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Abstract

Hybridization between species can either promote or impede adaptation. But we know very little about the genetic basis
of hybrid fitness, especially in nondomesticated organisms, and when populations are facing environmental stress. We
made genetically variable F2 hybrid populations from two divergent Saccharomyces yeast species. We exposed popula-
tions to ten toxins and sequenced the most resilient hybrids on low coverage using ddRADseq to investigate four aspects
of their genomes: 1) hybridity, 2) interspecific heterozygosity, 3) epistasis (positive or negative associations between
nonhomologous chromosomes), and 4) ploidy. We used linear mixed-effect models and simulations to measure to which
extent hybrid genome composition was contingent on the environment. Genomes grown in different environments
varied in every aspect of hybridness measured, revealing strong genotype-environment interactions. We also found
selection against heterozygosity or directional selection for one of the parental alleles, with larger fitness of genomes
carrying more homozygous allelic combinations in an otherwise hybrid genomic background. In addition, individual
chromosomes and chromosomal interactions showed significant species biases and pervasive aneuploidies. Against our
expectations, we observed multiple beneficial, opposite-species chromosome associations, confirmed by epistasis- and
selection-free computer simulations, which is surprising given the large divergence of parental genomes (~15%).
Together, these results suggest that successful, stress-resilient hybrid genomes can be assembled from the best features
of both parents without paying high costs of negative epistasis. This illustrates the importance of measuring genetic trait
architecture in an environmental context when determining the evolutionary potential of genetically diverse hybrid
populations.

Key words: Saccharomyces, hybridization, environmental stress, ddRADseq, heterozygosity, epistasis, genome
evolution.

Introduction

Populations exposed to gene flow, introgression, or hybridi-
zation contain vast amounts of genetic variation, sometimes
producing phenotypes with more extreme adaptations than
found in the parent populations (Shahid et al. 2008; Stelkens
and Seehausen 2009; Pritchard et al. 2013; Stelkens,
Brockhurst, Hurst, Miller, et al. 2014; Holzman and Hulsey
2017). The average fitness of hybrid crosses is usually lower
than that of nonhybrid crosses due to interspecific incom-
patibilities or other negative effects, for example, the break-up
and loss of coadapted beneficial gene complexes for local
adaptation (Coyne and Orr 2004). This applies especially to
the hybrid offspring of genetically divergent lineages.
However, some hybrids show high fitness (Rieseberg et al.
1999; Dittrich-Reed and Fitzpatrick 2013), which is often

exploited in agricultural breeding to improve the yield, taste,
or other desirable traits of cultivars (Marullo et al. 2006;
Kuczynska et al. 2007; Shivaprasad et al. 2012; Koide et al.
2019). But fit and fertile hybrids are also relevant for adaptive
evolution and the generation of biodiversity, especially when
ecologically divergent hybrid phenotypes become reproduc-
tively isolated from the parents. Ultimately this process can
lead to hybrid speciation (Anderson and Stebbins 1954;
Lewontin and Birch 1966; Rieseberg et al. 2003; Seehausen
2004; Arnold 2006; Mallet 2007; Nolte and Tautz 2010;
Abbott et al. 2013; Schumer et al. 2014).

The genetic mechanisms allowing some hybrid genomes
to express high-fitness phenotypes, despite negative epistatic
effects compromising their fitness, are poorly known, espe-
cially in nondomesticated organisms. We also know very little
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about the impact of stressful and deteriorating environmen-
tal conditions on the evolutionary potential of hybrid pop-
ulations, although this is becoming increasingly relevant in
the face of global environmental change and invasive species
management. So far, empirical studies putting hybrid fitness
in an environmental context are rare and the results are
mixed. Some found environmental stress to intensify the neg-
ative fitness effects of hybridization (Koevoets et al. 2012;
Barreto and Burton 2013), others found hybrid fitness to in-
crease with stress (Edmands and Deimler 2004; Willett 2012;
Hwang et al. 2016). Again, others detected no effects of stress
on hybrid fitness (Armbruster et al. 1999). Studies in inter-
specific yeast crosses suggest that F2 hybrids can outcompete
their parent species in various stressful environments (Greig
et al. 2002; Stelkens, Brockhurst, Hurst, and Greig 2014) and
that hybridization can increase resistance against a range of
toxins (Stelkens, Brockhurst, Hurst, Miller, et al. 2014).

We made genetically highly variable F2 hybrids by crossing
two divergent species of Saccharomyces budding yeast
(S. cerevisiae and S. paradoxus). These species have well-
sequenced, well-assembled genomes that differ at ~15% of
nucleotides genome-wide (Liti et al. 2009). Due to their large
divergence, these species produce only ~1% viable F2-hybrid
offspring (Hunter et al. 1996; Boynton et al. 2018; Rogers et al.
2018). We exposed 240 populations of viable F2 hybrids to ten
stressful environments containing high concentrations of dif-
ferent toxins (e.g, caffeine, ethanol, lithium acetate; supple-
mentary table S1, Supplementary Material online). At the end
of the growth period, we sequenced the genomes of 240
hybrid survivors at low coverage using double digest, restric-
tion-site-associated DNA (ddRAD) markers and mapped hy-
brid genomes to both parental reference genomes to analyze
their genome composition. Tormeasurertherimpactiofithe
genetic and environmental factors shaping the hybrid
genomes) we measured four aspects of “hybridness”; 1) hybrid-
ity (proportion of hybrid genome mapping to one or other
parent species), 2) interspecific heterozygosity (homologous
chromosomes from opposite species), 3) epistasis (positive or
negative associations between nonhomologous chromo-
somes from the same and opposite species), and aneuploidy
(aberrant chromosome copy numbers compared with the
euploid parents). By virtue of design, we were restricted to
sampling only from the 1% viable subset of F2 hybrids here
(i.e, we could only sequence survivors and not the inviable
hybrids carrying lethal incompatibilities).

Hybridity is a continuous measure. It is the proportion of
genomic material inherited from one over the other parental
species (Gompert and Buerkle 2016), often referred to as hy-
brid index (Barton and Gale 1993; Buerkle 2005) or admixture
proportion (Pritchard et al. 2000; Falush et al. 2003). Hybridity
is useful for locating hybrid genomes on a single axis, ranging
from zero to one with pure parental genomes at opposite
ends. However, this simple measure can mask potentially
important fitness effects of individual loci (or chromosomes)
deviating from the average hybridity of the genome. For in-
stance, dominance (the reciprocal masking of deleterious
alleles at multiple loci; Bruce 1910) and overdominance
(the intrinsic benefit of being heterozygous for at least one
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locus) can produce hybrids with high fitness. This is known as
“interspecific heterozygosity” or “interpopulation ancestry”
(Barton 2000; Fitzpatrick 2012; Lindtke et al. 2012; Gompert
and Buerkle 2013). As an example, although every chromo-
some in a diploid F1 hybrid is heterozygous, maximizing
within-locus hybridity, the genome still carries a full haploid
set of both parental chromosomes. At the same time, a dip-
loid F2 or higher generation hybrid can, theoretically, be com-
posed of fully homozygous chromosomes (i.e, homologous
chromosomes are from the same species), which minimizes
within-locus hybridity. But this F2 hybrid may contain half the
chromosomal set from either parent, maximizing between-
locus hybridity. Because these types of hybrids would be in-
distinguishable with a single hybrid index (which would be 0.5
in both examples), we also measured interspecific heterozy-
gosity, that is, chromosomes in the F2 hybrid genome carrying
interspecific, homologous combinations.

Epistasis, caused by interactions between alleles from at
least two different loci that increase or decrease fitness more
than the sum of the individual contributions of these loci, is
common in nature and has been shown to be susceptible to
changes in the environment (Kvitek and Sherlock 2011; de
Vos et al. 2013). Jaffe et al. (2019) showed that adding more
environmental conditions tripled the number of genetic
interactions detected in fitness assays between double
mutants of yeast (Jaffe et al. 2019). Filteau et al. (2015) found
that the course of compensatory evolution rescuing yeast
populations from the negative fitness effects of deleterious
mutations was strongly contingent on the environment (dif-
ferent carbon sources) (Filteau et al. 2015). Lee et al. (2019),
dissecting the genetic basis of a yeast colony phenotype, re-
cently found that environmental stress affected the impact of
epistasis, additivity, and genotype—environment interactions.

Epistasis, especially negative epistasis, is predicted to play a
large role in hybrid fitness (Cubillos et al. 2011; Shapira et al.
2014). Negative epistasis is the core element of the
Dobzhansky—Muller model of genetic incompatibilities
(DMls), which is often recruited to explain the evolution of
reproductive isolation and outbreeding depression between
biological species, with increasing negative impact the more
divergent the parental genomes are (Dobzhansky 1936;
Mdller 1942; Lynch 1991). Here, we measured epistasis by
testing for significant associations (presence and absence)
between nonhomologous chromosomes from different spe-
cies in F2 hybrid yeast genomes. We compared our data with
epistasis- and selection-free simulations, assuming free segre-
gation of chromosomes in a theoretical F2 hybrid population.
Given the large nucleotide divergence between the parental
genomes used here (~15% genome-wide), negative epistasis
is expected to be prominent, and we expected to find more
same species associations than opposite species associations
in F2 hybrids. However, it is important to keep in mind that
we were restricted to sampling only from the viable subset of
F2 hybrids here (because we cannot sequence dead hybrids).
As a result, we cannot make inferences about the impact of
DMiIs on the average fitness of this hybrid cross, and our
results remain inconclusive as to the relative importance of
DMIs compared with other genetic mechanisms of hybrid
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breakdown, such as underdominance, or directional selection
for one of the parental alleles in hybrid genomes.

Results

We sequenced a total of 240 F2 hybrid strains, of which 184
were mostly diploid and 53 were mostly haploid (three
genomes were discarded due to low read quality). Thus, the
majority of spores germinated and mated in the 96-well
plates, forming diploid F2 hybrids homozygous for both
drug resistance markers cyh2r and canir. The haploid geno-
types detected by sequencing were unmated F2 (ie, F1
spores), and hemizygous for cyh2r and canir. Because we
saw no significant differences between F2 samples isolated
from high concentration of a toxin and low concentration in
any of the tests, we proceeded by pooling all samples for
analysis.

Interspecific Heterozygosity

To measure interspecific heterozygosity (i.e, genomes having
homologous chromosomes from both species) in our diploid
samples, we considered chromosomes heterozygous if marker
proportions fell between 0.25 and 0.75. Chromosomes with
smaller or larger species content were considered homozy-
gous for the dominant species. Assuming no selection and
free segregation of chromosomes in our simulated chromo-
somes, interspecific heterozygosity was lower than expected
in the 187 diploid F2 genomes across all toxins (mean het-
erozygosity = 0.44, median = 0.36; fig. 1A). This low:level'of
mean heterozygosity was found in <0.8% of simulations
basedmronnonvinteractions (supplementary fig. S1,
Supplementary Material online). On average, only 7 of the
16 chromosomes per genome carried a heterospecific com-
bination. In total, there were almost 1.3 times more homo-
zygous chromosomes (n = 1,450; 57%) than heterozygous
chromosomes (n = 1,126; 43%). Environments differed sub-
stantially in the proportions of homo- and heterozygous
chromosomes (fig. 1B). Although in some environments, F2
hybrids were mainly homozygous (e.g, zinc sulfate: 0.73),
other environments promoted the growth of mainly hetero-
zygote genotypes (e.g, NaCl: 0.56). This was confirmed using
simulations. Five stress environments (zinc sulfate: 0.28, citric
acid: 0.29, ethanol: 0.32, salicylic acid: 0.35, and caffeine: 0.40)
produced mean interspecific heterozygosities below the range
(0.41-0.59) expected based on random segregation simula-
tions (supplementary fig. S1, Supplementary Material online).
Seven environments produced mean homozygosities above
the expected range: Three environments (zinc sulfate: 0.35,
citric acid: 0.35, and ethanol: 0.36) produced F2 genomes
more homozygous than the simulated range (0.16-0.34) of
expected homozygosity for S. cerevisiae. Four environments
(caffeine: 0.33, citric acid: 0.36, salicylic acid: 0.37, and zinc
sulfate: 0.37) produced F2 genomes with higher homozygosity
than the simulated range (0.15-0.33) of expected homozy-
gosity for S. paradoxus.

Testing for variation in zygosity between chromosomes,
across all environments, we found three chromosomes with a
significantly larger proportion of S. cerevisiae homozygotes
(chromosomes 4: 057, 5. 031, 14 0.78), and three

chromosomes with a significantly larger proportion of
S. paradoxus homozygotes (chromosomes 6: 0.45, 7: 1.0, 10:
0.36; fig. 1C). Note that chromosomes 5 and 7 carried resis-
tance genes, which, as predicted, selected them to be homo-
zygous for S. cerevisiae and S. paradoxus, respectively
(chromosome 5 also carried some S. paradoxus content
due to recombination at one end of the chromosome).
Three chromosomes were more often heterozygous than
expected by chance (chromosomes 2: 0.60, 3: 0.56, 12: 0.58).

Using a linear mixed-effect model to understand what
causes variation in zygosity between environments, chromo-
somes, and genomes, we found that the interaction between
chromosome ID and environment best predicted zygosity
(supplementary table S2, Supplementary Material online).
Thus, which chromosome was homozygous, and which chro-
mosome was heterozygous, was largely determined by the
stress environment from which it was sampled.

Chromosome Copy Number

To quantify the chromosome copy number within all F2
genomes and to detect potential aneuploidies, we considered
a chromosome aneuploid if the mean copy number was >2.5
or <15 in diploids, and >1.5 in haploids. Using this cut-off,
we found that 47 overall haploid genomes and 161 overall
diploid genomes of the 237 F2 hybrids contained aneuploidy,
affecting 15.3% of all chromosomes in haploids and 14.8% of
chromosomes in diploids (i.e, on average 2.4 chromosomes
per genome were aneuploid; supplementary fig. S2A,
Supplementary Material online). Although no significant dif-
ferences were detected between overall chromosome copy
numbers of F2 hybrids and euploid F1 hybrids within environ-
ments (Wilcoxon test; supplementary fig. S2B, Supplementary
Material online), using data from all environments, we found
significant differences between chromosomes in average copy
number, with nine chromosomes (1, 4, 5, 6, 7, 8, 12, 13, and
14) having significantly different ploidy from the chromo-
somes in euploid F1 genomes (supplementary fig. S2C
Supplementary Material online). For instance, chromosomes
2, 4, 13, and 14 showed high percentages of aneuploidy,
whereas chromosomes 5 and 7 showed low percentages,
probably due to the drug marker they contained (supplemen-
tary fig. S2D, Supplementary Material online). Supplementary
figure S3, Supplementary Material online, provides an over-
view of the pervasive aneuploidy we found in the F2 hybrid
genomes in ten stressful environments. Supplementary figure
S4, Supplementary Material online, shows the chromosome
copy number of one representative aneuploid F2 hybrid ge-
nome chosen from each environment for illustration.

Genome-Wide Hybridity

Average genome-wide hybridity (defined to be the percent-
age of markers inherited from S. cerevisiae) was 0.52 = 0.05
(1=SD) across all chromosomes and all environments (sup-
plementary fig. S5A, Supplementary Material online). This
pattern was consistent with the analysis of published data
(Kao et al. 2010) from an environment without added stress
(supplementary fig. S6A, Supplementary Material online).
Thus, genomic contributions were roughly balanced between
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tests (P = *0.05, **0.01, ***0.001).

the two parental species with a slight overrepresentation of
S. cerevisiae. The most biased genome toward S. cerevisiae was
0.68 and the most biased toward S. paradoxus was 0.35.
Average hybridity per toxin ranged from 0.49 = 0.07 in
salicylic acid (paradoxus-biased) to 0.55 = 0.07 (cerevisiae-
biased) in Nipagin, but no significant differences were found
between toxins (supplementary fig. S5B, Supplementary
Material online). The distributions and means of genome-
wide hybridity observed in each environment were all within
the range (0.44-0.56) expected from simulations based on
random chromosome segregation (supplementary fig. S7,
Supplementary Material online). Chromosomes 5 and 7
were excluded from these analyses because they carried an-
tibiotic resistance markers selecting for S. cerevisiae and
S. paradoxus hemi- or homozygosity, respectively.

