1 and F2 hybrids also clustered to-
gether in multidimensional space and did not overlap with
the parents or with each other (fig. S2).
Pairwise phenotypic and genetic distances (p-distances

from whole-genome alignments) of the parental strains
were not correlated (fig. 5); that is, more genetically di-
vergent lineages were not more likely to also be phenotyp-
ically different in the experimental environments (R2 p
0:005, P p :88). This is important, as it allowed us to
independently test these variables for their effect on hy-
brid transgression.
F1 Hybrid Heterosis

We considered F1 hybrid performance as heterotic (over-
dominant) if d=a 1 1 (for details, see “Material and Meth-
ods”). Overall, across all crosses and environmental con-
ditions, heterosis was very common (40% of cases). The
amount of heterosis varied among crosses (F6, 48 p 2:97,
P p :016), ranging from 16% (in Sc#Sk) to 55% (in Su#
Sc). Among environments, heterosis also varied but not
significantly (F6, 48 p 2:11, P p :072), ranging from 21%
in ethanol to 52% in salicylic acid and zinc sulfate (fig. S3).
Partial dominance of the fitter parent was rather com-

mon, being present in a total of 24% of cases across all
crosses and conditions. Complete dominance of the fitter
parent was found in 13% of all cases, and complete dom-
inance of the less fit parent was found in 8% of cases. Par-
tial dominance of the less fit parent was found in 9% of all
cases. Underdominance was found in 5%, and codomi-
nance was found in 0.3%. Heterosis was not predicted by
genetic (R2 p 0:04, P p :66) or phenotypic (R2 p 0:1,
P p :65) distance between parents (fig. S4).
F2 Transgression Frequency

Positive transgression frequency was 16.6% across all en-
vironments, concentrations, and crosses. Negative trans-
gression frequency was only 6.1%. All further calculations
are based on positive transgression. Transgression fre-
quency differed among crosses and ranged between 21.4%
(in Su#Sk) and 7.5% (in Sm#Sk). It also varied strongly
between environments, ranging from 39.0% in salicylic
acid to only 4.3% in ethanol. Transgression frequency
was a function of increasing concentrations in salicylic
acid (R2 p 0:84, P p :001). In ethanol, transgression fre-
quency decreased significantly with increasing concentration

https://doi.org/10.5061/dryad.66t1g1k21
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(R2 p 0:49, P p :05). The other five environments showed
no significant linear correlation with concentration level.
Overall, transgression frequency was not a function of

parental genetic distance (R2 p 0:01, P p :42) or of pa-
rental phenotypic distance (R2 p 0:03, P p :24). However,
when analyzed separately by environment, transgres-
sion frequency was inversely correlated with genetic dis-
tance in ethanol (R2 p 0:96, P ! :001) and hydrogen per-
oxide (R2 p 0:85, P p :003; note that this is the opposite
of what theory predicts; fig. 6A). These relationships re-
mained significant when excluding the cross withmost trans-
gressive hybrids (Sc# Sp; ethanol: R2 p 0:79, P p :017;
Figure 4: Phenotypic profiles of five Saccharomyces species, visualized using the first two dimensions extracted from multidimensional scal-
ing (MDS; stress value p 0.021) of growth data. The large plot shows data analyzed across all environments, and small plots show each
environment separately. The proportion of variation explained by each dimension is shown in percent. Data points show six replicate mea-
surements per strain. Larger points with black outlines show the strain mean. Colored polygons were added manually and enclose replicate
measurements of each parental strain. DMSO p dimethyl sulfoxide.
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H2O2:R2 p 0:72,P p :034). Phenotypic distancepredicted
a decrease in transgression frequency in salicylic acid only
(fig. 6B), in agreement with theoretical predictions. No other
significant correlations were found.
A generalized linear mixed effect model showed that all

