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Abstract
Hybridization may increase the probability of adaptation to extreme stresses. This 
advantage could be caused by an increased genome plasticity in hybrids, which could 
accelerate the search for adaptive mutations. High ultraviolet (UV) radiation is a par-
ticular challenge in terms of adaptation because it affects the viability of organisms 
by directly damaging DNA, while also challenging future generations by increasing 
mutation rate. Here we test whether hybridization accelerates adaptive evolution in 
response to DNA damage, using yeast as a model. We exposed 180 populations of 
hybrids between species (Saccharomyces cerevisiae and Saccharomyces paradoxus) and 
their parental strains to UV mimetic and control conditions for approximately 100 
generations. Although we found that adaptation occurs in both hybrids and parents, 
hybrids achieved a lower rate of adaptation, contrary to our expectations. Adaptation 
to DNA damage conditions comes with a large and similar cost for parents and hy-
brids, suggesting that this cost is not responsible for the lower adaptability of hybrids. 
We suggest that the lower adaptive potential of hybrids in this condition may result 
from the interaction between DNA damage and the inherent genetic instability of 
hybrids.
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1  | INTRODUC TION

Heterogeneous environments constantly challenge organisms by 
changing which phenotypes are optimal. Understanding which 

mechanisms accelerate or slow down adaptation to environmen-
tal heterogeneity is a central question in evolutionary biology 
(Bleuven & Landry, 2016). If changes are rapid and drastic, popu-
lations may collapse before adapting, unless they move to another 
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environment. These movements often impact geographical dis-
tributions, which can promote encounters between species, en-
hancing the probability of hybridization and introgression (Gómez 
et al., 2015).

Although hybridization can have many negative impacts on 
the long-term genetic integrity of some taxa (Lowe et al., 2015), it 
can also create favorable conditions for rapid adaptive evolution. 
The adaptive role of hybridization has been shown in the colo-
nization of new niches (Gallego-Tévar, Curado, Grewell, Figueroa, 
& Castillo, 2018; Lewontin & Birch, 1966), during speciation 
(Schumer et al., 2014), and during adaptive radiation (Arnold et al., 
2012). Prime examples include Darwin finches, which benefited 
from hybridization during adaptation to the adverse climatic con-
ditions caused by the exceptionally severe El Niño event (Grant 
& Grant, 1996). Another example is increased invasiveness of 
plant species (Schierenbeck & Ellstrand, 2009). For instance, rise 
in sea level is associated with recurrent hybridization between 
native species and invasive ones of the Spartina genus in coastal 
marshes (Gallego-Tévar et al., 2019; Gallego-Tévar, Rubio-Casal, 
et al., 2018). In such cases, hybridization may facilitate adapta-
tion through genomic admixture and its associated increase in 
phenotypic diversity, which could be particularly critical in ex-
treme environments (Grant & Grant, 1996; Heil et al., 2017; Lexer 
et al., 2003; Martin et al., 2006). In addition, hybrids often show 
phenotypes outside of the range observed in parental species be-
cause of transgressive segregation or heterosis, and these pheno-
types may be adaptive (Landry et al., 2007; Nolte & Sheets, 2005; 
Rieseberg et al., 1999; Vega & Frey, 1980).

Another important feature that may influence the evolution of 
hybrids is their inherent genomic instability, which can accelerate 
adaptation (Taddei et al., 1997). Genomic instability includes higher 
rate of DNA damage (Herbst et al., 2017), chromosomal rearrange-
ments (Baack & Rieseberg, 2007), gene and chromosome copy num-
ber variation (Dion-Côté & Barbash, 2017), and the multiplication 
of transposable elements (Guerreiro, 2014). Instability often leads 
to aneuploidy, which has also been shown to be a mechanism of ad-
aptation in stressful conditions (Sunshine et al., 2015), and hybrids 
may be particularly prone to producing aneuploid progeny (Gilchrist 
& Stelkens, 2019). Another consequence of genomic instability is 
changes in ploidy. Hybridization followed by whole genome dupli-
cation giving rise to polyploid hybrids has been observed in plants, 
animals, and fungi (Alves et al., 2001; Marcet-Houben & Gabaldón, 
2015; Soltis & Soltis, 2009). Because polyploidy itself could in-
crease the rate at which beneficial mutations are acquired (Selmecki 
et al., 2015), hybrids that polyploidize could have access to this 
feature as well. Indeed, hybridization followed by polyploidization 
has been directly related to adaptive diversification in plants (Alix 
et al., 2017) and in fish (Saitoh et al., 2010).