Chromosome Hybridity

A closer examination of hybridity (defined to be % markers
inherited from S. cerevisiae) at the chromosomal level
revealed species biases in inheritance patterns (fig. 2A). For
most chromosomes the average chromosome hybridity
across all environments was ~0.5, suggesting equal inheri-
tance from S. cerevisiae and S. paradoxus. As expected, chro-
mosome 5 was inherited primarily from S. cerevisiage and
chromosome 7 was inherited primarily from S. paradoxus
because they carried species-specific drug markers.
Interestingly, chromosomes 4 and 14 were also inherited pre-
dominantly from S. cerevisiae (0.77 and 0.88, respectively).
Analysis of previously published data in an environment
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without stress (Kao et al. 2010) also found this bias in chro-
mosome 4 (supplementary fig. S6B, Supplementary Material
online). Nine of the 16 chromosomes exhibited varying levels
of hybridity depending on environment (ANOVA, P < 0.05),
with six showing significant variation (fig. 2B, P < 0.001). For
some chromosomes, the hybridity variation resulting from
environment did not change the species bias (chromosomes
7 and 14). However, some chromosomes shifted from unbi-
ased (~0.5 hybridity) to biased for S. paradoxus in some
environments (chromosomes 10 and 15). Two chromosomes
exhibited opposite species biases depending on the environ-
ment (chromosomes 12 and 13). In some environments these
chromosomes were biased toward S. cerevisiae (>0.65%), and
in other environments they were biased toward S. paradoxus
(<0.35%).

Using a linear mixed-effect model, we found that interac-
tions between aneuploidy and environment, chromosome ID
and environment, and aneuploidy, chromosome ID and ploidy
(haploid or diploid) best predicted the hybridity of the chro-
mosome (supplementary table S3, Supplementary Material
online). The optimal model did not change if data from
chromosomes 5 and 7 were excluded.

By combining our chromosome hybridity data with pub-
lished “relative fitness” data for the parental strains in each
environment (Bernardes et al. 2017), we found a possible link
between species-biased chromosomal inheritance and paren-
tal fitness. We derived “parental phenotypic divergence” from
Bernardes et al. (supplementary fig. S8A, Supplementary
Material online), defined as the difference between the
competitive growth of the two parents relative to their
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interspecific F1 hybrid (S. cerevisiae-S. paradoxus). Negative
parental phenotypic divergence suggests that the S. cerevisiae
parent performed better in competition with the hybrid.
Positive parental phenotypic divergence suggests that the
S. paradoxus parent performed better during competition
with the hybrid. Note that parental phenotypic divergence
is a relative measure here and assumes transitivity of relative
fitness between each of the two parents and the F1 hybrid.
This analysis revealed a significant correlation (P < 0.05) be-
tween parental phenotypic divergence and chromosome hy-
bridity in chromosomes 1 and 13 (supplementary fig. S8B,
Supplementary Material online). This relationship suggests
that in environments with a higher relative fitness for the
S. cerevisiae parent, chromosome hybridity was biased toward
S. cerevisiae. Inversely, in environments with higher relative
fitness for the S. paradoxus parent, chromosome hybridity
was biased toward S. paradoxus.

Chromosome Hybridity Interactions

Testing for chromosomal hybridity interactions within a given
F2 genome revealed strong environment-dependent effects.
A large difference in chromosome hybridity for each
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chromosome combination, defined as delta chromosome hy-
bridity (DCH), indicated that two chromosomes mapped pri-
marily to opposing species within a given F2 genome. This
could potentially result from negative epistatic interactions
within species (i.e, chromosome incompatibility), from pos-
itive epistatic interactions between species or a combination
of the two. Some chromosomes maintained high DCH sug-
gesting that they were preferably from opposing species
across all environments (fig. 3A, chr7 x chr4, chr7 x chri4,
chr7 x chr5). Chromosome 7 and 5 were designed to come
from opposing species and were therefore expected to
have high DCH. However, the remaining high DCH inter-
actions with chromosome 7 suggest potential chromo-
some incompatibilities or strong positive epistatic
interactions between species. Chromosome 7 was designed
to be inherited from S. paradoxus and potentially resulting
from this, chromosome 4 and chromosome 14 were pri-
marily inherited from S. cerevisiae. Analyzing the DCH in
each stress environment independently showed that dif-
ferent environments exhibited varying levels and distribu-
tions of DCH (fig. 3B). Two environments (zinc sulfate: 0.37,
salicylic acid: 0.39) exhibited higher mean DCH than the
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Fic. 3. Interactions of chromosome hybridities altered by environment. (A) Average change in chromosome hybridity (percent chromosome
mapping to Saccharomyces cerevisiae) between chromosomes across all environments. Inset depicts the distribution of DCH for all chromosome
interactions. DCH is determined for each chromosome interaction by taking the difference between the hybridity measurements for each
chromosome within an F2 genome (n genomes = 237). These values are then averaged across all diploid F2 genomes, and medians and means
are reported and colored accordingly. A large DCH (green) suggests that the chromosomes map primarily to opposing species. A small DCH
(brown) suggests that the chromosomes have similar levels of hybridity. These chromosomes may come from primarily the same species or at least
have similar hybridity proportions. (B) Average change in chromosome hybridity between chromosomes for each environment. Calculations are
performed the same as panel (A) for each environment independently (n genomes ~ 24).

range (0.29-0.36) expected from simulations based on no
chromosome interactions (fig. 4). Four environments
(NaCl: 021, hydrogen peroxide: 0.22, lithium acetate:
0.22, DMSQO: 0.24) exhibited lower mean DCH than the
simulated expected range. An analysis of published data
in an environment without added stress (Kao et al. 2010)
found slightly higher mean DCH (0.42) than the simulated
range (supplementary fig. S6C, Supplementary Material
online).
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Analyzing directional correlations between hybridities of
chromosomes ~ within a genome revealed similar

environment-dependent interactions (fig. 5). Significant:pos:

chromosome also shifted toward the same species (fig. 5A).

Inversely, negative correlations suggested negative epistatic
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interactions within species. A lack of correlation suggested no
significant epistatic interaction. For all environments com-
bined and individually, the distribution of correlations was
approximately normal with a mean near zero. There was a
range of significant correlations (P < 0.01) found across envi-
ronments ranging in numbers from 0 in salicylic acid and
citric acid to 11 in NaCl (fig. 5B). The distributions and means
for each environment all fell within the range (—0.05 to 0.10)
that was expected from simulations based on no chromo-
some interactions (supplementary fig. S9, Supplementary
Material online). However, although the distributions and
means were within the range simulated, three environments
(lithium acetate: 7, caffeine: 8, and NaCl: 11) exhibited more
significant correlations (P < 0.01) than the range expected
(0-7, supplementary fig. S10, Supplementary Material online).
The NaCl environment resulted in a total of 11 significant
hybridity correlations (8 positive, 3 negative), whereas 10,000
simulations never encountered more than seven correlations
by chance. Interestingly, the NaCl environment also con-
tained the highest molarity range (0.234-0.4 M). However,
this correlation between stress concentration and

interactions was not found in all environments. Analysis of
published data in an environment without stress (Kao et al.
2010) found only a single significant correlation (P < 0.01,
supplementary fig. S6D, Supplementary Material online).

Genotype X Environment Interactions and Gene
Ontology

Sampling all F2 hybrid genomes, a total of 315 10-kb bins fixed
for either S. cerevisiae or S. paradoxus were detected (406 bins
including chromosomes 5 and 7; supplementary fig. S11A,
Supplementary Material online). We found large variation
between environments ranging from 36 regions in salicylic
acid to 372 regions in NaCl. Seventy-eight of these regions
were environment-specific, that is, they were inherited from
either S. cerevisiae or S. paradoxus across all 24 hybrid
genomes per environment, but only found in one
environment.

We identified 1,884 genes that were either located in or
overlapped with the 315 fixed regions, ranging from 51 genes
in salicylic acid to 1,533 genes in NaCl (supplementary fig.
S11C, Supplementary Material online). The large differences
between environments in the number of fixed alleles suggest
that some stress conditions require more complex, quantita-
tive adaptations with a polygenic basis, which is well-known
to be the case for yeast adapting to salt for instance (Cubillos
etal. 2017; Dhar et al. 2011). Gene annotation analysis showed
that most of the 1,884 genes are involved in transport and
pathways related to fungal cell-wall organization (supplemen-
tary fig. S11B, Supplementary Material online). Across envi-
ronments, we found almost three times more genes fixed for
the S. cerevisiae allele (n=1,373) than fixed for the
S. paradoxus allele (n=511). Only the F2 hybrid genomes
isolated from salicylic acid showed more genes fixed for
S. paradoxus (46 of 51 genes in total).

Only one region was consistently inherited from
S. cerevisiage across all environments (chromosome 4:
970,000-980,000 bp, harboring five genes), and one from
S. paradoxus across all environments (chromosome 15:
10,000-20,000 bp, harboring seven genes). Among these are
two general stress response genes, HSP78 and PAU20. HSP78
on chromosome 4 is associated with heat stress and mito-
chondrial genome maintenance (Leonhardt et al. 1993; von
Janowsky et al. 2006). PAU20 on chromosome 15 is associated
with proteome stress and is upregulated during wine fermen-
tation (Rossignol et al. 2003; Marks et al. 2008; Luo and van
Vuuren 2009). It is surprising to find the S. paradoxus allele of
PAU20 fixed across all environments as we might expect the
S. cerevisiae allele to provide higher fitness, especially in fer-
mentation environments.

We did not identify fixations of alternative alleles at the
same locus in different environments (e.g, a bin that was
consistently inherited from S. cerevisiae across all 24 hybrid
genomes in ethanol but from S. paradoxus in salicylic acid).

Discussion

Hybrid fitness varies among genotypes, generations, and envi-
ronments (Nolte and Tautz 2010; Arnold et al. 2012; Stelkens,
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(A) Pearson correlation coefficient (r) of chromosome

hybridity (percent chromosome mapping to Saccharomyces cerevisiae) between chromosomes across all environments (n genomes = 237).
Inset depicts the distribution of Pearson correlation coefficients for all chromosome interactions. Positive correlations are shown in green and
negative correlations are shown in purple. Statistically significant correlations (P < 0.01) are highlighted in black. Examples of strong correlations
are shown for the interactions between chromosomes 13 and 11 (positive) and chromosomes 13 and 1 (negative) in the Caffeine environment. (B)
Pearson correlation between chromosome hybridity within each environment. Calculations are performed as in panel (B) but for each environ-
ment independently (n ~ 24 genomes). Environments are sorted from top left to bottom right according to the number of significant (P < 0.01)

correlations found.

Brockhurst, Hurst, Miller, et al. 2014; Hwang et al. 2016), but
the genetic basis of hybrid fitness is usually unknown, espe-
cially in nondomesticated organisms (but see Rieseberg et al.
1999; Payseur and Rieseberg 2016). In addition, the interaction
between the environment and the targets of selection in hy-
brid genomes remains almost entirely unexplored (but see
Shahid et al. 2008; Hwang et al. 2016). Whether or not the
variation contained in hybrid populations contributes to
adaptive evolution crucially depends on the type of genetic
mechanism  underlying fitness. Under heterozygote
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advantage, for instance, the most fit genotype cannot breed
true in sexual, diploid populations because segregation will
inevitably break up beneficial allelic combinations (Buerkle
and Rieseberg 2008). But if the most fit genotype is homozy-
gous for alleles derived from each lineage at different loci, such
recombinant homozygotes can breed true, may become fixed
through drift or selection, and potentially establish new line-
ages (Fitzpatrick and Shaffer 2007).

Here, we describe the composition of 237 stress-resistant
F2 hybrid genomes, made from two divergent Saccharomyces
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yeast species. We measured variance in overall hybridity, in-
terspecific heterozygosity, and epistasis found between and
within hybrid genomes. We found that the composition of
hybrid genomes was strongly contingent on environmental
context. Genomes from different environments varied in ev-
ery aspect of hybridness measured. Firstygenomes:fromidif:
ferent environments differed in the proportion of
interspecificnheterozygosity: Although some environments
clearly selected for more homozygous genomes (e.g, zinc
sulfate), others selected for more heterozygous genomes
(e.g, NaCl; fig. 1B). Second;individualichromosomesiexhibited
strong species biases depending on the type of stress they
wererexposed tor(fign2B)aThis is presumably because genes
important for resistance to the specific toxin are located on
these chromosomes, and alleles from parental species differ in
how well they tolerate this toxin (supplementary fig. S8,
Supplementary Material online). However;werdidnotrob>
serve fixation of opposite species alleles in different environ-
ments (supplementary fig. S11, Supplementary Material
online). Third, we found evidence for environment-
dependent, nonhomologous chromosomal associations
(fig. 3). Positive same-species and to our surprise, also positive
opposite-species chromosome  associations  occurred,
depending in frequency and in type on the environment
(fig. 5). Computer simulations in a selection- and epistasis-
free space with independently segregating chromosomes
(fig. 4 and supplementary figs. S7, S9, and S10,
Supplementary Material online), and a comparison to hybrid
genomes grown in a stress-free environment from Kao et al.
(2010) (supplementary fig. S6, Supplementary Material on-
line), produced a smaller number of significant associations
between chromosomes in hybrid genomes. This suggests that
some heterospecific chromosomal combinations were indeed
under positive epistatic selection. It is difficult to distinguish
between environmental selection and the effects of (nonle-
thal) genetic incompatibility in our hybrids. However, the
analyses of hybrids grown without stress (supplementary
fig. S6, Supplementary Material online) suggest that at least
a portion of the effect is driven by environmental selection.

Beneficial interactions between genetic materials from spe-
cies with such large evolutionary divergence (~15%) are sur-
prising. At this genetic distance, which is roughly three times
larger than the distance between humans and chimpanzees,
hybrid genomes are expected to contain Dobzhansky—Muller
incompatibilities (or strong negative epistasis) and other neg-
ative fitness effects as a result of species divergence and re-
productive isolation. In vyeast, the missegregation of
chromosomes due to antirecombination (Greig et al. 2003)
is probably responsible for most of the >99% mortality ob-
served in the F1 hybrid gametes of S. cerevisiae X S. paradoxus
crosses (Liti et al. 2006; Hou et al. 2014). It is important to keep
in mind that we only sampled from the 1% viable subset of all
F2 hybrids here, thus a priori excluding lethal hybrids or those
with strongly compromised fitness. Still, we might expect se-
lection to favor mainly same-species chromosomal combina-
tions, which is not what we observed here (in the resolution
possible given limited rounds of segregation and recombina-
tion in the F2 generation).

Interestingly, when screening for recessive incompatibilities
in the same hybrid cross, a previous study found that replac-
ing chromosomes 4, 13, and 14 in S. cerevisiae with homolo-
gous chromosomes from S. paradoxus did not yield any viable
haploids (Greig 2007). In our experiment, focusing here on the
NaCl environment because it revealed the most significant
epistatic interactions, the same three chromosomes (4, 13,
and 14) were involved in five of eight positive same-species
interactions, suggesting that different-species combinations
with any of these three chromosomes may indeed cause
low fitness in hybrid genomes, and are selected against
(fig. 5B). In addition, we found three positive opposite-
species associations in NaCl involving five chromosomes to
occur more often than expected by chance (6, 8, 9, 10, and
16). Of these, Greig (2007) also found four chromosomes (6, 8,
9, and 10) not to be problematic to transfer into the opposite
species background (there was no suitable auxotrophic
marker for chromosome 16, so this was a technical limitation,
not an incompatibility). This is consistent with positive het-
erospecific epistasis, or at least an absence of incompatibilities
on these chromosomes.