main effects (cross, environment, and concentration level),
as well as their two-way interaction terms, explained sig-
nificant amounts of variation in the number of transgres-
sive F2 hybrid populations (table S2). The number of pos-
itive transgressive segregants ranged across hybrid crosses
from 106 (Su# Sk) to 25 (Sm# Sk), with an average of
∼70 per environment (fig. 7). Environmental impact was
strong with ∼54% (262) of the total number of transgressive
segregants foundwithin a single environment (salicylic acid).
Transgressive segregants were most frequent in the lowest
concentration level (108) and least frequent at intermedi-
ate level 3 (27). Visualizing the number of positive trans-
gressive segregants in pairwise interactions between hybrid
cross, environment, and concentration level revealed the
complex nature of these interactions (fig. 7). Although
salicylic acid was the test environment with themost trans-
gressive segregants, the segregants were not evenly distrib-
uted among hybrid crosses. In fact, two hybrid crosses had
very few (Sc#Sm) or no (Sm#Sk) transgressive segre-
gants. Similarly, transgressive segregants in salicylic acid
were not evenly distributed among concentration levels
but increased with increasing concentration. Other envi-
ronments showed the highest levels of transgressive segre-
gants at lower concentration levels (caffeine, ethanol, H2O2).
Somehybridcrosses showedauniformdistributionof trans-
gressive segregants across concentration levels (Sp# Sk,
Su#Sk), while others were bimodal (Sc#Sp). Still others
showed transgression primarily either at low (Sc#Sm) or
at high (Sc#Sk) concentration levels. Overall, these anal-
yses and visualizations show that positive transgression is
a result of complex genetic and environmental interactions.
Discussion

There is evidence from theoretical and experimental work—
for example, in sunflowers (Lexer et al. 2003), fish (Nolte
and Sheets 2005; Parsons et al. 2011), and fungal pathogens
(Shahid et al. 2008)—that transgressive segregation in hy-
brids can cause increased rates of adaptation andmajor eco-
logical shifts (Rieseberg et al. 2003a; Kagawa and Takimoto
2018). This can potentially promote hybrid speciation, espe-
cially if reproductive isolation between hybrids and parents
prevents backcrosses, which may evolve more easily in dis-
tant species crosses (Comeault andMatute 2018).However,
there are little data on how frequently transgression occurs
in hybrids and on how often transgression serves to pro-
mote or diminish hybrid fitness, and few attempts have
been made to reliably predict hybridization outcomes, es-
pecially in nondomesticated crosses (Taylor and McPhail
2000; Gompert et al. 2017; Mandeville et al. 2019). Here,
we used a set of seven interspecific yeast crosses in which
parental genetic and phenotypic distances were not corre-
lated (fig. 5), to test whether transgression frequency in F2

hybrids was predictable from parental attributes, the ex-
perimental environment, or both.
We found that on average 16.6% of all replicate F2 hy-

brids populations were transgressive with higher fitness
than both parents and that 6.1% of F2 hybrid populations
were transgressive with negative fitness. Transgression
frequency was predicted neither by genetic nor by pheno-
typic parental distances when averaging across all seven
S. cerevisiae x S. paradoxus

S. uvarum x S. kudriavzevii

S. mikatae x S. kudriavzevii

S. paradoxus x S. kudriavzevii
S. cerevisiae x S. uvarum

S. cerevisiae x S. kudriavzevii

S. cerevisiae x S. mikatae

Figure 5: Pairwise genetic (genome-wide p-distances) and phenotypic distances (Euclidean distances from multidimensional scaling of
growth data) between parental strains used for making hybrid crosses are not correlated.
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test environments. Within environments, we observed only
three (of 14) significant relationships with crossing dis-
tance, and they were not always in the predicted direction
(fig. 6; the negative correlations with genetic distance in
ethanol and hydrogen peroxide were unexpected; the neg-
ative correlation with phenotypic distance in salicylic acid
was expected). Some of the test environments contained
substances that yeast might encounter naturally (e.g., eth-
anol, hydrogen peroxide), and others are more likely novel
or entirely artificial (e.g., caffeine, DMSO). Our data do not
allow for any conclusions on whether hybridization out-
comes are more predictable in more natural environments.
It is, however, likely that the genetic architecture of some
traits tested here contains genes with strong dominance ef-
fects while other traits may be largely controlled by epista-
sis; others are affected by both mechanisms and may there-
fore show no clear pattern. The number of transgressive F2