There are likely limits to the adaptive potential of hybrids 
caused by their enhanced genomic instability. For instance, genomic 
changes of large effects, such as changes in ploidy, may lead to hybrid 

inviability (Burton & Husband, 2000). Similarly, the increase in muta-
tion rate in hybrids (Xie et al., 2016) could lead to an increased acqui-
sition rate of deleterious mutations. Indeed, Escherichia coli strains 
with a 100-fold increase in mutation rate experience a reduction in 
adaptation in many environments (Sprouffske et al., 2018). In addi-
tion, the type of mutations that contribute to adaptation in hybrids 
may be particularly deleterious in other environments, leading to 
strong trade-offs. This is the case for aneuploid yeast strains, which 
typically show a large condition-specific response due to pleiotropic 
effects (Sunshine et al., 2015). Finally, the accelerated rate of evo-
lution could lead to the rapid accumulation of conditionally neutral 
mutations (Cooper, 2014), leading to fitness trade-offs in other envi-
ronments and thus limiting the long-term potential of hybrids.

Saccharomyces yeast species have been widely used in exper-
imental research due to their dual sexual and asexual mode of 
reproduction, their short doubling time, and their deep genetic 
characterization (Replansky et al., 2008). They have been used to 
study adaptation to high salinity (Dhar et al., 2011), to extreme 
temperatures (Salvadó et al., 2011), to dehydration (Khroustalyova 
et al., 2019), and to heavy metals (Adamo et al., 2012). Despite 
the presence of interspecific reproductive barriers, introgres-
sion among yeast species has been observed in nature (Barbosa 
et al., 2016; Leducq et al., 2016) and in industrial conditions 
(Lopandic, 2018). Evidence for the superiority of hybrids in re-
sponse to extreme stress also comes from experimental evolution. 
For instance, Stelkens et al. (2014) showed that yeast hybrids are 
more likely to be evolutionarily rescued than parental species in 
stressful environments.

A prominent environmental stressor is UV radiation, which 
has been associated to some extinctions as in the Devonian–
Carboniferous boundary period (Marshall et al., 2020). Nowadays, 
UV radiation has been intensified with human-induced environ-
mental changes due to, among other factors, the depletion of the 
ozone layer (Caldwell & Flint, 1994). Radiation represents a par-
ticular challenge in terms of adaptability by affecting DNA integ-
rity and by increasing mutation rates (Felkner & Kadlubar, 1968). 
Here we examine the rate of adaptation of two yeast species, 
Saccharomyces cerevisiae and Saccharomyces paradoxus, and of 
their hybrids, in the face of a DNA damaging agent mimicking the 
effects of UV radiation. These two species diverge by about 15% 
at the nucleotide level (Cliften et al., 2001) and naturally hybridize 
in the wild (Barbosa et al., 2016), although the F1 diploid hybrid 
is almost completely sterile (Murphy et al., 2006). We hypothe-
size that, because of the evolutionary potential of hybridization 
brought by genomic instability, hybrids will adapt faster than 
parental species. On the other hand, DNA damage may enhance 
genetic instability to a point where it prevents adaptation of the 
hybrid populations. To test these hypotheses, we experimentally 
evolved 180 populations of diploid hybrids and diploid parental 
strains through approximately 100 generations in UV-mimicking 
conditions and in matching control conditions.
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2  | MATERIAL S AND METHODS

2.1 | Yeast strains and media

The S. cerevisiae and S. paradoxus strains used in this study derive 
from natural strains LL13_054 and MSH-604 that were isolated 
in natural forests in North America. The HO locus was replaced 
by homologous recombination with different resistance cassettes 
to prevent mating type switching in haploids (Hygromycin B and 
Nourseothricin) as described in Güldener et al. (1996). The haploid 
yeast strains used (described in Table S1) were LL13_054 MATa 
ho::HygMX and LL13_054 MATɑ ho::NatMX for S. cerevisiae and 
MSH-604 MATɑ ho::NatMX and MSH-604 MATa ho::HygMX for 
S. paradoxus (Charron et al., 2019; Leducq et al., 2016). As a neu-
tral growth condition, cells were grown in YPD (1% yeast extract, 
Fisher BioReagents™, USA; 2% tryptone, BioShop®, Canada; and 2% 
D-glucose, BioShop®, Canada). The change in the batch of the yeast 
extract (Fisher BioReagents™, USA) used may be responsible for the 
slight decrease in the growth rate we observed in control conditions 
during the experimental evolution.