Individual chromosomes also differed in their level of in-
terspecific heterozygosity independently of the environment.
For instance, chromosomes 4, 6, and 14 were more beneficial
to fitness as homozygotes, whereas chromosomes 2, 3, and 12
were more beneficial as heterozygotes (fig. 1C). Overall how-
ever, interspecific heterozygosity was unexpectedly low across
all hybrid genomes (supplementary fig. S1, Supplementary
Material online), suggesting that same-species allelic combi-
nations (homozygosity) in an otherwise hybrid genomic back-
ground can provide high fitness. These results speak against
strong effects of dominance or overdominance to hybrid fit-
ness and are more consistent with directional selection for
one of the parental alleles, or selection against heterozygotes
(underdominance), which has been shown in Saccharomyces
(Laiba et al. 2016), natural Populus (Lindtke et al. 2012), and
Helianthus hybrid populations (Lai et al. 2005). Yet, domi-
nance complementation of recessive alleles and overdomi-
nant interactions within loci are often reported from
laboratory crosses of Saccharomyces where heterozygotes
are fitter than both homozygotes (Z6rgo et al. 2012; Plech
et al. 2014; Shapira et al. 2014; Blein-Nicolas et al. 2015; Laiba
et al. 2016). In some cases, this inconsistency with our results
may be explained by the much smaller genomic divergence
(usually <1%) between the parental lineages used in these
studies (mostly all S. cerevisiae strains). Studies using the same
genetically divergent S. cerevisiae X S. paradoxus cross as us
suggested that heterosis in F1 hybrids was likely a result of
dominance complementation of recessive deleterious alleles,
but may also be due to additional overdominant or epistatic
effects (Z6rgo et al. 2012; Bernardes et al. 2017). The excess of
homozygosity in our experiment is also consistent with many
if not most high fitness alleles being recessive and only be-
coming expressed in the homozygous state. Alternatively,
selection on some aspects of fitness in the haploid phase
(during sporulation and germination) may have caused
strains with the same beneficial combinations of parental
chromosomes to mate, resulting in homozygous diploids.
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For instance, strains may be able to maximize their fitness by
germinating early (Miller and Greig 2015; Stelkens et al. 2016),
which could result in a process similar to assortative mating.

Aneuploidy, the gain or loss of chromosomes, is a common
byproduct of missegregation in the F1 hybrid meiosis of in-
terspecific yeast crosses (Hunter et al. 1996). We detected
high levels of aneuploidy in our F2 hybrid genomes across
all environments (208 of 237 genomes contained aneuploidy;
supplementary figs. S2 and S3, Supplementary Material on-
line) with significant variation between chromosomes. This
may suggest that gene dosage effects due to copy number
changes may have helped some hybrids in our experiment
survive stress. Aneuploidy is known to be associated with
stress and drug resistance in yeast and other fungi
(Selmecki et al. 2009; Pavelka et al. 2010; Kwon-Chung and
Chang 2012; Yang et al. 2019), and has been suggested to
serve as a transient adaptation mechanism (Chang et al. 2013;
Hose et al. 2015; Smukowski Heil et al. 2017). In our experi-
ment, chromosome 2, 4, 13, and 14 showed high overall levels
of aneuploidy, suggesting that aneuploidy of these chromo-
somes might be advantageous in stressful environments (sup-
plementary fig. S2C and D, Supplementary Material online).
Chromosome 4 and 13 aneuploidy has been shown to result
from hydrogen peroxide (Linder et al. 2017) and galactose
stress (Sirr et al. 2015), respectively. Inversely, the low aneu-
ploidy in chromosomes 5 and 7 was likely linked to the se-
lective drug markers located on these chromosomes, which
we used to select for F2 hybrids. Interestingly, we did not find
a negative correlation between chromosome size and rate of
aneuploidy as previously suggested (Gilchrist and Stelkens
2019).

Hybridization mostly occurs at the margins of species
ranges where conditions are more extreme than in the center
of their distribution, that is, in more stressful environments.
Hybridization also occurs more frequently in human- or oth-
erwise perturbed habitats, where geographic and ecological
species barriers are lost or weakened (King et al. 2015; Arnold
2016; Gompert and Buerkle 2016; McFarlane and Pemberton
2019). Thus, the circumstances leading to hybridization often
coincide with times of increased environmental stress, which
in turn creates ecological opportunity. The large number of
significant chromosome-by-environment interactions we
found in our hybrid populations illustrates the genetic varia-
tion typical for hybrid swarms. This can facilitate their func-
tional diversification and, potentially, the colonization of
novel and challenging environments as shown for instance
in Helianthus sunflowers and African cichlid fish (Rieseberg
et al. 2003; Seehausen 2004; Abbott et al. 2013). We acknowl-
edge that the facultative asexual reproduction and the ability
of yeast to self-fertilize (hybrids do not rely on backcrossing
with the parents) can help restore fitness quickly after out-
breeding depression in the F2 hybrid generation. Together,
this can catalyze the propagation of hybrid genotypes even
with small and temporary fitness advantages.

In conclusion, understandingrtherenvironmentalrandige>
netic mechanisms responsible for hybrid fitness is essential for
any predictions regarding the role of hybridization in adaptive
evolution (Gompert and Buerkle 2016). For instance, our data
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suggests that each environment selects for different parental
alleles and, also, for different epistatic interactions. Thus, a
given hybrid could outcompete and drive a parent popula-
tion to extinction in one locality, but may have inferior fitness
in a different habitat, posing no threat to the parental lines.
The results of our study show that in order to capture the
risks and benefits of genetic exchange between lineages, it is
important to measure multiple dimensions of hybridity and
measure hybrid fitness in multiple environmental contexts.

Materials and Methods

Parent and F1 Hybrid Strains

We chose two genetically tractable laboratory strains as
parents: S. cerevisiae haploid strain YDP907 (MATo,
ura3:KanMX, canTr), isogenic with strain background S288c,
was crossed to S. paradoxus strain YDP728 (MATq,
ura3:KanMX, cyh2r), which is isogenic with strain background
N17. This produced a diploid F1 hybrid (MATa/@,
ura3:KanMX, cyh2r, canlr), which was purified by streaking
and then stored frozen at —80 °C in 20% glycerol stock.

F2 Hybrids

To make F2 hybrids, we grew a 5-ml culture of the F1 hybrid
in YEPD (1% yeast extract, 2% peptone, 2% dextrose) for 24 h
at 30 °C, and then transferred 200 ul of this to 50 ml of KAC
sporulation medium (1% potassium acetate, 0.1% yeast ex-
tract, 0.05% glucose, 2% agar) which was shaken at room
temperature for 5days to induce meiosis and sporulation.
Sporulation was confirmed under the microscope.
Fifty microliters of the spore culture, in serial dilutions and
using three replicates per dilution, was then plated onto ar-
ginine drop-out agar plates supplemented with the drugs
canavanine (60 mg/l) and cycloheximide (3.33 mg/l). These
drugs kill the fully heterozygous F1 hybrids because the resis-
tance alleles cyh2r and canr are recessive. But those meiotic
spores (produced by the F1 hybrid) that contain both resis-
tance alleles can, if viable, germinate and form colonies. This
method ensured that only viable F2 hybrids were sampled
and sequenced.

Environments and Stress

Fifty microliters of spore culture (containing 25.5 double
drug-resistant viable spores on average confirmed by streak-
ing out on double-drug medium) was used as the founding
population for inoculation and growth on flat-bottomed, 96-
well cell culture plates. Wells contained liquid minimal me-
dium plus uracil, cycloheximide, and canavanine (0.67% yeast
nitrogen base without amino acids, 2% glucose, 2% agar,
0.003% uracil, 60 mg/I canavanine, 3.33 mg/| cycloheximide),
allowing for the germination, mating, and growth of the dou-
ble drug-resistant F2 progeny. This was supplemented with a
range of concentrations of ten toxins (one at a time): salicylic
acid (C;HgOs3), caffeine (CgH,oN4O,), ethanol (C,HgO), zinc
sulfate (ZnSQy), hydrogen peroxide (H,O,), methyl paraben
(“Nipagin”; CH3(CgH4(OH)COO), sodium chloride (NaCl),
lithium acetate (CH;COOLi), dimethyl sulfoxide (“DMSO”;
C,HgOS), and citric acid (CgHgO). These ten toxins are
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arbitrary but do represent established stress environments for
yeast, which we have used in previous assays (Stelkens,
Brockhurst, Hurst, Miller, et al. 2014; Bernardes et al. 2017).
Toxicity gradients (or “environmental clines”) were generated
along the y-axis of the 96-well plates such that the bottom
row contained the lowest concentration, and the top row
contained the highest concentration of the toxin, lethal for all
strains (exact concentrations in supplementary table S1,
Supplementary Material online).

Plates were incubated at 30 °C for 4 days. Then, 1 ul from
each well was transferred to the same position on a new 96-
well culture plate containing identical concentrations. The
optical density (OD) of each well was measured with a micro-
plate reader (Infinite M200 Pro, Tecan) (time point t,), and
plates were incubated at 30 °C for another 3 days. After this,
another OD measurement was taken (t;) and plates were
stored at 4 °C until further processing. We calculated, for
each well, whether growth had occurred by subtracting
ODt, from ODt;. Assuming that a doubling in OD approxi-
mately equals a doubling of cell numbers, cells in permissive
environments at the bottom of the plate completed on av-
erage three cell cycles (2.78 = 0.15 across toxins) from t, to t;
whereas cells in the topmost row did not divide at all.

We sampled from all 12 wells of the bottom row (i.e,
the lowest stress) and from the 12 wells of the highest
stress that allowed growth from each column, from all
ten plates. These 240 samples were streaked out for single
colonies on YEPD plates and grown for 48 h at 30 °C. We
then picked a single colony from each sample and froze it
for sequencing.

DNA Extraction, Polymerase Chain Reaction, and
Sequencing Protocols

DNA was extracted using the MasterPure Yeast DNA
Purification Kit (Epicentre). A genotyping-by-sequencing pro-
tocol was modified from microsatellite library preparation
and ddRAD sequencing approaches as follows (Nolte et al.
2005; Peterson et al. 2012). The library construction is based
on an efficient combined restriction digest/adaptor ligation.
The restriction enzymes Csp6l (which cleaves 5'-GT A C-3
sites) and Pstl (which cleaves 5'-C T G C AG-3' sites) were
used to digest genomic DNA to generate sticky ends. The
reaction conditions permit that sticky end adapters and T4
ligase are added to the reaction such that adaptors are ligated
to the restriction sites. Importantly, the adaptors do not fully
reconstitute the restriction sites. Thus, once an adaptor is
ligated, this site will not be recut whereas an undesired liga-
tion of two genomic DNA sticky ends will be recut until all
DNA ends are saturated with an adaptor. For this purpose, we
modified the ligation sites of the Illumina Truseq adapters
such that they matched the sticky ends generated by the
restriction enzymes. Further, we labeled the adapters to in-
clude 24 and 16 different molecular barcodes (MIDs), respec-
tively, which could be combined in 384 different
combinations for multiplexed sequencing (paired ends) of
the libraries on an lllumina MiSeq sequencer.

Quality Filtering of Raw Reads and Mapping Protocol
We examined the quality of raw ddRADseq reads of each
sample using FastQC (v0.11.8) (FastQC 2018). lllumina se-
quencing adapters, primer sequences, ambiguous, and low-
quality nucleotides (PHRED quality score < 20) were re-
moved from both paired-end reads according to the default
parameters in the NGS QC Toolkit (v2.3.3) (Patel and Jain
2012). Three of 240 F2 genomes were abandoned due to low
sequence yield. A total of 8.2-Gb high-quality reads were gen-
erated after quality control with mean depth of 12.84 per
marker. Sequencing data are available at the European
Nucleotide Archive (ENA accession number: PRJEB33368).

Parental strain sequences were downloaded from the
Saccharomyces Genome Database website. The S288c refer-
ence genome used was R64-2-1_20150113. The N17 reference
genome was obtained from ftp://ftp.sanger.ac.uk/pub/users/
dmc/yeast/latest/, in the para_assemblies/N_17 folder.

Given the high sequence divergence between S. cerevisiae
and S. paradoxus (15%), correct assignment of reads to the
parental species was efficient using NovoAlign (NovoAlign
2018) with default parameters. For this, both parental
genomes were concatenated and used as a combined refer-
ence for mapping, and species affiliations and chromosomal
positions of successfully mapped reads were written to the
same output file. Mapped reads were considered correctly
assigned to the reference sequence when the mapping quality
was >20, indicating a single and unique best match.

Ploidy Determination

To differentiate haploid and diploid F2 hybrid genomes (to be
able to score the prevalence of homo- and heterozygosity),
we mapped paired-end reads again, this time only to the
S. cerevisiae S288c reference genome using NovoAlign
(NovoAlign 2018) with the default parameters. We sorted
mapped files according to their genomic coordinates using
Picard Tools v2.18.23 (Picard 2019) and performed variant
calling in FreeBayes (Garrison and Marth 2012) with at least
five supporting reads required to consider a variant. Single
nucleotide polymorphisms were selected and filtered using
GATK (Li et al. 2008) according to stringent filtering criteria
with the following settings: 1) quality > 30.0, 2) quality by
depth > 5.0, 3) fisher strand < 60.0, 4) root mean square of
mapping quality > 40.0, 5) MQRankSum > —12.5; and 6)
ReadPosRankSum > —8.0. Additionally, if there were more
than three SNPs clustered in a 10-bp window, we considered
all three SNPs false positives and removed them. After filter-
ing, we identified 14,975 SNPs, ranging between 10,725 and
12,345 among environments.

Haploidy or diploidy was called using the heterozygosity
score of biallelic SNPs using a custom bash script.
Theoretically, both the number of heterozygous SNPs and
ratio of heterozygous SNPs over the total SNPs in haploids
should be zero (except in case of sequencing errors and aneu-
ploidies). However, the absolute number of heterozygous
SNPs is affected by the overall sequence size of each sample,
and the ratio is affected by the number of SNPs derived from
S. paradoxus (because of the large nucleotide divergence be-
tween the parents, ~15% of the reads from S. paradoxus do
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not map to the S. cerevisiae reference genome). Also, although
unlikely, diploid F2 genomes can theoretically be fully homo-
zygous with both copies of eight chromosomes inherited
from each parental species, assuming that genetic material
from both parental species is equally represented in the F2
generation. At zero heterozygosity, haploid and diploid
genomes are indistinguishable by SNP calling and mapping
to parental genomes. Thus, at the risk of omitting extremely
homozygous diploids, we applied two criteria to consider a
genome diploid: 1) The number of heterozygous SNPs in a
diploid F2 genome should be larger than the average number
of heterozygous SNPs found in both parental genomes, and 2)
the ratio of heterozygous over hetero- plus homozygous SNPs
in a diploid F2 genome should be larger than the average ratio
of heterozygous over hetero- plus homozygous SNPs in pa-
rental genomes. As there are nearly zero heterozygous SNPs in
the S. cerevisiae genome, this can be simplified to:

n(SNPyeo)
h h
n(SNPLEP)+n(SNPESE®)

ratio(SNPhetero ) ~ il 5

extreme
Using this analysis, we assigned 187 of the 237 F2 genomes
to be diploid.

Chromosome Copy Number

To calculate chromosome copy number, the same mapping
files used for ploidy determination of each genome were di-
vided into 10-kb bins. Next, a series of filtering steps were
performed to select an optimal set of bins to represent the
chromosome copy number across the genome. To eliminate
sequencing and fragmentation error, we first removed bins
with a median read depth <2 in the nine euploid F1 hybrids
and each F2 genome sequenced for this study. Then, the
proportion of all reads aligning to that bin was calculated
using a previously described method (Tan et al. 2013):

Read counts for bin

Bin proportion = —.
prop Total read counts for strain

To eliminate bin-specific coverage effects, for each bin in
each query F2 strain, the bin proportion was normalized using
the mean bin proportion of the same coordinate from the
nine euploid F1 hybrids:

. . Query bin proportion
Bin ratio =

Mean bin proportion of 9 F1 hybrids

This ratio at the 10-kb bin level still showed sequencing
bias as a result of the ddRAD sequencing approach, for exam-
ple, chromosome-end bias, GC-content bias, fragment-length
bias, etc. Considering that the effects of these biases are likely
minimal at the chromosome level, we then calculated the
chromosome ratio of each query strain and normalized the
median chromosome ratio to 2 in diploids, or to 1in haploids:

Chromosome ratiOQuery strain normalized
Chromosome ratio

~ Median chromosome ratio for query strain

178

After that, we transformed the 10-kb bin ratio using
BoxCox (Box and Cox 1964) and normalized the data using
the chromosome ratio. This was then used to represent the
chromosome copy number:

Chromosome copy number = Bin ratiopoxcox

x  Chromosome ratloQuery strain  normalized +

Chromosome Zygosity

To determine the zygosity of each chromosome in diploid F2
genomes, we mapped high-quality reads of each sample to
the reference combining both parental genomes. We
extracted the species affiliation of each read using a custom
bash script. The chromosomal content per species per sample
was extracted using custom perl code by calculating the pro-
portion of markers mapping to only one species over markers
mapping to both species. We considered chromosomes het-
erozygous if marker proportions fell between 0.25 and 0.75.
Chromosomes with smaller or larger species content were
assigned homozygous.