hybrids in our experiment varied significantly among envi-
ronments, cross backgrounds, and their interactions (fig. 7),
suggesting that the outcome of hybridization events is highly
context specificwith strong genomic and environmental con-
tingencies even when hybrid crosses were made from the
same two parents. Transgression has been previously de-
scribed to vary among phenotypic traits (Albertson and
Kocher 2005; Thompson 2020) and experimental environ-
ments (Stelkens et al. 2014; Zhang et al. 2019).
Efforts to predict hybrid transgression from genetic and

phenotypic parental characteristics have yielded mixed
results. Crosses between domesticated crop (e.g., rice, toma-
toes, and soy bean; DeVicente and Tanksley 1993; Mansur
et al. 1993; Koide et al. 2019) and sunflower species (Kim
and Rieseberg 1999) have generated more transgressive F2

offspring in more phenotypically similar parents, in line
with theory. Genetic distance has reliably predicted trans-
gression in some hybrid crops (Koide et al. 2019), but not
always (Vega and Frey 1980; Cox and Frey 1985). A large
S. cerevisiae x S. paradoxus

S. uvarum x S. kudriavzevii

S. mikatae x S. kudriavzevii

S. paradoxus x S. kudriavzevii
S. cerevisiae x S. uvarum

S. cerevisiae x S. kudriavzevii

S. cerevisiae x S. mikatae

Caffeine

Citric Acid H2O2

DMSO Salicylic Acid

Ethanol Zinc Sulfate

A B
Caffeine

Citric Acid H2O2

DMSO Salicylic Acid

Ethanol Zinc Sulfate

R2=0.85
p=0.003

R2=0.96
p<0.001

R2=0.78
p=0.008

Figure 6: Transgression frequency (%) as a function of genetic (A) and phenotypic (B) parental divergence in seven test environments.
Lines show linear regression fit. Shaded areas are 75% confidence intervals. DMSO p dimethyl sulfoxide.
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meta-analysis of nondomesticated plants found a strong
positive correlation between transgression and genetic dis-
tance, but not the predicted negative relationshipwith phe-
notypic distance (Stelkens and Seehausen 2009). Similarly,
in interspecific hybrids of African cichlid fish, transgression
in body shape increased with genetic distance, but parental
phenotypic similarity was not related to hybrid transgres-
sion (Stelkens et al. 2009). Finally, neither genetic nor phe-
notypic parental crossing distance was strongly related to
transgression in intra- and interspecific hybrids of two yeast
species (Stelkens et al. 2014) that were also included in this
study. In summary, no consistent pattern has emerged in
the literature, including our study, which would reliably pre-
dict transgressive segregation.
The evolutionary distances (5–20 million years) be-

tween the species we used may lie outside the range where
1
5
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80

Positive Transgressive 
Segregants (TS) 

S. cerevisiae x S. paradoxus

S. uvarum x S. kudriavzevii
S. mikatae x S. kudriavzevii
S. paradoxus x S. kudriavzevii
S. cerevisiae x S. uvarum
S. cerevisiae x S. kudriavzevii
S. cerevisiae x S. mikatae

Figure 7: Plot visualizing the main effects of the model (hybrid cross, test environment, concentration), as well as their two-way interaction
terms, each explaining significant variation in the number of transgressive F2 hybrid populations. The size of circles indicates the total num-
ber of segregants per interaction. Bar plots indicate the total number of transgressive segregants found along the two axes of the interaction
plots. DMSO p dimethyl sulfoxide.
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any pattern between sequence divergence and transgres-
sion is detectable. These species have accumulated 14%–21%
nucleotide differences genome-wide, and hybrid meiosis
typically results in less than 1% viable F2 hybrid offspring
because of antirecombination and chromosomal missegre-
gation (Hunter et al. 1996; Liti et al. 2006; Kao et al. 2010;
Hou et al. 2014; Rogers et al. 2018). Although we have by-
passed this constraint using large population sizes and asex-
ual reproduction after F1 meiosis, high F2 hybrid mortality
may have caused lower frequencies of transgression than
expected and obscured the predicted effects of parental di-
vergence on transgression overall. We are not aware of an-
other study covering similarly large distances to measure
hybrid transgression. Another confounding factor is that
interspecific yeast hybrids frequently contain aneuploidies
(reviewed in Gilchrist and Stelkens 2019). This is often det-
rimental for the cell, but some aneuploidies have been shown
to facilitate adaptation to environmentally stressful condi-
tions (Selmecki et al. 2009; Yona et al. 2012; Chang et al.
2013; Hose et al. 2015; Kaya et al. 2020). While remaining
untested here, aneuploidy has likely contributed to both pos-
itive and negative transgression in this study.
So far, we have discussed our results on the frequency of