2.2 | Experimental crosses

All incubation steps were performed at 25°C. Haploid strains were 
grown overnight in 5 ml of YPD. Precultures were diluted to OD595 of 
1.0 in 500 μl aliquots. The aliquots from pairs of strains to be crossed 
were mixed in a tube, and 5 μl was used to inoculate 200 μl of YPD 
medium in 30 replicates. Therefore, all starting diploid populations 
derive from independent mating events. Mixed haploid strains 
were incubated for 6 hr after which 5 μl of the mating cultures was 
spotted on a double selection YPD solid medium (100 μg/ml of 
Nourseothricin and 250 μg/ml of Hygromycin B). From each of the 
30 spots per genotype, one colony was picked as a founder popula-
tion for the evolution experiment, resulting in 30 independent lines 
for each of the three genotypes (parental species 1: S. cerevisiae, pa-
rental species 2: S. paradoxus, and their hybrids).

2.3 | UV mimetic tolerance assays

In order to reproduce UV radiation conditions, we used 
4-Nitroquinoline 1-oxide (4-NQO; Sigma-Aldrich, cat. no. 
N8141, batch #WXBC3635V), a UV mimetic molecule (Felkner & 
Kadlubar, 1968). 4-NQO targets DNA by forming bulky adducts, 
which are formed by covalently attached bases, disrupting base-
pairing and altering DNA structure (Felkner & Kadlubar, 1968). 
4-NQO was dissolved in dimethyl sulfoxide (DMSO) at a concentra-
tion of 400 mM in individual aliquots that were stored at −20°C. To 
estimate cell tolerance before experimental evolution, 20 random 
lines of our three genotypes were inoculated in liquid cultures with 
gradually increasing 4-NQO concentrations (YPD + 4, 8, 16, 24, 32, 
and 40 µM of 4-NQO) and growth was monitored for 24 hr.

2.4 | Experimental evolution

Thirty parallel lines for each genotype were precultured in 1 ml of 
YPD liquid cultures in 96-deep-well plates (2 ml) and incubated for 
24 hr at 25°C. Subsequently, 20 µl of these 90 parallel lines (Figure S1) 
was transferred in 96-well flat-bottomed culture plates with 180 µl of 
media (YPD or YPD + 4-NQO), resulting in an initial OD595 of ap-
proximately 0.1. The borders of the plates did not contain strains and 
were filled with sterile media to avoid border effects caused by evap-
oration. Overall, a total of 180 cultures were maintained in parallel, 
30 replicates for each of the three genotypes in YPD, and 30 repli-
cates for each of the three genotypes in YPD + 4-NQO (Figure S1). 
Every 24 hr, each culture was diluted approximately 30-fold by trans-
ferring 6 µl of grown culture into 194 µl of fresh culture medium to 
initiate a new round of growth at an OD595 starting at about 0.03. A 
total of 21 such transfer cycles were carried out, resulting in approxi-
mately 100 generations (each transfer cycle involved approximately 
~5 generations in rich conditions, Figure S2). Incubation at 25°C was 
performed directly in three temperature-controlled spectrophotom-
eters (Infinite® 200 PRO, Tecan) that read the OD595 at intervals of 
15 min. Archives were maintained for every transfer cycle by mixing 
80 µl of the evolved lines with 170 μl of 80% glycerol in 96-well plates 
and stored in a −80°C freezer. We considered the initial growth as 
the growth estimated from the third cycle (T15) because we did not 
monitor growth continuously in the first and second cycles due to 
technical problems. Also, not including the first two cycles may be 
required because sensitivity to the UV mimetic chemical increased 
during that period (Figure S3ab), most likely because it takes time 
before cells are sensitized to the stress condition.