To understand what causes variation in zygosity between
environments, chromosomes, and genomes, we modeled
chromosome heterozygosity using a mixed-effect linear model.
Chromosome zygosity was used as the response variable in the
model and was predicted as a function of fixed predictors en-
vironment and chromosome ID and their interactions and
sample ID as a random effect. We selected the most appropri-
ate model by identifying the simplest model that maintained
the lowest Akaike Information Criterion (AIC; Akaike 1974).
AIC optimizes the relationship between the fit and complexity
of amodel by balancing the fit of the model with the number of
parameters estimated (Harrison et al. 2018).

Genome-Level and Chromosome-Level Hybridity

To describe the genome-level and chromosome-level hybrid-
ity, we calculated the percentage of the entire genome or
chromosome for each sample that mapped to either the
S. cerevisiae or the S. paradoxus genome. We defined hybridity
as the percent of markers per genome or chromosome map-
ping to S. cerevisiae (100% = S. cerevisiae, 0% = S. paradoxus).
This was calculated across all environments, as well as for each
environment individually. We then used mixed-effect linear
models with genome and chromosome hybridity as response
variables. We predicted hybridity to be a function of the fixed
effects aneuploidy, environment, chromosome ID, ploidy, and
their interactions and included sample ID as random effect.
We selected the most appropriate model by starting with the
full model and removing insignificant components, identify-
ing the simplest model that maintained the lowest AIC.

To characterize the interactions between chromosomes
within a F2 genome, we calculated the differencelinichromo?
somerhybridity for each chromosome combination, defined
as DCH. Large DCH indicates that the two chromosomes map
primarily to opposing species within a genome. Small DCH
indicates that the chromosomes have similar levels of
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hybridity, suggesting that either the chromosomes come
from primarily the same species or at least they have similar
hybridity proportions. DCH was calculated for all environ-
ments together, as well as each environment individually.
To investigate the epistatic interactions between chromo-
somes, we determined the Pearson correlation (r) between
chromosome hybridity for all pairwise chromosome combi-
nations. A significant positive correlation between two chro-
mosomes suggests a positive epistatic interaction within a
species, meaning that as chromosome hybridity in one chro-
mosome shifts toward one species (1=S. cerevisige,
0=S. paradoxus), the chromosome hybridity in the linked
chromosome also shifts toward the same species. A signifi-
cant negative correlation between two chromosomes sug-
gests a negative epistatic interaction within a species. In this
case, as one chromosome shifts toward one species, the linked
chromosome shifts toward the other species. Custom Python
scripts used for analyses of hybridity are available on GitLab
(https://gitlab.com/devinbendixsen/yeast_hybrid_stress).

Simulated Chromosomes

In order to determine whether the observed zygosity, hybrid-
ity, and chromosomal interactions found in each environ-
ment deviated from neutral expectations, we developed
simulations that determined the expected range for these
measurements based solely on chance, assumingno'selection
and free segregation of chromosomes in hybrid genomes.
Each simulation displayed the expected distribution of zygos-
ity, hybridity, or chromosomal interactions that could be
found in a selection-free environment with no epistasis be-
tween chromosomes. Each simulated environment was re-
peated 10,000 times. Each environment consisted of 24
genomes and each genome consisted of 16 chromosomes
as found in our data. Each chromosome was randomly
assigned a chromosome hybridity score between 0 and 1.
To study the expected zygosity, chromosomes were labeled
as either homozygous for S. cerevisiae or S. paradoxus or het-
erozygous based on the same rules used in the analysis of our
data (see Chromosome Zygosity). The heterozygosity and
hybridity for each genome were then calculated for each
simulation. The means and distributions of these values
were plotted and compared with the means and distributions
we received from our data (supplementary figs. S1 and S7,
Supplementary Material online). To study the expected chro-
mosome interactions, we calculated the 120 interactions that
occur within a simulated genome between chromosomes.
DCH and Pearson correlation (r) were calculated in the
same manner as our data was analyzed (see Genome-Level
and Chromosome-Level Hybridity). The distributions of these
interactions were then plotted and compared with the data
from our study (figz.z 4 and supplementary fig. S9,
Supplementary Material online). For the Pearson correlation
(r), we also determined the range of expected significant pos-
itive and negative correlations and compared them with our
data (supplementary fig. S10, Supplementary Material online).
Custom Python scripts used for simulations are available on
Gitlab  (https://gitlab.com/devinbendixsen/yeast_hybrid_
stress).

Genotype X Environment Interactions and Gene
Ontology

To explore for gene-by-environment interactions, that is,
which gene from which species background is more fre-
quently found in which environment, we divided genomes
into 10-kb bins. Assuming each bin is a locus and the parental
species affiliations are the two possible alleles, we scored bins
as 1 if all markers within that bin mapped to the S. cerevisiae
reference genome, and 0 if all markers mapped to the
S. paradoxus reference genome across all 24 genomes within
a given environment (excluding chromosome 5 and 7). Genes
located in or overlapping with these fixed regions of each
environment were further inspected using the gene annota-
tion data base DAVID (Huang et al. 2009). Environment-
independent fixations of alleles (bins fixed for the same species
across all environments) and unique fixations (bin fixed only
for one environment) were extracted using custom R code.

Analysis of Hybrid Genomes in Environment without
Toxin

Data from S. cerevisiae x S. paradoxus F2 hybrids grown in an
environment without any toxin were obtained from Kao et al.
(2010). These data were generated using a dual-species com-
parative genomic hybridization microarray analysis with
species-specific DNA oligos for S. cerevisiae and
S. paradoxus. Data for 36 hybrid genomes were analyzed by
first determining the number of oligos that mapped signifi-
cantly to each species (using LOG_RAT2N_MEAN = —0.05
as a cut-off). Genome and chromosome hybridity (defined as
percentage of oligos mapping to S. cerevisiae) were calculated
(supplementary fig. S6A and B, Supplementary Material on-
line). DCH and Pearson correlation were analyzed as previ-
ously described for our own data (supplementary fig. S6C and
D, Supplementary Material online). Custom Python scripts
used for these analyses are available on GitLab (https://gitlab.-
com/devinbendixsen/yeast_hybrid_stress).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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¢ The shift from outcrossing to selfing is one of the main evolutionary transitions in plants. It
is accompanied by profound effects on reproductive traits, the so-called selfing syndrome.
Because the transition to selfing also implies deep genomic and ecological changes, one also
expects to observe a genomic selfing syndrome.

¢ We took advantage of the three independent transitions from outcrossing to selfing in the
Capsella genus to characterize the overall impact of mating system change on RNA expres-
sion, in flowers but also in leaves and roots. We quantified the extent of both selfing and
genomic syndromes, and tested whether changes in expression corresponded to adaptation
to selfing or to relaxed selection on traits that were constrained in outcrossers.

* Mating system change affected gene expression in all three tissues but more so in flowers
than in roots and leaves. Gene expression in selfing species tended to converge in flowers but
diverged in the two other tissues. Hence, convergent adaptation to selfing dominates in flow-
ers, whereas genetic drift plays a more important role in leaves and roots.

¢ The effect of mating system transition is not limited to reproductive tissues and corresponds
to both adaptation to selfing and relaxed selection on previously constrained traits.
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However, in the long term, the reduction in effective population

Introduction size (/V,) associated to selfing leads to an accumulation of slightly

Mating system has a profound effect on organism evolution, as it
strongly impacts both the level and structure of genomic varia-
tion and the ecology of a species (Charlesworth & Wright, 2001;
Barrett, 2002; Campbell & Kessler, 2013; Cutter, 2019; Glémin
et al., 2019). Self-fertilizing species are characterized by higher
homozygosity and lower effective recombination rate than
outcrossing ones (Charlesworth & Wright, 2001). Their effective
population size also is smaller, which leads to an overall reduction
in selection efficiency although selection against recessive alleles
will be stronger as a result of the higher level of homozygosity
(Hamrick & Godt, 1996; Charlesworth & Wright, 2001; Char-
lesworth & Meagher, 2003). In the short term, selfing is benefi-
cial because of its inherent transmission advantage, and
reproductive assurance when mates and/or pollinators are scarce

(Lande, 1988; Leimu & Fischer, 2008; Ellison ez al, 2011).

*These authors contributed equally to this work.

© 2022 The Authors
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deleterious mutations and may lower the adaptive capacity of the
species. The shift in mating system also will be accompanied by
major phenotypic changes (Wright ez al, 2013). In particular,
self-fertilizing plant species no longer need to attract pollinators
and are characterized by reduced flowers, and a low production
of pollen, nectar and scent compared to their outcrossing relatives
(Carr & Eubanks, 2002; Koslow & DeAngelis, 2006). Alto-
gether, the most conspicuous changes associated with the transi-
tion from outcrossing to selfing have been called the selfing
syndrome (Sicard & Lenhard, 2011; Rifkin er al, 2019, 2021;
Tsuchimatsu & Fujii, 2022), and there is evidence of convergent
evolution across species, at least for floral traits (Wozniak ez
al., 2020). Given the major impact of the shift from outcrossing
to selfing on genetic diversity, population ecology and dynamics,
one would expect the shift in mating system to also alter basic
genomic processes such as gene expression (Thomas ez al., 2012;
Cutter, 2019), and therefore to affect phenotypic traits beyond
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those directly related to reproduction. In other words, in addition
to a selfing syndrome related to reproductive traits (Wozniak ez
al., 2020), a significant genomic selfing syndrome also is expected
(Arunkumar et al, 2016; Cutter, 2019; Wang ez al.,, 2021) and
may include (1) reduced molecular diversity and increased link-
age disequilibrium, (2) accumulation of deleterious mutations
(Kryvokhyzha ez al., 2019a,b), (3) smaller genomes and reduced
abundance or activity of transposable elements, and (4) greater
structural chromosomal evolution (Cutter, 2019). The transition
to selfing thus may also be expected to affect expression of genes
globally. Here we shall investigate transcriptomic changes associ-
ated to selfing in three different tissues — flowers, roots and leaves.
Patterns of gene expression are expected to be strongly altered in
flowers (Wozniak ez al., 2020) but also in other tissues, although
probably not as profoundly as in flower. Such a ‘broad’ transcrip-
tomic selfing syndrome also is indirectly supported by recent
developments in quantitative genetics and in our understanding
of the evolution of gene regulation, which both indicate that
mutations associated to changes in expression of a given gene are
not limited to core genes (i.e. genes directly regulating the gene
under study, nor genes known a priori to regulate those), but
instead are found across the whole genome (Boyle ez al., 2017;
Liu et al, 2019; Hill et al, 2021; Sinnott-Armstrong et al.,
2021). In other words, these results support the universal pleio-
tropy hypothesis that stems from Fisher’s geometric model of
evolution (Fisher, 1930), or at least seem in line with the wide-
spread pleiotropy predicted by the omnigenic model (Boyle
etal., 2017).

Generally, one would expect traits specifically related to repro-
duction to be more strongly affected by mating system shift than
less related traits. Traits associated with the shift in mating system
can evolve as a direct or indirect — in the case of correlated
response — adaptation to the new conditions associated with self-
fertilization, that can be viewed as a new phenotypic optimum,
and/or because the selection pressure associated with outcrossing is
relaxed (Cutter, 2019; Rifkin et al, 2021; Tsuchimatsu &
Fujii, 2022). Relaxed selection can take many forms (Lahti ez al,
2009). In the specific case of the shift in mating system, the effect
of relaxed selection will be two-fold. First, because of the decrease
in N, associated to the shift in mating system, selection will be
potentially less effective, especially for traits on which selection is
intrinsically weak. Secondly, for some specific traits selection pres-
sure will be alleviated independently of the decrease in N.. For
instance, nectar is no longer needed in selfers, and therefore selec-
tion on traits related to nectar production and display will be
altered. Selection may initially be relaxed but positive selection for
lower nectar production and display may follow in a second step
because maintaining functions that are no longer required can rep-
resent substantial metabolic cost. Much less is known about the
impact of change in mating system on RNA expression. If the shift
in mating system is initially accompanied by relaxed selection, one
would expect a more random pattern of expression than under
purifying or positive selection. Most of the studies conducted so
far have focused on changes in expression occurring in flowers
(e.g. Wozniak ez al, 2020) or aimed at identifying genes underly-
ing the change in mating system (Tsuchimatsu & Fujii, 2022),
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and paid less attention to gene expression changes occurring in
vegetative tissues (but see Frazee et al., 2021). More generally, few
studies have investigated the role of natural selection in mating sys-
tem shift and fewer still have considered traits that were not  pri-
ori elements of the selfing syndrome.

The Capsella genus comprises one outcrossing species, C. gran-
diflora, and three self-fertilizing ones, C. orientalis, C. rubella and
C. bursa-pastoris. Capsella grandiflora, C. orientalisand C. rubella
are diploids, whereas C. bursa-pastoris is an allotetraploid. Cap-
sella orientalis and C. grandiflora derived from a common ances-
tor some 1 million years ago, and C. rubella and C. grandiflora
diverged ¢. 50 000 yr ago (Douglas ez al., 2015). Capsella bursa-
pastoris originated from a hybrid between C. grandiflora and
C. orientalis ¢. 100 000 yr ago (Fig. la; Douglas er al, 2015).
Hence, all three transitions to selfing occurred independently
(Hurka er al, 2012; Douglas ez al, 2015; Bachmann er al,
2019), and in Capsella, as in other genera, the change from
outcrossing to selfing is accompanied by a characteristic set of
changes to the morphology and function of flowers, with evi-
dence of convergent evolution of floral traits in C. rubella and
C. orientalis (Wozniak et al, 2020). In Kryvokhyzha ez al.
(2019a) we studied the expression changes in the allo-tetraploid
C. bursa-pastoris and showed that the expression of each subge-
nome was biased towards the expression of their corresponding
parental species, thereby demonstrating a conserved phylogenetic
signal in expression across tissues. In addition to the phylogenetic
signal, RNA expression also showed tissue-specific patterns. In
flowers, expression was globally biased towards the selfing parent,
C. orientalis, whereas in leaves and roots the expression was glob-
ally biased towards the outcrossing parent, C. grandiflora. We
proposed that selection associated to the change in mating system
drove the convergence in expression in flowers between the two
selfing species (C. bursa-pastoris and C. orientalis), whereas a
lower accumulation rate of deleterious mutation on the subge-
nome inherited from the outcrossing species, C. grandiflora,
explained the bias in expression towards the outcrossing parental
species in leaves and roots. In summary, the impact of selfing on
both flower morphology (Wozniak ez al., 2020) and genetic load
(Kryvokhyzha er al, 2019a) have already been thoroughly
described in Capsella, and in both cases there was evidence of a
strong selfing syndrome. In the present study, we took advantage
of the three independent transitions from outcrossing to selfing
that occurred in the Capsella genus to further study the overall
impact of mating system change on RNA expression, not only in
flowers but also in leaves and roots. In particular, we quantified
the extent of the genomic syndrome and tested whether changes
in gene expression correspond to adaptation to selfing or to
relaxed selection on genes that were involved in the control of
traits constrained in outcrossers (Tsuchimatsu & Fujii, 2022).
We focused our analysis on the three diploid species and only
used the tetraploid self-fertilizing C. bursa-pastoris to confirm the
results obtained with the diploid species. Finally, we carried out a
GO analysis of differentially expressed genes between selfing and
outcrossing species in order to facilitate comparison between our
study and other studies on convergent evolution in selfing species
and assess the breadth of the genomic selfing syndrome.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.
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Materials and Methods