transgression in F2 hybrids. What about patterns of heter-
osis in F1 hybrids? F1 hybrid heterosis is widely exploited in
plant and animal breeding (Birchler et al. 2003; Schnable
and Springer 2013). It is more often observed in crosses
of inbred domesticated lines than in outbred wild popula-
tions because of the complementation of deleterious or loss-
of-function alleles, which become more frequent with do-
mestication (Rieseberg et al. 2003b; Zörgö et al. 2012; Plech
et al. 2014). The five parental strains in our experiment are
wild isolates and presumably not impacted by domestica-
tion. Curiously, heterosis was rampant, with 40% of all F1

populations showing increased fitness compared with the
parents, with some variation between crosses. Heterosis is
likely caused by a combination of genetic models, including
dominance complementation of recessive alleles, overdom-
inance, and epistatic interactions, previously shown to cause
increased growth performance in intraspecific yeast hybrids
(Shapira et al. 2014). Typically, heterosis increases from small
to moderate parental genetic divergence (Cheres et al. 2000;
Bernardes et al. 2017; but see Hung et al. 2012; Shapira et al.
2014) and declines rapidly at large distances (Moll et al.
1965; Rieseberg et al. 1999). A recent meta-analysis (Wei
and Zhang 2018) confirmed this hump-shaped distribution
of heterosis using intraspecific S. cerevisiae crosses (data are
mainly from Zörgö et al. 2012; Plech et al. 2014). We found
no relationship between heterosis and genetic or pheno-
typic parental distance across or within any of the environ-
ments we tested. As is the case for transgression in the F2

hybrids, we think this lack of relationship is likely due to
the extreme sequence divergence of our crosses, located
far outside the range of previously tested parental distances.
We note, however, that F1 heterosis is not impacted by hy-
brid mortality here, as this affects only the F2 hybrid gener-
ation in yeast. Unlike animal F1 hybrids, which are much
more impacted by changes in the function of morphogens
during development with often lethal effects, interspecific
yeast F1 hybrids are fully viable (yet mostly sterile; Greig
2009).
A number of theoretical models have recently explored

the multigenic dynamics of Fisher’s geometric model, ac-
commodating different types of hybrids (ranging from
crosses between closely related inbred lines to almost iso-
lated species) and different architectures of hybrid fitness
with a variety of mutational effect sizes and underlying
genetic structures (Fraïsse et al. 2014; Simon et al. 2018;
Dagilis et al. 2019; Yamaguchi and Otto 2020). However,
these models simulate the average fitness of a hybrid cross
(not a measure of transgression frequency) as a function
of the parents’ maladaptation (not necessarily a measure
of parental sequence divergence) and can thus provide
only limited insight here.
To conclude, hybrids with novel phenotypes, generated

through the strategic breeding of parents with specific ge-
netic and phenotypic distances, are an attractive means for
agricultural breeding programs and food production. This
may become a particularly relevant application under ex-
treme environmental conditions, for example, when trans-
gressive segregationmechanisms better equip hybrid plants
and animals to survive droughts or flooding. Improving the
forecasting of hybridization outcomes would also be useful
to assess conservation risks, for instance, when invasive
species interbreed with natives. However, our study dem-
onstrates that reliably predicting hybrid fitness and trans-
gression is not straightforward, especially not across large
evolutionary distances and under changing environmental
conditions (Gompert et al. 2017). In natural populations
with standing genetic variation, transgressive segregation
in hybrid offspring may be further obscured by large-effect
pleiotropic alleles and compensatory mutations in other
traits that are fixed during the adaptive divergence of the
parents (Thompson 2020). To understand whether there
are any generalizable patterns in hybrid fitness beyond the
idiosyncrasies caused by the specific genomic background
of the cross, we need more research on the targets of selec-
tion in hybrid genomes, the genetic architecture of these
traits, and their interactions with the environment.
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