2.5 | Fitness assays at the end of the 
experimental evolution

Ancestor strains (n = 90) as well as the lines evolved in YPD (n = 90) 
and in YPD + 4-NQO (n = 90) were thawed from glycerol stocks on 
solid YPD omnitray plates (25°C, 72 hr). They were precultured in 
1 ml of YPD liquid cultures in 96-deep-well plates (2 ml) and incu-
bated for 24 hr at 25°C. Subsequently, 20 µl of these precultures was 
grown in 96-well flat-bottomed culture plates in 180 µl of media (YPD 
or YPD + 4, 8, 16, 24, 32, and 40 µM of 4-NQO), resulting in an initial 
OD595 of approximately 0.1. Incubation at 25°C was performed di-
rectly in three temperature-controlled spectrophotometers (Infinite® 
200 PRO, Tecan) that read the OD595 at intervals of 15 min.

2.6 | Statistical analysis

Growth of each experimental line was measured as the maximum 
growth rate (r), the maximum slope of the growth curve fitted 
using the “Growthcurver” package (Sprouffske & Wagner, 2016) 
in R. Similarly, we calculated the carrying capacity (K), which rep-
resents the maximum population size a particular environment 
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can support, for further correlation analysis to test its relation-
ship with growth rate (r). We quantified the rate of adaptation 
as the increase of growth rate through time with both linear and 
nonlinear models (“drc” package) in R. We used analysis of vari-
ance (ANOVA) to test for differences in growth rates (with nor-
mal distribution fit) between groups. Paired t tests were also used 
for paired data when comparing the same lines at different times 

(generation 0 and generation 100) or the same lines evolved in 
different media (control or UV mimetic). Multiple Tukey post hoc 
pairwise comparisons were used to test for differences between 
groups. For hypothesis testing, we always considered as signifi-
cant a p-value < .05. The data were analyzed using R version 3.4.1. 
The code is available at GitHub (https://github.com/Landr ylab/
Hybri dizat ion_and_stress).

F I G U R E  1   Experimental design. (a) Thirty independent populations of each genotype (S. cerevisiae, S. paradoxus, and their hybrid) 
were evolved for approximately 100 generations in control YPD and in YPD + a UV mimetic chemical (4 µM of 4-NQO). Each 24 hr, a new 
population was founded by transferring about 3% of the previous population to fresh media. (b) Test for growth of the three genotypes 
in 4-NQO. Optical density as a function of time for 20 of the initial populations of each genotype in control conditions and in UV mimetic 
conditions (4 µM of 4-NQO). (c) Growth rate of strains in UV mimetic conditions (4 µM of 4-NQO) (n = 20 populations for each genotype). 
p-value for ANOVA test (above) and Tukey post hoc pairwise p-values are shown
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3  | RESULTS

3.1 | Experimental evolution

We tested whether yeast hybrids would adapt faster than parental spe-
cies to DNA stress conditions. We carried out an experiment with 90 

independent populations of two parental species (S. cerevisiae and S. 
paradoxus) and their F1 diploid hybrid. These populations were grown 
for approximately 100 generations in rich media (YPD) combined with 
a UV radiation mimetic chemical, 4-nitroquinoline-1-oxide (4NQO), and 
in parallel in rich media (YPD) only as control (Figure 1a). We refer to the 
S. cerevisiae, S. paradoxus, and hybrid crosses as the three genotypes.

F I G U R E  2   Adaptation to UV mimetic conditions. (a) Growth rate in UV mimetic conditions for the 30 lines of the three genotypes at the 
initial (T15) and final (T100) time points. Paired t tests were performed between growth rate at T15 and T100 for each genotype. p-values 
are shown above. (b) Growth rate as a function of the number of generations. Each data point is a growth rate estimated per population 
per time cycle. Lines represent the evolutionary trajectories of individual replicates (n = 30 populations for each genotype). (c) Statistical 
modeling of the growth rate of the different genotypes as a function of the number of generations. Left panel corresponds to the linear 
model (n = 30 populations for each genotype), center, to the asymptotic model (n = 30 populations for each genotype), and right, to the 
logarithmic model (n = 30 populations for each genotype). See Tables S2, S3, S4 and S5 for further details. (d) Fitness gain: change in the 
growth rate between initial and final time points calculated by subtracting growth rate in UV mimetic conditions at T15 from the growth rate 
at T100 (n = 30 populations for each genotype). p-value for ANOVA test (above) and Tukey post hoc pairwise p-values are shown
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In order to determine the proper UV mimetic chemical con-
centration to use, we first performed dose–response experiments 
across concentrations ranging from 0 to 40 µM of 4-NQO in 20 
randomly chosen populations. Growth was inhibited with increas-
ing concentrations (Figure S4a). We observed a steady reduction of 
growth rates from about 20% at 4 µM to nearly 80% at 40 µM across 
the three genotypes (Figure S4b). We first tested 16 µM as concen-
tration for experimental evolution but populations failed to grow in 
the second round of serial dilution (Figure S3b). We selected 4 µM 
as concentration, which led to approximately 25%–30% growth rate 
diminution for the three genotypes (Figure 1b). In general, S. cer-
evisiae was slightly less sensitive than S. paradoxus and the hybrid 
(Figure 1c, Figure S4b). S. paradoxus showed more heterogeneity 
among replicates, with some of them being inferior to those of the 
hybrid (Figure 1c).