Samples and sequencing

In the present study, we re-used the RNA-seq data that were gen-
erated in Kryvokhyzha ez al. (2019a) for three of the four species
of the Capsella genus: C. grandiflora (Fauché & Chaub.) Boiss.
(diploid, outcrosser), C. orientalis Klokov (diploid, selfer) and C.
bursa-pastoris (L.) Medik. (allotetraploid, selfer). We added to
this dataset, four accessions from C. rubella Reut. (diploid,
selfer). These additional C. rubella accessions were part of the
same experiment as accessions from the three other Capsella spe-
cies. They were thus pre-processed simultaneously with those and
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according to the same protocol. Briefly, seeds were surface-
sterilized and sown into agar plates as described in Kryvokhyzha
et al. (2019a,b). Following sterilization and germination, seed-
lings were transplanted into pots (10 X 10 X 10 cm) filled with
soil 7 d after germination and cultivated in growth chamber
(22°C, 16 h: 8 h, light: dark photoperiod, light intensity
150 pmol m™? s7'). One week after the onset of flowering,
flower buds, leaves and roots were collected. We collected closed
green buds (without visible white petals) one week after the onset
of flowering. We waited for a week after the onset of flowering to
allow more buds to form and thus to have enough tissue for
extraction. Tissues were immediately frozen in liquid nitrogen
and stored at —80°C before RNA extraction. RNA was extracted

C. orientalis
4n 2n

$ =

Root Leaf Flower

)
;

o

TMM
4

2

2
-4

P N =

(2

"
BN PR [§

% alu'hi

P R B - N =S

Fig. 1 Overall gene expression clusters by tissue, and by mating system in flower and phylogeny in root and leaf. (a) Evolutionary history of four species in
Capsella genus. Species are labeled with specific colors: pink, C. grandiflora (CG); purple, C. rubella (CR); sky-blue, C. orientalis (CO). (b) Principal compo-
nent analysis. Different tissues are represented by different colors and species by different shapes: orange, flower; dark green, leaf; light green, root. The
zoomed-in plot for flowers is shown at the bottom left. (c) Heatmaps based on TMM normalized reads counts for 17 307 transcripts of CR (selfer), CG
(outcrosser) and CO (selfer) for the three tissues: ‘Root’, left panels, ‘Leaf’, middle panels and ‘Flower’, right panels. For each heatmap, each row represents
a transcript and each column represents the mean expression value of a species. The higher the expression value the darker the red, and conversely the
lower the blue the lower the expression. The upper dendrogram shows the hierarchical relationships among species, and the row dendrogram shows the
hierarchical relationships of gene expression for a specific tissue. Species are labeled with specific colors: pink, CG; purple, CR; sky-blue, CO.
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from three different tissues: flowers, leaves and roots. Number of
samples, accession names and sampling locations, and total
library size per sample and per tissue, as well as the references of
the sequences, are provided in Table S1. Total RNA of all four
species was extracted and sequenced at the same time, following
the same protocol (Kryvokhyzha er al, 2019a), described in
Methods S1. For all downstream analyses we filtered transcripts
and considered a total of 7 = 17 307 genes (see below).

Analysis of gene expression in diploid species.

Only samples from the three diploid species (C. grandiflora,
C. orientalis and C. rubella) were used in the initial analyses to
detect genes potentially involved in the transition from outcross-
ing to selfing. Capsella bursa-pastoris was not included at that
stage in order to limit confounding effects of polyploidy and
hybridization, but was used as a control later on (see below).

RNA expression variation pattern

Initially, in order to assess the overall gene expression pattern
(e.g. across tissues, across species and between species with differ-
ent mating systems) principal component analyses (PCAs) were
performed on normalized reads count (TMM normalization,
EDGER package (v.3.32.1; Robinson et al., 2010) using the preomp
function, in R (R Core Team, 2013)). For any given gene, miss-
ing data were imputed as being the average expression value of
each species and tissue. Then, for each tissue taken separately,
more subtle variation in expression was analyzed using heatmaps
(Heatmap function in R/COMPLEXHEATMAP (v.2.7.10; Gu er
al., 2016), with distance method ‘euclidean’ and clustering
method ‘ward.D’).

Differential gene expression analysis

Differential gene expression analyses were conducted using
TMM normalization in R/EDGER (Robinson et a2/, 2010). We
used strict criteria when trimming the transcripts. First, in order
to be retained a transcript should have a nonzero expression in at
least one sample per species, and this should be satisfied in all
three dssues. Second, each transcript should have a nonzero
expression in at least five samples in each tissue (z = 17 307). In
each comparison, genes differentially expressed between groups
and with an FDR-adjusted P-value of 0.05 were considered as
differentially expressed and hereafter called ‘DE genes’.

Quantification of global effect of mating system transition
on gene expression

We developed two indices to compare the relative distance in
gene expression between different pairs of species and account for
the effect of mating system change and phylogenetic inertia
(Fig. 1a). Some pairs are phylogenetically distant but either share
the same mating system (C. rubella, CR, and C. orientalis, CO,
both selfers), or have different ones (C. grandiflora, CG, and

C. orientalis, CO, respectively outcrosser and selfer), whereas
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others are phylogenetically close but differ in mating system (C.
rubella and C. grandiflora). Both indices are centered on 0 and
constrained between —1 and 1.

For each transcript 7, the first distance index, Dcg, was com-
puted as the difference between the absolute difference in nor-
malized expression between the two selfers (£, and E;_) and
the absolute differences in normalized expression between CG

and CR(E;. and E;_,).
Di,CR _ |Eico lCR| | Elco_EiCR| Eqn 1
max(|Eico IFR| |E1F(;7EiCR|)

D; cr <0 indicates that the expression of a gene, 7, in C. rubella

is closer to the expression of the same gene in C. orientalis than

in C. grandiflora. Dcg > 0 indicates that the expression of a given

gene in C. rubella is closer to that in C. grandiflora than in

C. orientalis. Finally, Dcg ~ 0 indicates that the expression in C.

rubella is as distant from C. orientalis as it is from C. grandiflora.
Likewise, D¢ for transcript 7 is defined as:

E:

|ElcR lco‘_| icG

max(|EiCR l<0| ‘E

7Ei
CO| Eqn2

icG 1F0|)

Djco=

Dco < 0 indicates that CO expression is closer to that of CR than
to that of CG, D¢p > 0 is the opposite (CO closer to CG than to
CR), Dco =~ 0 indicates that CO expression is equidistant from
CGand CR.

In order to test whether the observed distributions of Dy or

Do could have been observed in the absence of selection we used
simulations. The evolution of gene expression can be simulated
as an Ornstein—Uhlenbeck (OU) process running on the phylo-
genetic tree (Felsenstein, 1988; Hansen, 1997; Nourmohammad
et al., 2017). An OU process can be described by the following
stochastic differential equation, with parameters o, 0 and o:
dX =a(6—X)+ocdB Eqn 3
where 0 is the optimum trait value, a is the strength of the force
moving the trait towards the optimum (~ selection) and dB is a
Wiener process (aka Brownian motion) with variance ¢ (~ drift).
We used the function 7cOU of R/sDE. For simplicity, we assume
that the ancestral value is Xp = 0 and that the optimum value
also is © = 0. As we are interested in simulating the null hypothe-
sis, we consider constant parameters along the phylogeny. When
o tends towards 0, the process is equivalent to a Brownian
motion, so expression is evolving under a pure random genetic
drift model. If o > 0, the process corresponds to uniform stabi-
lizing selection along the phylogeny. In practice the parameter o
cannot be set exactly to 0, so we used a very low value to simulate
a Brownian motion. The evolution of 20 000 genes were simul-
taneously simulated. Details are given in Notes SI.

In order to further test for selection and, more specifically,
assess whether the selfing syndrome involved adaptation and/or
relaxed selection, we calculated the 7y : 75 ratio for each tran-
script, where @y is the nonsynonymous nucleotide diversity and
s is the synonymous nucleotide diversity (Chen ez al, 2017).

© 2022 The Authors
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nn/ms measures the efficiency of purifying selection: efficient
purifying selection will lower my/ms whereas weak selection will
lead to high values. For each transcript in each tissue, the per-site
ns and my diversity in focal species were calculated using the
‘dNdSpiNpiS function, which is part of the software PorPHYL, a
specific pipeline designed to handle transcriptome-based NGS
data (Cahais ez al,, 2012). Details are provided in Methods SI.
To minimize the variance between genes resulting from SNPs
number differences between genes, ty and 7g values first were
weighted by the respective number of complete sites:

wnN; = ncs; X nN; and wTg; = ncs; X Ts;

where ncs; is the number of complete sites used for Ty and 7g cal-
culation in transcript 7 Negative values of the Do index indicate
convergence of expression in the self-fertilizing species, whereas
positive values indicate less constrains. If the convergence is dri-
ven primarily by natural selection, then we would expect the my :
Tg ratio to be smaller for negative D¢ than for genes with posi-
tive values of the index and even more so in selfing species. The
dataset thus was ordered according to increasing Do values and
wny; and wxs; were summed over sliding windows of 100 tran-
scripts. Average Ty : Tg ratios then were computed for bins of
n = 10 transcripts:

T 1 n n
y(—N> = ; X Z wTEN,'/ 2 Wns;
=1 =1

s

Classification of differentially expressed genes and mating
system transition gene identification

In order to identify differentially expressed genes associated to
mating system shift (hereafter DEself genes), we first compared
the whole gene expression dataset between pairs of species (CR vs
CG, CO vs CG, and CR vs CO) for each tissue separately. For
each transcript, in each comparison, we use the same method and
threshold than for the identification of DE genes described
above. We then compared DE gene lists across pairwise compar-
isons to define the set of mating system differentially expressed
genes. A gene is DEself when it satisfied the two following crite-
ria: (1) expression significantly differed between the outcrosser
and both selfers but not between selfers (i.e. DE between C. gran-
diflora and C. orientalis and between C. grandiflora and C.
rubella, but not between C. orientalisand C. rubella) and (2) for a
given gene, this pattern is specific to flower tissue. Following
Wozniak ez al. (2020) co-differentially expressed genes (coDEGs)
were defined as genes that are DE between each of the selfing spe-
cies and the outcrosser, and that show changes in the same direc-
tion relative to the outcrosser.

In flower only, we further investigated genes putatively
involved in mating system transition using the gene co-
expression network analysis implemented in the “Weighted corre-
lation network analysis’ R/wGcNa package (v.1.70-3, optimal soft
threshold of ‘power = 10’; Langfelder & Horvath, 2008).
The cutreeDynamic function (minClusterSize = 30 &

© 2022 The Authors
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deepSplit = 2) build in waeNa (minClusterSize = 30 & deepS-
plit = 2) was used for tree trimming of the gene hierarchical clus-
tering dendrograms to define co-expression modules. Modules
with dissimilarity of module eigengenes (ME) lower than 0.25
were merged. The strength of association between co-expression
modules and mating system was quantified using Pearson’s corre-
lation coefficient.

Genes expressed in flowers that are DESelf and that belong to
co-expression network associated with mating system were called
mating system transition related genes, hereafter MST genes.

Gene ontology enrichment analysis

Gene ontology (GO) enrichment tests were performed using
R/TorGO (v.2.42; Alexa & Rahnenfuhrer, 2020). The GO term
database for C. rubella was downloaded from PLANTREGMAP
(http://plantregmap.gao-lab.org) and was used as reference for
enrichment tests. We used a custom background list of genes that
included only genes with a nonzero expression value in at least
one sample per species and tissue (7 = 17 307). Significance of
enrichment was tested using Fisher’s exact-tests (FDR < 0.05)
either for molecular functions (MF) or biological processes (BP)
related GO terms. Finally, we used REVIGO (http://revigo.irb.
hr; Supek ez al., 2011) with the Arabidopsis thaliana database to
remove GO terms redundancy (medium, 0.7) and to cluster the
remaining terms in a 2D space derived by applying multidimen-
sional scaling to a matrix of the GO terms semantic similarities.

Ascertaining the global effect of mating system shift using
the tetraploid selfer C. bursa-pastoris

Capsella bursa-pastoris (Chp) originated from the hybridization
between C. orientalis and C. grandiflora but retained both paren-
tal genomes, one inherited from the outcrosser (Chpc,) and one
from the selfer (Chpc,). As an additional test of our hypothesis
about the global effect of mating system transition on gene
expression, we computed a similarity index (S;) exactly as in Kry-
vokhyzha ez al. (2019a) except that we replaced C. grandiflora
with C. rubella. The S, index quantifies the similarity between
the expression level of each subgenome and the expression level in
the ‘parental” species. For each transcript 7 and each subgenome

jE {Cbpcg, Cbpco}, S was computed as the subgenome relative
expression deviation from the mean expression level in the ‘paren-
tal’ species (y;). In the present study, p; = (E;rp, + Eic)/2
as in Kryvokhyzha e al’s (2019a) initial analysis, or
u;, = (E;o, + Eirp)/2 when CGwas substituted by CR.

5. Eihi

Eqn 4
ij

Hi

where Ejj is the expression of a given transcript 7 from a given
genetic background j, (Cprg or Chp, subgenomes of C. bursa-
pastoris). This index is centered and oriented to one parental spe-
cies so that §; > 0 (respectively, S; < 0) indicates that the
expression of transcript 7 is more similar (respectively, different)
to the expression of parental species j.
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Results

Global pattern of gene expression changes in diploids
across three tissues

We used a PCA to explore the global pattern of gene expression
variation (z = 17 307) among the three diploid Capsella species
(CR, CG and CO) and the three tissues (flowers, leaves and
roots). Most of the variance in expression was between tissues
(PC1 and PC2 together explained 76.5%; Fig. 1b). Conse-
quently, tissues were analyzed separately in later analyses. Species
clustered according to phylogenetic relationships in roots and
leaves (i.e. CRand CGvs CO) and according to mating system in
flowers (Figs 1c, S1). This difference in clustering was a conse-
quence of both up- and downregulation in the selfing species (CR
and CO) compared with the outcrossing species (block 2 and 4 in
Fig. 1c). However, the shift to selfing was more often accompa-
nied by downregulation (downregulated genes were at least twice
as many as upregulated ones).

Disentangling phylogenetic signal from mating system
transition effect on gene expression using distance indices

The first index, Dcg, measures the relative distance in expression
between CR and CO, on the one hand, and CR and CG, on the
other. As expected, the overall distribution of D¢y is biased
towards 1 (CR closer to CG than to CO), indicating that phyloge-
netic relationships explain most of the variation in gene expres-
sion in all cthree dssues (median Dcg gower = 0.19,
Dcr rooc = 0.37 and D¢ jear = 0.37). However, the distribution
of Dcp in flowers differed from that in leaves and roots, and was
characterized by an excess of negative values (Fig. 2a). For many
genes, the expression between the two selfers (CRand CO) is thus
closer than what would be expected given their phylogenetic rela-
tionships, suggesting the presence of convergent evolution in
gene expression. The pattern was similar but more pronounced
when D¢y index was calculated only for genes that are differen-
tially expressed (DE, FDR < 0.05) between CG and CO (median
Der flower = 042, Deg teaf = 0.69 and Deg yooe = 0.71, Fig. 2
¢). The negative fraction of the distribution of the Dz index in
all three tissues implies that there are still a substantial number of
genes with similar expression levels in CRand CO when only DE
genes between CG and CO are considered (38.67%, 21.68% and
18.94%, respectively for flower, leaf and root).

The second index, Dcp, measures the relative distance in
expression between CR and CO, on the one hand, and CG and
CO, on the other, and allows controlling for the effect of phylo-
genetic distance on gene expression. The distribution of Dy is
slightly positively biased (CO closer to CG than to CR) in leaves
and roots (median Dcg jear = 0.05 and Dco roor = 0.15) and
slightly negatively biased (CO closer to CR than to CG) in flowers
(median Do gower = —0.09). This indicates that in flowers con-
straints on gene expression evolution probably associated to mat-
ing system transition makes CO and CR more similar than
expected, supporting the pattern of convergent evolution
detected with Dcp. Interestingly, even though negative Dco
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values were less frequent in leaves and roots than in flowers, they
are still far from negligible, indicating that a substantial number
of genes in leaves and roots also were influenced by mating sys-
tem transition through the genomic selfing syndrome. When we
only considered DE genes between CG and CR, the distribution
of Do was similar but the expression of CO is even closer to CG
than to CR in leaves and roots (median Dcg oo = 0.33 and
Dco roor = 0.43) whereas, as expected, the expression of the two
selfing  species are even closer in flowers (median
Dco fiower = —0.51) (Fig. 2d). Note that considering only DE
genes led to a larger increase in bias in flower (0.42) than in root
and leaves (0.28 each).