By comparing the maximum growth rate in UV mimetic condi-
tion through time, we found that all three genotypes experienced 
a significant increase in growth rate (Figure 2a) and have thus 
adapted. The UV mimetic adapted lines reached on average 76%, 
64%, and 41% of the initial growth rate in control conditions for S. 
cerevisiae, S. paradoxus, and the hybrids, respectively (percentages 
calculated using T100 in Figure 2b). We found a slight decrease 
in growth rate in control conditions when comparing data gath-
ered during experimental evolution (Figure S5a). However, this 
was caused by a slight change in experimental conditions during 
the experiment (see Section 2) since these same strains grown in 
YPD once the experimental evolution ended show no significant 
differences (Figure S5b). This change in media was previously no-
ticed by Charron et al. (2019) in our laboratory. We measured the 
growth rate of the evolved strains from T100 across the gradient 
of UV mimetic concentrations tested above and found that fitness 
of evolved populations increased compared to the ancestral ones 
(Figure S6). This result shows that there was a general decrease in 
sensitivity to the UV mimetic chemical and thus that adaptation is 
not specific to the concentration used for experimental evolution 
but extends to other concentrations as well.

Growth rate did not systematically increase in UV mimetic 
conditions. We saw paths of increased and decreased growth rate 
through time (i.e. an up and down pattern) (Figure 2b). This pattern 
fades rapidly in S. cerevisiae (in about 50 generations) and then in 
S. paradoxus (in about 80 generations), with some exceptions. The 
hybrid experiences this pattern throughout the experiment. We 
fitted different models to quantify the average increase of growth 
rate through time (Figure 2c; Table S2), but did not attempt to ex-
plain these oscillatory patterns with the model. We first fitted a 
linear model (Figure 2c left, Table S2) to the increase in growth 
rate through time. Because previous studies have also shown that 
adaptation could be rapid at first and slow down with time, we 
also considered two nonlinear models in which the rate decreases 
with time: asymptotic (Figure 2c center, Table S2) and logarithmic 
(Figure 2c right; Table S2). The comparison of Akaike informa-
tion criterion scores reveals a slightly better fit of the asymptotic 
model, followed by the logarithmic and then the linear model 

(Table S2). This suggests that indeed, rates of adaptation are ini-
tially high and decrease with time, as observed in other studies (de 
Visser & Lenski, 2002). The fit with the asymptotic model suggests 
also that there may be an upper limit of adaptation that would 
correspond to growth under control conditions, which did not im-
prove during the experiment.

The comparison of fitness gains between the final and initial time 
points (Figure 2d) shows that the extent of adaptation in the hybrid 
was lower than in the two parental genotypes (ANOVA and Tukey 
post hoc pairwise comparisons, p = 2.45e−05 and p = 3.09e−10, re-
spectively, for S. cerevisiae and S. paradoxus), which rejects our hy-
pothesis that hybrids would show a greater rate of adaptation. We 
noticed the same result when observing the slopes that reflect the 
rate of adaptation through time. The hybrid shows a slope in UV mi-
metic conditions that is significantly shallower than both parental 
species in the linear model (Figure 2c left; Table S3: p < 1.26e−14 
and p < 1.31e−07, respectively, for S. cerevisiae and S. paradoxus). 
Moreover, the increase in the growth rate is significantly lower for 
the hybrid also in the logarithmic model (Figure 2c right; Table S4: 
p = 6.516e−16 and p = 3.968e−09, respectively, for S. cerevisiae 
and S. paradoxus). The asymptotic model also reveals that the max-
imum growth rate achieved was significantly lower for the hybrid 
than for both parents (Figure 2c center, Table S5: p = 7.558e−15 and 
p = 4.307e−05, respectively, for S. cerevisiae and S. paradoxus). All 
models therefore support a lower rate of adaptation in hybrids. This 
result is also seen when we exposed the evolved strains of the three 
genotypes to a gradient of concentration of the UV mimetic chemi-
cal in which the increased tolerance is less pronounced in the hybrid 
at high doses (Figure S6).

Finally, we analyzed the correlation between the two parame-
ters that characterize density-dependent population growth: the 
maximum growth rate (r), as used above, and the carrying capacity 
(K), which is the optical density in saturated cultures. It was recently 
shown that the r − K correlation is negative in optimal conditions and 
positive in stressful conditions (Wei & Zhang, 2019). Accordingly, 
we hypothesized that the r − K correlation would be positive in UV 
mimetic conditions and that its value would decrease as the strains 
adapted because the extent of stress would decrease. We found that 
the values of the r − K correlations are negative in control conditions 
and positive in UV mimetic conditions (Figure S7). The correlation 
in UV mimetic conditions increases slightly in the hybrid, while it 
remains stable (S. cerevisiae) or decreases (S. paradoxus) in parental 
species (Figure S7). This supports again that adaptation was less pro-
nounced in the hybrid compared to the parents, although the differ-
ences are subtle.

3.2 | Cost of adaptation

We tested whether adaptation to UV mimetic conditions would lead 
to a fitness trade-off and whether this trade-off was stronger for 
hybrids compared to parents. Such a trade-off could come from the 
cost of adapting to UV mimetic conditions or to the accumulation 
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of mutations that are neutral in the stress conditions but would be 
deleterious in the control conditions, both of which would be vis-
ible in control conditions. To test this, we measured the growth rate 
of all the strains in control conditions (YPD). As shown above, we 
observed no growth rate improvement in control conditions for 
the strains evolved in control conditions compared to the ances-
tors (Figure 3a) (paired t tests, p = .68, p = .66, p = .089, respec-
tively, for S. cerevisiae, S. paradoxus, and hybrid). However, strains 
evolved in UV mimetic conditions grew slower than both ancestors 
and strains evolved in control conditions (Figure 3a) when grown in 

control conditions. Therefore, all three genotypes showed this fit-
ness trade-off once adapted to UV mimetic conditions. Hybrid gen-
otypes only showed a slightly stronger trade-off than S. paradoxus 
but not compared to S. cerevisiae (Figure 3b; ANOVA and Tukey post 
hoc pairwise comparisons, p = .0216 and p = .947, respectively). The 
proposed linear model, which shows the extent of the trade-off as a 
function of the extent of adaptation (Figure 3c), explained only 9% 
of the variability observed but it is significant (p = .02). However, 
we observed a correlation between the extent of the trade-off and 
the extent of adaptation (Figure S8: Spearman's rank correlation 

F I G U R E  3   Strains adapted to a UV mimetic chemical show a trade-off under control conditions. (a) Growth rate in control conditions 
of ancestral strains, of strains evolved in control conditions (100 generations) and of strains evolved in UV mimetic conditions (100 
generations). Paired t tests were performed by matching individual strains (n = 30 populations for each genotype). p-values are shown 
above. (b) Trade-off represented as a change in growth rate between strains evolved in UV mimetic conditions and their ancestors calculated 
by subtracting growth rate in control of ancestors from the growth rate in control of the strains evolved in UV mimetic conditions (T100). 
ANOVA and Tukey post hoc pairwise comparisons were performed among genotypes (n = 30 populations for each genotype). p-value for 
ANOVA test (above) and Tukey post hoc pairwise p-values are shown. (c) Trade-off depends on the extent of adaptation to UV mimetic 
conditions. Adaptation rates, expressed as fitness increase over the experiment, were obtained by subtracting the growth in UV mimetic 
conditions at T15 from the growth in UV mimetic conditions at T100. Trade-off estimates were obtained by subtracting the growth rate 
of the strains evolved in UV mimetic conditions (T100) grown in control conditions from the growth of the ancestors grown in control 
conditions. Linear model of the extent of the trade-off as a function of the extent of adaptation for each genotype was performed (n = 30 
populations for each genotype). (d) Cost of adaptation as the trade-off/adaptation ratio calculated by dividing the values of trade-off by 
the values of adaptation for each genotype. ANOVA and Tukey post hoc pairwise comparisons were performed among genotypes (n = 30 
populations for each genotype). p-value for ANOVA test (above) and Tukey post hoc pairwise p-values are shown
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coefficient r = .33, p = .0016). There were no significant differences 
among genotypes in the trade-off/adaptation ratio, supporting the 
observation that adaptation in hybrids is not more costly than in the 
parents (Figure 3d). Some strains showed negative trade-off/adapta-
tion ratios (Figure 3d) and those come either from negative trade-off 
or null or slight loss of fitness (no adaptation, values below 0). This 
is caused by the fact that 12.22% of the strains evolved in the UV 
mimetic conditions have lower growth rates at the end of the experi-
ment than their ancestors. Almost all of these (10/11) values belong 
to hybrids, consistent with their lower average rate of adaptation.