In order to test whether the observed distributions of Dy or
Dco could have been observed under a pure drift model, we sim-
ulated a OU process for 20 000 independent genes under a pure
drift model. No combination of parameters in the OU simula-
tions led to the observed distribution of D¢p or Do and depar-
ture from the expected distribution was the strongest in flowers
(Notes S1). To test further whether the shift in expression associ-
ated with mating system transition was a consequence of adapta-
tion and/or relaxed selection we compared the distribution of
TN : T ratios between Do < —0.5 and Do > 0.5 (Fig. 3). As
for the distribution of D¢ index described above, in flowers,
TN ¢ T ratios were higher for Do > 0.5 than for Do < —0.5,
in particular for the two selfers. The same trend was observed in
leaves although the differences in selfers were weaker and no
specific trend was observed in roots. All of these analyses support
a predominant role of natural selection in explaining convergence
in expression in selfers and in particular in flowers.

Classification of differentially expressed genes

We then used pairwise comparisons between all three diploid
species, to identify genes whose expression was most affected by
mating system transition. In flower, there were more DE genes
between CG and CO than in any other pairwise comparison,
whereas in leaf and root there were more DE genes between CO
and CRand, in particular, more than between CO and CG which
are at the same phylogenetic distance (Fig. 4a—c). Also, the pro-
portion of DE genes shared by the comparisons involving mating
system transition, CR/ CG and CO/CG, was four-fold larger than
in leaves and roots. Therefore, gene expression in selfers tends to
converge in flower but also tends to diverge in the two other
tissues.

DEself genes are genes that are differentially expressed between
the outcrossing species (CG) and each of the two selfers (CO and
CR), but are not differentially expressed between the two selfers
(Fig. 4a—c, colored sector). In agreement with results obtained
with Dcoand Dcg, the number of DEself genes (786) was higher
in flowers than in leaves (86) and roots (215). Overlap in DEself
genes between the three tissues was limited, indicating tissue
specific expression for these genes (Fig. 4d). Only 7% of the DE
genes were classified as DEself in at least two tissues (1% in the
three tissues). Finally, coDEGs are genes that are DE between
each of the selfing species and the outcrosser, and that show
changes in the same direction relative to the outcrosser (Fig. 4e).
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Fig. 2 Global effect of mating system transition and phylogeny on gene expression. (a, ¢) The Dcr index compares gene expression difference between
Capsella rubella (CR) and C. orientalis (CO) (black line in the upper schematic plot), on the one hand, and the difference between C. rubella (CR) and

C. grandiflora (CG) (gray line in the upper schematic plot), on the other (see Eqn 2 in the text). Dcr < O indicates that CR expression is closer to that of CO
than to that of CG, Dcg > 0'is the opposite (CR closer to CG than to CO), Dcg = 0 indicates that CR expression is equidistant from CG and CO. Dotted
lines are the median of the distribution of the Dz index for the three tissues. (a) all genes; (c) differentially expressed (DE) genes between CG and CO.
Both Dco and D¢ value ranges from —1 to 1. (b, d) The Do index compares gene expression difference between C. orientalis (CO) and C. rubella (CR)
ICO-CRI (black line in the upper schematic plot), on the one hand, and the difference between C. orientalis (CO) and C. grandiflora (CG) (gray line in the
upper schematic plot), on the other (see Eqn 1 in the text). Dco < O indicates that CO expression is closer to that of CR than to that of CG, Do > Ois the
opposite (CO closer to CG than to CR), Dco =~ 0O indicates that CO expression is equidistant from CG and CR. Flower, yellow; leaf, dark green; root, light
green. Dotted lines are the median of the distribution of the Do index for the three tissues. (b) All genes; (d) DE genes between CG and CR.

The DE genes were much more common in flower than in leaves
and roots (1061, 125 and 404, respectively) and the fraction of
coDEG (i.e. both upregulated, coDEG™ or both downregulated,
coDEG™) was significantly different between the three tissues
(flower, 0.89, leaves, 0.8, and roots 0.68, binomial tests all
P < 0.05). In flower coDEG™ genes (64%) were significantly
more common than coDEG" (37%) (binomial test, y° = 142,
df =1, P < 0.001), whereas they were in similar proportion in
leaves and roots (binomial test, P = 0.32 and P = 0.55, respec-
tively; Fig. 4e). Hence, the pattern of coDEGs further supports
higher convergence in expression in flower for genes associated to
mating system transition and shows that it is driven mainly by
downregulation of these genes.

Definition of mating system transition related genes and
functional analysis

In order to narrow down the list of 786 DE genes potentially
involved in mating system transition in flower, we conducted a
weighted gene correlation network analysis (WGcNa v.1.70-3; Fig.
S2). Three gene clusters (‘modules’ in WGcNa) showed a particu-
larly strong association with mating system in flower (light green,
233 genes, Pearson’s »= 0.92, P=3e”'% tan module, 467
genes, 7= 0.71, P = 3¢™"; and turquoise module, 2070 genes,
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r=—0.84, P=2c"% Fig. §2). A total of 482 genes were
detected using both approaches (Fig. S3; Table S2) and were
defined, hereafter, as mating system transition genes (MST
genes). Expression of these MST genes clustered according to
mating system, the clustering being mainly due to genes that were
downregulated in both selfing species (Fig. S3). We used a GO
terms analysis to classify the MST genes according to BP and
ME. For BP, there were 44 nonredundant GO terms (P < 0.05)
and many were functionally related to pollen, fruit and anther
development processes (Fig. S4; Table S3). At the MF level,
MST genes clustered into 24 GO terms (Fig. S5; Table S4). One
pathway seems particularly interesting as it relates to the process
of L-ascorbic acid binding (GO:0031418).

Using the tetraploid self-fertilizing C. bursa-pastoris to
further test the effect of mating system shift across tissues

In Kryvokhyzha er al. (2019a) we defined a similarity index, S, to
quantify the shift in expression level of each subgenome in Chp
relative to the mean in expression level in the ‘parental’ species.
In each tissue the expression of each subgenome was closest to its
own ‘parental’ species — thus, there was a phylogenetic signal (S,
and S¢, in Fig. 5a) — but the global expression was biased toward
different parental species in the different tissue (AS in Fig. 5a).

New Phytologist (2022)
www.newphytologist.com

4

25U80| SUOWILLIOD SA1IER1D 3ot idde B Aq peuenob 8 o1 VO ‘38N J0 S| 0} ARRIG1T BUIIUO AB]IM O (SUOIPUOD-PL-SLLBIALIOD" B | I ATRIqIPUIIUO//STNY) SUONIPUOD PUE SWB | 81 385 *[220Z/TT/20] U0 AIGIT8UIIUO AB1IM ‘AISAIN PUnT AQ £258T YdU/TTTT 0T/10p/L0D B ]I ArRIqIpUIUOYdU//ScNY WOl papeolumoq



New
Phytologis
CG_F CR_F COF
0.35 0.35 0.35
030 030 030 S
4 o L
5 0.25 5 025 F 0.25 4
Z Z ] Bl Z —
Z 020 £ 020 e ! Z 020
0.15 — 0.15 o E——] | 0.15 T ——
——— R Ak
0.10 0.10 3 0.10
| I | | I |
Deo<-05 Dco20.5 Deo<-05 Dco20.5 Deo<-05 Do 205
CG_L CR_L CO_L
n.s. *k *ok
0.35 0.35 0.35
—
030 030 030 |
I
o 0 o
w - E - 8 & . —
3 0.25 3 0.25 T 3 0.25
Z 0.20 Z 020 —r— Z 020
0.15 1 ] ] 015 4 - 1 . ] 0.15 !
e — . —r— e —
0.10 0.10 0.10
I I | I I |
Deo<-05 Do 205 Deo<-05 Dco205 Deo<-05 Do 205
CG_R CR_R CO_R
n.s. ook n.s
0.35 _ 0.35 0.35
030 030 030 T
¥ 025 ¥ 025 ¥ 025 i
£ 025 £ 025 5 025 —_—
" 015 Toasd ' | ' 015 : L
15 1 e ] 15 i = 15
0.10 - — — 0.10 —.— — 0.10
| I | | I I
Deo<-05 Dco 205 Doo<-05 Do 205 Dco<-0.5 Do 205

Fig. 3 my : 75 ratios for different categories of Do index. The distribution of ny : #s ratios is compared between Dco < — 0.5 and Do > 0.5 for the
different species (Capsella grandiflora, CG, left column; C. rubella, CR, middle column; C. orientalis, CO, right column) and for the different tissues
(flowers, top row; leaves, middle row; roots, bottom row). Within each box plot, the bold horizontal line represents the median value; box region means
values within interquartilie range (IQR) from first quartile (Q1) to third quartile (Q3); up and down whiskers indicate 1.5 IQR above the Q3 (Q3 + 1.5
IQR) and 1.5 IQR below the Q1 (Q1 — 1.5 IQR), separately; circles representative outliers. Wilcoxon test: ns, P > 0.05; **, P < 0.01; ***, P < 0.001.

In flowers, the pattern of expression of the subgenome inherited
from the selfer CO (Cbp,) tended to dominate that of the subge-
nome inherited from the outcrosser CG (Chpc,), leading to a bias
towards the expression of the self-fertilizing parent CO (AS > 0).
In leaves, and even more so in roots, we observed the opposite
pattern where the subgenome Cbpc, tended to be dominated by
the subgenome Chpc, (AS < 0), the bias in expression thus being
towards the outcrossing parent. Given that Cbp is self-fertilizing,
this pattern was interpreted as follows: in tissues more closely
associated to the mating system transition the CO-like expression
pattern sets the standard, whereas in tissues less associated to mat-
ing system but more closely related to vigor and to the overall
divergence between the two parental species, the CG pattern
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dominates. If this is indeed the case, replacing CG by CR as a
‘parental’” species should remove the mating system effect without
affecting the general vigor and phylogeny effects. We would thus
expect to see a drastic change in S in flowers, from a bias toward
CO to no bias if mating system of the parental species were the
only factor explaining the relative expression between the two
subgenomes. For leaves and roots much less change in S index is
expected, although one would expect a slightly higher bias toward
CR due to genes associated to selfing in these tissues. Replacing
CGby CRled to a negative ASand a shift towards CRin all three
tissues (Fig. 5b). However, the bias of ASaway from 0 was small-
est in flowers (AS = —0.084) indicating that flowers were less
influenced by the phylogenetic signal than leaves (AS = —0.128)

© 2022 The Authors
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Fig. 4 Differentially expressed (DE) genes analysis and mating system transition (MST) related candidate genes identification. (a) Venn diagrams showing
the number of detected DE (FDR < 0.05) genes in flower from groups of species pairwise comparison (i.e. between CR and CG, CO and CG, CR and CG),
as well as overlaps between groups in number and in percentage. The orange highlighted overlap represents co-differentially-expressed genes (coDEGs) of
CR and CO in flower. The coDEGs of CR and CO were defined as being differentially expressed between CG and CR and between CG and CO, but not
between CR and CO. The gray highlighted overlap represents the coDEGs of CG and CO in flower. (b) In leaf (dark green), the same role as (a). (c) In root
(light green), the same role as (a). (d) Identification of MST-related candidate genes. Each coDEGs of CR and CO should be flower-specific (orange high-
lighted) to be an MST-related candidate. (e) Summary of DE genes of CR/CG and CO/CG across tissues. ‘++' and ‘——' means genes either upregulated in

both CR/CG and CO/CG, or downregulated in both comparisons. ‘+—* and ‘—+' means genes upregulated in one comparison but downregulated in

another. CG, Capsella grandiflora; CO, C. orientalis; CR, C. rubella.

and roots (AS = —0.197) or, conversely, more strongly affected
by the mating system than other tissues.

Discussion

In the present study, we analyzed changes in gene expression in
flowers, leaves and roots between self-fertilizing Capsella species
and their sole outcrossing relative, C. grandiflora. Our results
show that gene expression was more affected in flower tissues
than in leaves and roots and that there was an excess of conver-
gent genes between selfing species (CO and CR) in flowers com-
pared to roots and leaves. However, leaves and roots also were
affected by mating system shift. In flowers, many changes were
convergent across selfing species and adaptive, whereas changes in
roots and leaves were more random and relaxed selection proba-
bly explained some of them.

This is not the first study of genome-wide expression in the
Capsella genus although it is the first to look at the nature of the
selective change associated to the mating system transition and
include all four species and three tissues. Slotte et 2l (2013)
identified DE genes between C. rubella and C. grandiflora in
flower tissues, and compared those to DE genes between A. lyrata
and A. thaliana, noting some overlap suggesting some convergent
evolution in flower. Combining transcriptomic and gene map-
ping in C. rubella and C. orientalis, Wozniak et al. (2020)

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

128

showed that petal size had a similar genetic basis in the two spe-
cies. We compared our list of MST genes with the list of conver-
gent genes between C. rubella and A. thaliana established by
Slotte et al. (2013), on the one hand, and with the list of
coDEGs between C. rubella and C. orientalis from Wozniak ez
al. (2020), on the other. Because Slotte ez /. (2013) list of MST
genes was unavailable, we first used their gene expression data to
establish two MST gene lists using two different approaches (by
permutation and using R/tiMMma). Of our list of 482 MST genes,
218 overlapped with at least one of the two previous studies (Fig.
S6).

These 218 overlapped genes belonged to pathways functionally
related to pollen development, and more precisely pollen exine
formation (GO:0010584) (Tables S5, S6). In general, our results
correspond to the observation in Slotte er 4l (2013) that many
DE genes between C. grandiflora and C. rubella are functionally
related with pollen number differences. However, Wozniak ez
al. (2020) did not report such pollen-related pathways, even
though they observed a dramatic decrease (around four-fold) of
the number of pollen grain in both selfing species compared to
C. grandiflora. Another interesting discrepancy is that both Slotte
et al. (2013) and Wozniak et al (2020) detected many genes
associated to petal development but we did not. One potential
reason is difference in sample and sampling time across these
three studies. In Slotte ez 2/ (2013) total RNA was harvested
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Fig. 5 Similarity indices of subgenomes of
Capsella bursa-pastoris (Cbp) to different
‘parental’ species. In a given pair of diploid
species, for each tissue and each subgenome,
the median of similarity indices for each
subgenome, either inherited from CO (Sco)
or from CG (Scg), are presented as well as
the difference between the two indices (AS)
(see the Materials and Methods section for
definitions). AS measures the dominance of
one parental genetic background. Gray
dotted line (S = 0) corresponds to an
absence of bias. Phylogenetic trees on the
top of each panel represent the phylogenetic
relationships of Cbp with the diploid species
used for the comparison. CG, Capsella

Flower Leaf  Root

Tissues Tissues

from mixed flower buds from five C. grandiflora genotypes and
six C. rubella genotypes, and the expression patterns in Capsella
compared with expression patterns of stage-12 floral buds of A.
thaliana and A. lyrata. In Wozniak et al. (2020) total RNA was
extracted from dividing flower buds (so before stage 10 according
to Bowman eral’s (1991) development classification), and
expanding/maturing flower buds. In the present study, buds were
collected one week after the onset of flowering. Another possible
explanation is that we used all four species, including both
diploid, and three tissues as well as two different methods for
detecting genes related with mating system transition, whose cri-
teria are stricter than those used by Slotte er 4l (2013) or
Wozniak et al. (2020).