4  | DISCUSSION

Identifying which factors favor adaptation to environmental stress-
ors is an important goal in ecology and evolution. Here we tested 
whether hybrids would adapt faster than parental species when 
exposed to intense stress, using yeast and UV radiation mimetic 
conditions as models. Our hypothesis was based on previous ob-
servations suggesting that hybrids may have an adaptive advantage 
when faced with stressful conditions (Lopandic, 2018; Stelkens 
et al., 2014). Previous studies reported rapid adaptation in yeast 
(50–300 generations) in stresses such as salt, copper, and ethanol 
(Adamo et al., 2012; Dhar et al., 2011; Khroustalyova et al., 2019; 
Salvadó et al., 2011) and also to UV radiation both in natural strains 
(Lidzbarsky et al., 2009; Pulschen et al., 2015) and in laboratory con-
ditions (Lawrence & Christensen, 1976). We found that all three gen-
otypes adapted to UV mimetic conditions, but the rate of adaptation 
and the extent achieved in 100 generations were lower for hybrids 
than for parental species. Moreover, hybrid replicates were more 
variable in their adaptive trajectories. This greater variation might 
be explained by their increased instability and larger access to muta-
tions and/or genotypes, resulting from the fact that they combine 
two different genomes.

We saw that growth rates fluctuate from one round of dilution 
to the next at the beginning of the experiment. The cause of this 
pattern is unclear but one possibility is that strains are initially very 
sensitive to 4-NQO but this sensitivity may vary as a function of 
the growth phase. For instance, cells could be less sensitive as they 
enter stationary phase (Siede & Friedberg, 1990). The growth rate in 
the next cycle would therefore be dependent on the phase in which 
cells were in the previous cycle. This effect would temper when sen-
sibility decreases with adaptation. Indeed, we see a significant as-
sociation between the growth rate and the final OD of the previous 
cycle (Spearman's rank correlation coefficient r = 0.46, p < 1e−16). 
Another possibility would be that adaptive mutations would occur 
and disappear in the next round through dilution. However, this is 
very implausible because the bottlenecks still represent relatively 
large population sizes and this effect would unlikely occur in a syn-
chronized fashion across replicate lines. Nevertheless, the increased 
mutation rate caused by the UV mimetic may interact with drift in 
such a way that deleterious mutations may reach high frequencies 
after a bottleneck. This remains to be examined.

Why do hybrids show a slower rate of adaptation than parental 
strains? One possibility would be that hybrids are more sensitive to 
the chemical 4-NQO, so it makes them incapable of adapting to this 
media. This is unlikely since the hybrid genotype is less sensitive 
than S. paradoxus at the concentration used. We rather hypothesize 
that in the specific case of stress caused by DNA damage, hybrids 
may be at a disadvantage because they are genetically unstable 
(Baack & Rieseberg, 2007; Guerreiro, 2014; Marfil et al., 2006; 
Morales & Dujon, 2012) and DNA damaging agents may further 
enhance this instability, preventing the occurrence or fixation of 
adaptive mutations. Consistent with the instability of hybrids, a 
recent study on mutation accumulation in yeast reported that hy-
brids from more divergent parents lines were lost at a greater rate 
than the less divergent ones (Charron et al., 2019). As the loss oc-
curred in the first 250 generations, the authors suggested that it 
was mostly due to the genomic instability that arises rapidly after 
hybridization rather than spontaneous mutations. Thus, we sug-
gest that the lower adaptive potential of our hybrids in UV mimetic 
conditions may result from the interaction between DNA damage 
and the inherent genetic instability of hybrids. To support this hy-
pothesis, it would be necessary to compare the rate of adaptation 
of hybrids in other DNA damaging conditions and other stresses 
nonrelated to DNA damage and also to confirm that genome in-
stability is enhanced in hybrids. It would also be useful to identify 
the mechanistic basis of adaptation to UV mimetic chemicals in 
hybrids and parental species, as it is possible that hybrids do not 
have access to the same adaptive mutations as parental species. 
Some mechanisms of resistance to 4-NQO have been characterized 
in S. cerevisiae and could vary with respect to hybrids, for instance 
through the perturbation of the proteasome (Karpov et al., 2019) 
and pathways involved in multidrug resistance transporters (Rong-
Mullins et al., 2018).