The classification of the MST genes based on GO showed that
many terms are functionally related to pollen, fruit and anther
development processes. Pollen is critical for plant reproductive
success and is predicted to be under strong selective force in
outcrossing species as a result of the pervasive male—male gamete
competition, resulting in the outcrossing species being prone to
generating a larger number of pollen grains (Harvey &
May, 1989). By contrast, selfing species generally show a lower
number of pollen grains, because fertilization is easier to com-
plete in a selfing species than in its outcrossing relatives (Wil-
lis, 1999; Cruden, 2000; Shimizu & Tsuchimatsu, 2015; Liao
et al., 2022). Because the selfing species does not need to attract
pollinators, some rewarding products for pollinators, such as
scents, nectars and feeding anthers, that are costly for the plant to
produce, will no longer be needed and thus will be under relaxed
selection (Smith, 2016; Wessinger & Hileman, 2016; Liao ez
al., 2022). Selfing species also exhibit an early mature time of
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Flower Leaf  Root

grandiflora; CO, C. orientalis; CR,
C. rubella.

pollen development (de Jong ez al.,, 1993) and a lower amount of
fruit set (Bellusci e# al, 2009; Jacquemyn & Brys, 2015). The
fact that MST genes clustered into categories functional related
to pollen sperm cell differentiation (GO:0048235), fruit develop-
ment (GO:0010154) and anther wall tapetum development
(GO:0048658) indicate that MST genes have a broad effect on
reproductive functions at different stages of the life cycle.

When genes are classified according to MF, the most interest-
ing seems to be the process of L-ascorbic acid binding. L-ascorbic
acid appears highly pleiotropic and plays a role in seed germina-
tion, floral induction and senescence (Barth ez 2/, 2006). The
antagonistic role of ascorbic acid in regulating seed germination
has been well-documented (Koornneef ez al, 2002; Finch-
Savage et al., 2006). In many plant species, underexpression of
ascorbic acid leads to enhanced germination potential and some-
times produce viviparous seeds (McCarty, 1995; Salaita ez
al., 2005), whereas overexpression of ascorbic acid results in
enhanced dormancy or delayed germination (Thompson ez
al., 2000; Qin & Zeevaart, 2002; Okamoto et al, 2010). In
general, there is evidence that mating system influences phenol-
ogy and, in particular, seed phenology and germination (e.g.
Carta et al., 2015; Baskin & Baskin, 2017). Hence, as for GO,
the classification according to molecular function points at
changes in developmental timing between selfers and outcrossers.

Understandably, studies of the selfing syndrome have largely
focused on floral and reproductive traits and genes associated to
traits such as the reduction in flower size have been identified as
part of the selfing syndrome (e.g. Wozniak ez 2/, 2020). These
results generally were obtained through quantitative trait loci
(QTL) studies focusing on targeted traits and therefore

© 2022 The Authors
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intrinsically ignoring the possibility of an impact of mating sys-
tem shift beyond floral and reproductive traits. However, there
are many reasons to expect changes to extend beyond those traits
(Tsuchimatsu & Fujii, 2022). Selfing species differ from
outcrossing ones in many factors that directly impact the rate of
evolution: the effective population size is divided by two and the
effective recombination rate is reduced. Thus, we can expect the
genomic selfing syndrome to affect all genes and not only those
directly related to selfing. We showed that the expression of a
large fraction of genes deviated from what would be expected
considering the phylogenetic relationships between the three spe-
cies in all three tissues. This pattern is not explained by some
ubiquitous genes given the small overlap that we found between
the three tissues.

One central question is whether selfing syndrome trait evolu-
tion arises from relaxed selection (random genetic drift), from
adaptive re-allocation of resources or from a mixture of both
(Cutter, 2019; Rifkin ez al., 2021; Tsuchimatsu & Fujii, 2022).
As pointed out by Cutter (2019), deciphering the relative contri-
bution of adaptive changes vs relaxed selection for any trait indi-
vidually remains challenging and few studies have attempted it.
In morning glory (Ipomoea lacunosa), Rifkin et al. (2021) used
Qst—Fst comparisons to identify selection associated to the
divergence between selfers and outcrossers on traits ranging from
corolla size to early growth. Divergence between selfers and out-
crossers was found to be under selection for corolla size and nec-
tar traits, but not for early growth or pollen traits. The authors
concluded that some aspects of the selfing syndrome were under
selection but evolution in others was either due to drift or to cor-
related selection. The design of our study also allowed insights on
the relative importance of these two evolutionary processes. First,
the availability of three tissues, one closely related to reproduc-
tion and two others more distantly related to it means that we
shall be able to capture both the selfing syndrome sensu stricto via
flowers and the genomic selfing syndrome via comparison of
expression across the three tissues. Second, the availability of
three independent mating system transitions implies that we can
use the phylogeny to derive expectations and identify genes that
are more likely to be under directional selection than under
relaxed selection.

Combining both allowed us to show that the observed pattern
in gene expression cannot be obtained under a strictly neutral
model, but instead is the result of a mixture of convergent adap-
tive changes and relaxed selection. Support for convergent evolu-
tion between the selfing species was particularly pronounced in
flowers (both Do and D¢y indices <0), but also was observed in
the two other tissues. Convergent evolution can be the result of
either adaptation to a same new optimum in gene expression in
selfing species or a change in the same direction in expression fol-
lowing relaxed selection. The later could create an enrichment for
negative D index values (thereby mimicking adaptive conver-
gence) if a consistent bias toward either up- or downregulation
existed for genes evolving through drift, once the selection has
been relaxed. Though we cannot completely rule out such a
hypothesis, further observations support the role of positive selec-
tion in driving the pattern of convergent evolution in flower.
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First, the enrichment for positive values in the Dcp index in
leaves and roots indicates that gene expression evolved at a rela-
tively higher rate on the branches leading to CR and CG. This
could, for instance, occur if selection on CR is relaxed after mat-
ing system shift. Differentially expressed gene analyses also
revealed that in leaves and roots many more genes showed a dif-
ference in expression between the two selfing species, CO and
CR, than in any other comparisons, and in particular between
CG and CO that are at the same phylogenetic distance. If changes
in expression were to be biased towards either up- or downregula-
tion after the selection is relaxed, such a pattern would not be
observed. By contrast, the expression in the two self-fertilizing
species tended to drift apart showing that drift following relaxed
selection can lead to both up- or downregulation without prefer-
ence. This, in turn, further supports the role of selection in shap-
ing the convergence in expression in flower. Second, the presence
of convergent evolution is strongly supported by the fraction of
coDEGs among DE genes in the three tissues (i.e. genes whose
expression in CO and CR compared to CG is in the same direc-
tion): ¢. 90% in flowers, ¢. 80% in leaves and ¢. 70% in roots
(Fig. 3). In leaves and roots, the coDEGs are evenly distributed
between coDEG™ (co-downregulated genes) and coDEG™ (co-
upregulated genes). However, there is significantly more
coDEG™ than coDEG™" in flower (64%) further supporting the
role of convergent adaptation in flower. Third, we used the tetra-
ploid selfing species C. bursa-pastoris, to test and confirm our pre-
dictions about the respective role of natural selection and genetic
drift in the evolution of RNA expression in the various tissues.
Concretely, one would not expect different patterns of S; index
between the three tissues, as was observed, unless the relative
importance of selection and drift in shaping RNA expression
changed between them. Finally, the global pattern of variation of
TN : Ts ratio with the D¢p index further supports the respective
roles of selection and drift in shaping pattern of expression fol-
lowing mating system change. The ratio mn /s measures selection
efficacy, and is expected to be small when purifying selection is
effective and to increase as drift becomes more potent (Chen ez
al., 2017). In our case, this suggests a more important role for
drift in shaping RNA expression in leaves and roots in selfing spe-
cies, and for selection for the genes showing a convergent pattern
of RNA expression between selfing species, mainly in flowers.
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Genome-wide association analysis GEE

unveils candidate genes and loci associated
with aplasia cutis congenita in pigs

Fuchen Zhou'", Shenghui Wang?', Haojun Qin', Haiyu Zeng?, Jian Ye?, Jie Yang', Gengyuan Cai'?,
Zhenfang Wu'?" and Zebin Zhang'"

Abstract

Background Aplasia cutis congenita (ACC) is a rare genetic disorder characterized by the localized or widespread
absence of skin in humans and animals. Individuals with ACC may experience developmental abnormalities

in the skeletal and muscular systems, as well as potential complications. Localized and isolated cases of ACC can be
treated through surgical and medical interventions, while extensive cases of ACC may result in neonatal mortality. The
presence of ACC in pigs has implications for animal welfare. It contributes to an elevated mortality rate among piglets
at birth, leading to substantial economic losses in the pig farming industry. In order to elucidate candidate genetic
loci associated with ACC, we performed a Genome-Wide Association Study analysis on 216 Duroc pigs. The primary
goal of this study was to identify candidate genes that associated with ACC.

Results This study identified nine significant SNPs associated with ACC. Further analysis revealed the presence of two
quantitative trait loci, 483 kb (5:18,196,971-18,680,098) on SSC 5 and 159 kb (13:20,713,440-207294431 bp) on SSC13.
By annotating candidate genes within a 1 Mb region surrounding the significant SNPs, a total of 11 candidate

genes were identified on SSC5 and SSC13, including KRT71, KRT1, KRT4, ITGB7, CSAD, RARG, SP7, PFKL, TRPM2, SUMO3,
and TSPEAR.

Conclusions The results of this study further elucidate the potential mechanisms underlying and genetic architec-
ture of ACC and identify reliable candidate genes. These results lay the foundation for treating and understanding ACC
in humans.

Keywords Aplasia cutis congenita, Congenital disorder, Genome-wide association study, Pig, Candidate gene

Background

Aplasia cutis congenita (ACC) is a rare congenital disor-
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have primarily been confined to case analyses of individ-
ual patients, with a lack of in-depth investigation into the
disease [6—8]. This may be attributed to the rarity of the
condition, making it difficult to gather a large number of
samples. Coi et al. [3] conducted a study on ACC cases
in Europe from 1998 to 2017 and found a prevalence rate
of 5.2 cases per 100,000 live births among newborns. The
presence of ACC in pigs has implications for animal wel-
fare. It contributes to an elevated mortality rate among
piglets at birth, leading to substantial economic losses in
the pig farming industry. In 2006, Odile et al. [9] reported
that ACC commonly occurs in the tail, back, thighs, and
abdomen of piglets. The affected areas exhibit red lesions
with a depressed appearance, lacking skin and hair cover-
age in the surrounding regions. ACC may cooccur with
developmental anomalies such as, muscular and skeletal
abnormalities [10], while its precise etiology and patho-
genesis remain elusive. Genetic factors have been pro-
posed as possible contributors, and case studies have
identified instances with both autosomal dominant and
recessive inheritance patterns [9, 11]. Nonetheless, the
genetic underpinnings of ACC have yet to be fully eluci-
dated, highlighting the need for further research in this
area.

Since the successful completion of the Human Genome
Project in 2003, remarkable advancements in genome
sequencing technology have led to a substantial reduc-
tion in sequencing costs [12]. These breakthroughs have
paved the way for a comprehensive understanding of the
phenotypic variations and disease occurrences result-
ing from genomic variations [12]. In 2005, Klein et al.
pioneered the application of Genome-Wide Association
Study (GWAS) in investigating human macular degener-
ation [13], marking the beginning of GWAS as a powerful
tool for unraveling candidate genes associated with both
human diseases [14, 15] and economically significant
traits [16, 17]in agriculture. In our previous research, we
utilized GWAS to identify potential genes related to sev-
eral crucial economic traits in pigs, including lean meat
percentage [18], teat number [19], and intramuscular fat
content [20].

Due to the low probability of ACC occurrence, it
took us 5 years (2017-2021) to collect a total of 116
ACC-affected piglets (58 from American Duroc popula-
tion and 48 from Canadian Duroc population) and 100
healthy piglets (50 from American Duroc population
and 50 Canadian Duroc population). Subsequently, we
conducted a genome-wide association analysis on a total
of 216 Duroc piglets to elucidate candidate genetic loci
associated with ACC. The primary goal of this study
was to identify candidate genes that contribute to the
development of ACC, thus providing valuable insights
into the genetic architecture underlying skin aplasia. By
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leveraging the pig as a model organism, our research
aimed to unravel the fundamental mechanisms govern-
ing skin development disorders, ultimately offering valu-
able implications for treating of related human diseases.

Result

Phenotype and SNP genotyping

ACC can occur in various parts of piglets’ bodies (Addi-
tional file 1: Fig S1). Figure 1 illustrates a case of ACC
on the left forehoof of a piglet, characterized by a well-
defined border, a bright red base, a relatively small lesion
area, and no apparent discharge. After DNA extrac-
tion from tail tissue samples of the 216 piglets, we per-
formed genotyping using the GenoBaits Porcine 50 K
single nucleotide polymorphism (SNP) Chip. The qual-
ity of genotyping of the 216 Duroc pigs was examined
using PLINK v1.9. The distribution and visualization of
the SNP dataset across chromosomes are summarized in
Fig. 2a and Additional file 2: Table S1. These SNPs were
roughly proportionally distributed on all 18 chromo-
somes of pigs, with the longest chromosome having the
most significant number of SNPs. As shown in Fig. 2a, we
observed a higher density of SNP distribution towards
the ends of the chromosomes. This pattern may be
attributed to the limitations of the sequencing technol-
ogy, which is consistent with the observed distribution
and provides further evidence for the reliability of our
sequencing results. Additionally, Sus scrofa chromosome
(SSC) 6 exhibited the most uniform distribution of SNPs.

Population structure and LD decay

Considering the involvement of two Duroc populations
in this study, we were concerned about the potential
presence of population stratification. Therefore, we con-
ducted a Principal component analysis (PCA). As pre-
sented in Fig. 2b, the PCA plot showed that the American

1} :
Fig. 1 lllustration of a piglet with ACC on the left forehoof
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and Canadian Duroc pigs did not coincide, indicating
that these two populations have different genetic back-
grounds. In addition to incorporating the genetic rela-
tionship matrix as a covariate in the Mixed linear model
(MLM) model, we included the first five principal com-
ponents from PCA as covariates to adjust for population
structure. After adjust, Q-Q plots with genomic inflation
factors were generated to evaluate the influence of popu-
lation structure on single-locus GWAS (Fig. 2c). Notably,
no significant inflation of test statistics was observed in
the admixed population (American and Canadian Duroc
population), indicating that the results were not biased
by population stratification. The average Linkage dis-
equilibrium (LD) decay distances of the American and

Canadian Duroc pig populations (7?=0.2) were approxi-
mately 500 kb (Fig. 2d), suggesting a comparable LD level
between the two populations. Consequently, we treated
the American and Canadian Duroc populations as a uni-
fied group for further analysis.

Single-locus GWAS results

After analyzing the quality-controlled SNPs and phe-
notype data using the MLM model in GEMMA soft-
ware [21], significant SNPs detected through 50 K
chips GWAS are presented in Table 1 and Fig. 3a. A
total of 2 SNPs surpassed the suggestive significance
threshold (P=2.42E-5) and were identified as associ-
ated with ACC. Two SNPs (13_207176753 (P=2.25E-5)
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Table 1 Significant and strong LD SNPs associated with ACC in Duroc pigs identified by 50 K chips GWAS
ssc? SNP ID Position (bp)b MAF P-value Nearest gene Distance (bp)©
5 518403003 18,403,003 0.051 9.72E-5 CSAD within
5 5_18617273 18,617,273 0.051 6.37E-5 SP1 within
13 13_207176753 207,176,753 0.051 2.25E-5 PFKL within
13 13_207265708 207,265,708 0.051 2.25E-5 TRPM2 726
13 13_207251317 207,251,317 0.049 252E-5 TRPM?2 within
2 Sus scrofa chromosome
b SNP position in Ensembl
“The SNP located upstream/downstream of the nearest gene
a Aplasia cutis congenita (ACC)_50K

—log1o(P value)

Chromosomes

b Aplasia cutis congenita (ACC)_Conditional Analysis

—logo(P value)

Chromosomes
Fig. 3 Manhattan plots of GWAS (a) and conditional analysis (b) for ACC in 216 pigs using 50 K chip data. The x-axis represents the chromosomes,
and the y-axis represents the -log10(P-value). The dashed lines indicate the suggestive thresholds for ACC (P=2.42E-5)

and13_207265708 (P=2.25E-5)) on SSC13 were
found to be the lead SNPs. They are in complete
LD and located within a 159 kb haplotype block
(13:20,713,440-207294431 bp), which suggests that
mutations near the potential quantitative trait locus
(QTL) may have essential effect on ACC (Fig. 4a). Fur-
thermore, GWAS conducted by imputed data revealed
nine and six significant SNPs on SSC 13 and 10, respec-
tively. Among these, the top SNP on SSC 13 was iden-
tified as 13_206783027_C (P=2.49E-7). For more

comprehensive information, please consult Fig. S2 and
Table S2.