Adaptation to one environment can decrease fitness in another, 
revealing evolutionary trade-offs (Cooper & Lenski, 2000). Such 
trade-offs can be the consequence of mutations that are beneficial 
in stressful environments but detrimental in nonselective environ-
ments, also called fitness cost. For instance, Arctic Daphnia naturally 
exposed to UV evolved a melanic morph that is more resistant to UV 
and that is competitively inferior to the nonmelanic ones in labora-
tory conditions (Hessen, 1996). Such trade-offs can limit the long-
term success of populations that adapt to acute stress because they 
lead to specialized genotypes (Anderson et al., 2013) that would lose 
their advantage when normal conditions return. The accumulation 
of neutral mutations in strong selective environments, but that are 
deleterious in nonselective environments, can also cause trade-offs 
(Mee & Yeaman, 2019). The latter mechanism may be accelerated in 
the presence of UV mimetic chemicals and lead to a rapid genome 
decay, as seen in mutator strains (Couce et al., 2017). All strains 
showed a significant fitness reduction in nonselective control con-
ditions once adapted to UV mimetic conditions. We also found that 
across strains, the extent of trade-off is correlated to the extent 
of adaptation, an observation that is more consistent with an ac-
tual cost of adaptation than with the accumulation of conditionally 
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deleterious mutations, which, in principle, should be independent 
from the extent of adaptation. We did not find that the hybrids suf-
fer from a higher cost than the parental species. It therefore remains 
unclear whether the higher cost to adaptation and more accumula-
tion of mutations in the hybrids contribute to limiting their rate of 
adaptation.

Experimental evolution comes with limitations. For instance, 
serial transfers produce populations that are subjected to bottle-
necks (Wahl et al., 2002). In our study, serial transfers produced an 
approximately 30-fold decrease in population sizes with varying se-
verity. As a result, we observed some bottlenecks, especially among 
the first generations when strains are less acclimated and adapted, 
which made the final OD before transfer more variable due to a 
delay in reaching stationary phase. However, these bottlenecks did 
not reach critically small population sizes and are typical of exper-
imental evolution. Otherwise, alternative evolutionary pathways 
could still be lost, limiting the number of different adaptive peaks 
visited (Poelwijk et al., 2007). Our data suggest that it did not pre-
vent adaptation from occurring. Another limit is that we are study-
ing F1 hybrids, which have not undergone sexual reproduction and 
cannot exploit the power of recombination to remove deleterious 
combination of alleles and favor the advantageous ones (Schumer 
et al., 2018). These experimental hybrids rely only on the loss of het-
erozygosity (Charron et al., 2019) for the removal of alleles. Sexually 
recombining hybrids may therefore not suffer from the same limits 
as F1 hybrids in the conditions we used. This will need to be exam-
ined in the future.

Hybridization between species can be a dead end or a stim-
ulus for adaptation. The study of hybridization has been a prom-
inent research theme in biology (Anderson, 1953; Dobzhansky 
& Pavlovsky, 1958; Grant & Grant, 1996; Mitchell et al., 2019; 
Seehausen, 2004) that may be particularly relevant to global climate 
changes and the increasing anthropic pressures on ecosystems. 
Indeed, understanding how hybridization may lead to advantages or 
disadvantages is crucial for the conservation of ecosystems (Becker 
et al., 2013; Chan et al., 2018; Hamilton & Miller, 2016), for crop im-
provement (Liu et al., 2005; Waara & Glimelius, 1995) and in indus-
try (Bellon et al., 2015; Gibson & Liti, 2015; Lopandic, 2018). One 
of these challenges could be changes in radiation that cause DNA 
damage. We therefore tested whether hybridization can increase 
the rate of adaptation to such conditions. Our results show that 
studying hybrids in various conditions may be a powerful context in 
which to study the limits of hybridization as a mechanism that may 
promote adaptation.
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