To further investigate, we conducted a conditional
analysis by fitting the lead SNP (13_207176753) as
a covariate into the MLM using GEMMA software
(Fig. 3b). The signal peak on SSC13, where the lead SNP
is located, disappeared, and the P-value of the associated
SNPs all dropped below the threshold line (Fig. 5a and
b). This indicates a strong LD among these SNPs, indi-
cating a significant influence of the lead SNP on ACC.
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Surprisingly, the signal peak on SSC5 became even more
pronounced, implying the presence of a potential QTL
associated with ACC (Fig. 3b). Furthermore, haplotype
analysis revealed strong linkage disequilibrium (LD)
between SNPs 5_18403003 (P=9.72E-5) and 5_18617273
(P=6.37E-5), which are located within a 483 kb hap-
lotype block (5:18,196,971-18,680,098) (Fig. 4b). This
implies that mutations in the vicinity of this region may
also have substantive implications for ACC. Finally, to
assess the impact of population stratification on our
analysis results, we conducted GWAS using logistic
mixed model with the GMMAT R package. The results
were similar to those of the MLM model and showed
strong signal on SSC 13. This further validates the scien-
tific rigor of our use of the MLM model for binary trait
GWAS (Additional file 5: Fig S3).

Candidate genes search and functional annotation

Among the identified five SNPs on 50 K chips GWAS,
four SNPs were found to be located within five genes:
cysteine sulfinic acid decarboxylase (CSAD), Spl tran-
scription factor (SPI), phosphofructokinase, liver type
(PFKL), transient receptor potential cation channel sub-
family M member 2 (TRMP2), respectively (Table 1).
Based on the LD decay distance observed in the popu-
lation used in this study, we observed that LD (%)
dropped below 0.2 after a distance of approximately
500 kb (Fig. 2d). This indicates that the causal muta-
tions and genes may be located within a region span-
ning 500 kb upstream and downstream of the identified
GWAS signals. To further understand the GWAS results,
a total of 58 protein-coding genes within a 1 Mb region
centered on the five SNPs (50 K chips GWAS) and 15
SNPs (imputed GWAS) were annotated. Additionally,

we identified seven genes from the imputed GWAS that
overlap with those discovered in the 50 K chip data, fur-
ther underscoring the accuracy of the 50 K chip GWAS
results (Additional file 6: Table S3). Our pathway enrich-
ment analysis revealed several significantly enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) terms related to ACC, including
cellular cytoskeleton organization and biological devel-
opment, such as skeletal muscle tissue regeneration,
prostate gland epithelium morphogenesis, establishment
of skin barrier, face development (Fig. 6a and b, Addi-
tional file 7: Table S4). After conducting non-redundant
GO analysis on all GO terms that exceeded the thresh-
old using the REVIGO website, a total of 87 GO terms
were clustered. (Fig. 7a and b). One pathway stood out
as particularly intriguing, as it is related to the process of
skin barrier (GO:0061436). Subsequently, we employed
the GeneCards, Mouse Genome Informatics databases,
and conducted an extensive literature review to explore
the functional roles of the identified genes. As a result,
we identified a total of 11 candidate genes with poten-
tial relevance to ACC. These genes, namely KRT7I,
KRT1I, KRT4, ITGB7, CSAD, RARG, SP7, PFKL, TRPM2,
SUMO3, and TSPEAR, exhibit promising associations
with ACC based on their known functions and previous
research findings. The genes KRT71, KRT1, KRT4, RARG
, PFKL, TSPEAR, and SUMO3 are involved in hair folli-
cle formation and skin development. On the other hand,
the genes ITGB7, CSAD, and TRPM?2 are associated with
immune system diseases that accompany skin deficien-
cies. Surprisingly, both the PFKL and TRPM2 genes were
identified by both the 50 K chips and Imputed GWAS,
further substantiating their reliability as candidate genes.
Additionally, the SP7 gene is related to skeletal develop-
mental abnormalities in ACC.
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for ACC before and after conditional analysis on lead SNP (13_207176753)

Discussion

The skin, the largest organ in the human body, plays a
vital role in immune surveillance, wound healing, and
protection against environmental challenges [22]. Skin-
related diseases contribute significantly to healthcare
expenditures. Extensive congenital skin aplasia, in
particular, can result in neonatal mortality, while con-
genital skin aplasia in pig farming is associated with
postpartum piglet mortality. Genetic factors have been
shown to impact on many skin diseases significantly
[23]. Therefore, uncovering candidate genes related to
skin development and diseases can greatly facilitate
diagnosing and treating of skin-related disorders.

Candidate genes function for ACC on SSC5

Through gene function annotation, we identified seven
candidate genes associated with ACC on SSC5, namely
KRT71,KRT1, KRT4,ITGB7, CSAD, RARG, and SP7. The
KRT7I gene encodes a protein expressed in the inner root
sheath of hair follicles and is implicated in disorders such
as Hypotrichosis 13 and Familial Woolly Hair Syndrome
(https://www.ncbi.nlm.nih.gov/gene/112802#summary).
KRT?71 exhibits differential expression in various human
skin regions, including the buttocks, arms, abdomen, and
legs  (https://www.bgee.org/gene/ENSG00000139648).
Studies have highlighted the pivotal role of KRT7! in
hair formation, as it is involved in abnormal hair follicle
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morphology, focal hair loss, Male-pattern baldness, and
abnormal hair cortex morphology [24—27]. The protein
encoded by the KRTI gene is a member of the keratin
gene family. Type II cytokeratins consist of acidic or neu-
tral proteins that form heterotypic pairs of keratin chains
and are co-expressed during the differentiation of simple
and stratified epithelial tissues (https://www.ncbi.nlm.
nih.gov/gene/3848). Notably, KRTI has been implicated
in various conditions, including abnormal skin morphol-
ogy, impaired skin barrier function, abnormal epidermal
layer morphology, and neonatal lethality with incomplete
penetrance [28, 29]. Like KRT1, another candidate gene,
KRT4, encodes a protein that belongs to the keratin gene
family. It has been implicated in a range of skin and hair
abnormalities, including epidermal hyperplasia, abnor-
mal morphology of the suprabasal layer in the epider-
mis, impaired skin barrier function, skin inflammation,
abnormal morphology of the dermal layer, and diluted
coat color [30-32]. All three candidate genes mentioned
above are members of the keratin gene family and play
crucial roles in hair and skin development. They are likely
to be closely associated with the occurrence of ACC,
although the specific mechanisms of their actions have
not yet been elucidated.

Research findings suggest that ACC may be accom-
panied by developmental deficits or musculoskeletal
deficiencies [10]. The candidate gene RARG is not only
associated with skin abnormalities, such as abnormal epi-
dermal layer morphology, abnormal epidermis stratum
corneum morphology, and impaired skin barrier function
[33], but also implicated in skeletal developmental anom-
alies, including abnormal basioccipital bone morphology,
rib fusion, cervical vertebral transformation, abnormal
ventral tubercle of atlas morphology, and abnormal cer-
vical axis morphology [34—38]. The candidate gene SP7
also correlates with skeletal developmental abnormali-
ties [39—41]. Due to the high postpartum mortality rate
in affected piglets, CSAD gene on SSC5, the peak SNP
(5_18403003) located within, is associated with neona-
tal lethality and incomplete penetrance [42]. Further-
more, another candidate gene, /TGB?7, is implicated in
abnormal immune system function in animals [43, 44].
Therefore, we hypothesize that the postpartum mortality
in piglets may be attributed to the actions of these two
genes.

Candidate genes function for ACC on SSC13

The PFKL gene on SSC13, the lead SNP (13_207176753)
located within, encodes the liver (L) subunit of an enzyme
that catalyzes the conversion of D-fructose 6-phosphate
to D-fructose 1,6-bisphosphate, which is a crucial step
in glucose metabolism (glycolysis). Previous studies have
linked the PFKL gene to hair follicle degeneration and
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abnormal hair cycle catagen phase [45]. Another gene,
TRPM?2, located near another lead SNP (13_207265708),
is closely associated with the innate immune system and
may contribute to increased susceptibility to bacterial
infections, potentially leading to mortality [46—48].

During embryonic development, the ectoderm under-
goes differentiation to form the skin, hair, and skeletal
system. Research has demonstrated that the TSPEAR
gene participates in ectodermal development and plays
a crucial role in tooth and hair follicle morphogenesis
by regulating the Notch signaling pathway [49, 50]. It is
also a candidate gene affecting wool production traits in
Merino sheep [51]. The SUMO3 gene also influences the
ectoderm development in embryos, resulting in embry-
onic growth arrest and delayed somite formation [52]. In
summary, these four strong candidate genes on SCC13
may play a crucial role in the development of ACC, ulti-
mately leading to the manifestation of the condition
in affected individuals. However, the precise mecha-
nisms underlying their involvement require further
investigation.

Conclusion

The present study aimed to investigate the candidate
genes and loci associated with ACC. GWAS analysis
was conducted on a herd of 226 Duroc pigs, identifying
nine significantly associated SNPs. Further investigation
revealed the presence of a 483 kb QTL (5:18,196,971—
18,680,098) on SSC 5 and a 159 kb QTL (13:20,713,440—
207294431 bp) on SSC13. By annotating candidate genes
within a 1 Mb region surrounding the significant SNPs, a
total of 11 candidate genes were identified on SSC5 and
13, including KRT71, KRT1, KRT4, ITGB7, CSAD, RARG
, SP7, PFKL, TRPM?2, SUMO3, and TSPEAR. These find-
ings shed light on the genetic underpinnings of ACC in
pigs, contribute to the understanding and treatment of
ACC and provide a foundation for future studies eluci-
dating the underlying molecular mechanisms.

Material and methods

Ethics statement

The animals and experimental methods used in this
study follow the guidelines of the Ministry of Agriculture
of China and the Use Committee of South China Agri-
cultural University (SCAU). The ethics committee of
SCAU (Guangzhou, China) approved all animal experi-
ments. The experimental animals were not anesthetized
or euthanized in this study. We confirmed that all meth-
ods are reported in accordance with ARRIVE guidelines
(https://arriveguidelines.org) for the reporting of animal
experiments.
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Animals and phenotype

Between 2017 and 2021, a total of 108 recently farrowed
(58 ACC-affected and 50 healthy) American Duroc pig-
lets and 98 recently farrowed (48 ACC-affected and 50
healthy) Canadian Duroc piglets were collected from
breeding farms in Guangdong Wen’s Foodstuffs Co.,
Ltd. (Guangdong, China). The farrowing sows were
raised under the same environmental conditions, and
all affected piglets were identified on-site personnel.

Genotype data acquisition and quality control

The genomic DNA necessary for this study was
obtained by applying the standard phenol/chloroform
method to isolate and extract DNA from the tail tis-
sues of 216 piglets. Subsequently, rigorous quality
control measures were implemented, including assess-
ment of the light absorption ratios (A260/280 and
A260/230), gel electrophoresis analysis, and quantifi-
cation of DNA concentration at 50 ng/pL. GenoBaits
Porcine 50 K Panel was used for genotyping. After gen-
otyping, we enhanced the genotype data to the whole-
genome sequence level using an imputation strategy.
We employed the Swine Imputation (SWIM) Server
tool [53] with default parameter settings to perform
genotype imputation, bridging the target and reference
genotype data. The reference haplotype panels were
constructed from whole-genome sequencing data col-
lected from 2259 pigs, representing 44 breeds. The gen-
otype imputation accuracy consistently demonstrated a
high average concordance rate exceeding 97%, a non-
reference concordance rate of 91%, and an 7 value of
0.89. This ensured the reliability and robustness of our
imputed data. The genotype quality control of the 216
pigs was conducted by PLINK v1.9 software [54]. Indi-
viduals with a call rate of less than 90%, SNP with a
call rate of less than 90% and a minor allele frequency
of less than 1% were also deleted. SNP that failed the
Hardy—Weinberg equilibrium test (P<107°) and was
unmapped or located on the sex chromosome was also
removed. After quality control, the final 41,362 (50 K)
and 14,942,886 (SWIM imputed) SNPs are retained for
subsequent analysis, respectively.

Population structure and LD estimation

PCA and LD analysis were performed using the SNPs
that passed quality control standards to investigate the
population structure of the two Duroc pig populations.
PCA was performed with GCTA software v1.92.4beta
[55]. The average LD decay distance across the whole
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genome of the American and Canadian Duroc pigs was
calculated using PopLDdecay software [56].

Single-locus GWAS analysis

In the present study, the GEMMA software v0.98.1 [21]
was used to implement MLM for single-locus GWAS
of ACC. GEMMA calculated the genomic relatedness
matrix (GRM) between individuals within each popula-
tion to account for the population structure. The first
five principal components calculated by GCTA tool
[55] are embedded into the MLM as covariables to
eliminate the mixed influence of population structure.
The MLM is as follows:

y=Wa+Xp+u+e

where y represents a vector of the phenotype, with
affected piglets assigned as 1 and healthy individuals
assigned as 0; W is the incidence matrix of covariates,
including fixed effects of the sex, and the top five prin-
cipal components from PCA analysis; o represents the
vector of corresponding coefficients including the inter-
cept; X is the vector of all marker genotypes; B specifies
the corresponding effect size of the marker; u is the vec-
tor of random effects, with u~ MVN,, (0, At K); € is the
vector of random residuals, with e~MVN, (0, ! L);
A signifies the ratio between two variance components;
1t~ 1is the variance of the residual errors; K is GRM; [ is an
nXxn identity matrix and n refers to the number of pigs.
In the 50 K chips GWAS, the Bonferroni method was
used to determine the genome-wide significant thresh-
old (0.05/N), where N is the number of SNPs. Since that
is a stringent criterion, we set a more lenient threshold
to detecting the suggestive SNPs (1/N) [20, 57]. Further-
more, to address the potential type I errors introduced by
population stratification, we employed the GMMAT R
package to perform logistic mixed model GWAS specific
to binary traits [58]. Based on human GWAS results, we
set the genome-wide significance threshold and sugges-
tive significance threshold for GWAS based on imputed
data at 5.00E-8 and 1.00E-6, respectively [59, 60].

Haplotype block analysis and conditional analysis

The PLINK v1.9 [54] and Haploview v4.2 [61] were
used for chromosomal regions with multiple signifi-
cantly clustered around the top SNP to calculate the LD
pattern of the region. GWAS often identifies a signifi-
cant set of SNPs associated with target traits in puta-
tive regions, possibly due to high LD between them.
Conditional analysis was conducted by fitting the geno-
types of peak SNP as covariates to the univariate MLM
of GEMMA to evaluate the independence of the signal
peak in the putative region.
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Identification of candidate genes and functional
enrichment analysis

Based on the LD decay distances of the American and
Canadian Duroc populations, the candidate genomic
regions were determined to 500 kb on either side of the
significant SNPs. All SNPs refer to the latest version of
the Sus scrofa 11.1 genome (http://ensembl.org/Sus_
scrofa/Info/Index). Functional gene annotation (v105)
was downloaded in GIFF3 format from the Ensembl web-
site  (http://ftp.ensembl.org/pub/release-105/gff3/sus_
scrofa/). The R package BioMart [62] efficiently retrieved
functional genes. KEGG [63] and GO analyses were con-
ducted using KOBAS 3.0 [64] to investigate the functions
of all candidate genes. Enriched terms with a significance
threshold of P value<0.05 were selected to explore fur-
ther the genes invoked in pathway and biological pro-
cesses [19]. Subsequently, we employed REVIGO (http://
revigo.irb.hr) in conjunction with the Mus musculus
database to eliminate GO term redundancy (medium
threshold, 0.7) and cluster the remaining terms in a 2D
space [65, 66]. This space was derived by applying mul-
tidimensional scaling to a matrix of GO term semantic
similarities. Mouse Genome Informatics website (https://
www.informatics.jax.org/), GeneCards (http://www.
genecards.org/) and Ensembl (www.ensembl.org/bioma
rt/martview) were used to query gene functions.
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