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When | was an undergraduate, | felt that doing fundamental research is the most
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and | could not have made it to the end without the help and support from the kind
people around me. Some provided knowledge when | was lost doing experiments, while
others encouraged when | was mentally exhausted. Discouragements were also well
appreciated, for they urged me to think deeper and work harder beyond my limit.
Whether or not | will continue to pursue an academic career in the future, the lessons |
have learned in these two years were priceless, and | am forever grateful to those who
have mentored me. A big thank you to my parents, who have allowed their son to pursue
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good suggestions toward this project. Finally, a big thank you to the members of N411
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Extended range of temperature tolerance as a form of

hybrid vigor in Saccharomyces Yeast

Samuel Sheng-An Chen”, and Jun-Yi Leu™

TInstitute of Molecular Biology, Academia Sinica
*Genome and Systems Biology Degree Program, National Taiwan University

ABSTRACT

Hybrid vigor refers to the outperformance of intra- or interspecific hybrids
compared to both parents in biological qualities, and is widespread in plants and animals.
However, the molecular bases of hybrid vigor remain widely unexplored. Here, we
studied the interspecific hybrid between mesophilic yeast Saccharomyces cerevisiae
and cryophilic yeast Saccharomyces bayanus. While the two species have diverged in
their fitness at distinct temperatures, the hybrid performed equally well as the better
parent at two ends of the temperature spectrum. Furthermore, hybrid vigor was
displayed as an extended range of temperature tolerance when compared to the parents.
We speculated the novel gene expression patterns of hybrid at different temperatures
were responsible for the extended temperature tolerance. Transcriptome comparison
between hybrid and the two parents demonstrated that the hybrid displayed different
sets of novel expression patterns at distinct temperatures: hybrid-specific expressions
were enriched in genes relating to respiration and mitochondrial translation at high
temperature, and in genes relating to translational machinery at low temperature.
Majority of the hybrid-specific expressions belonged to genes with conditional trans-
regulatory divergence between the parental species, suggesting the divergence in
temperature sensing of the parents gave rise to novel expression of hybrid. Further

evidence is required to demonstrate the importance of hybrid-specific expression in the
WY
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hybrid vigor phenomena described. Our results provided insights on the novel
regulatory changes upon hybridization of two different species, and hints to establish

the connection between these regulatory changes to the hybrid vigor phenotypes.
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Introduction

In biological terms, species is defined as a group of organisms capable of
producing fertile progeny. Hybrid is the result of cross-fertilization between two
different species or distant strains, and has been widely reported in animals and plants
(). The interspecific hybrids are often sterile, as a form of reproductive isolation to
prevent the rise of new species due to hybridization. Hybrid vigor refers to the superior
levels of biomass, growth rate, stress tolerance, or other biological qualities when
compared to the parents (2). Hybrid vigor has been studied extensively in plants and
revolutionized plant breeding. The use of hybrid maize in the 1930s has steadily
increased the yield by six-fold and more (3), for maize hybrid displays increased seed
size and grain yield when compared to the parents (4). To this day, we still lack the
basic knowledge on the occurrence of hybrid vigor.

Two genetic models have been developed and debated for over a century to explain
the molecular bases of hybrid vigor. The first is the dominance model (5), which
suggests that the two parental species each contains homozygous, deleterious alleles
that inhibit overall performance. Hybrid vigor occurs through masking of deleterious
alleles in the hybrid environment. The second is the overdominance model (6), stating
that the novel allelic interactions in the hybrid lead to superior performance over the
two parents, which are in homozygous states. So far, neither of the two models can on
its own fully explain the phenomena of hybrid vigor. For example, studies using similar
sets of rice hybrids have shown that both dominance and overdominace models were
associated with the growth vigor (7 & 8).

Both single-gene and genome-wide approaches have been used to elucidate the
molecular mechanisms of hybrid vigor. An early study using maize demonstrated that
heterodimer of the enzyme alcohol dehydrogenase led to growth vigor: heterodimer
was shown to be more stable and enzymatically active than both sets of homodimers

1
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(9). Another case of single-locus hybrid vigor was found in tomato, where
heterozygostiy in a negative regulator of growth termination led to increased fruit yield
(10). A study using intraspecific yeast showed a cross between a clinical isolate and lab
strain resulted in growth vigor at high temperature (11). Quantitative trait locus
mapping was conducted and three genes were identified to be related to the growth
vigor; however, none of the three genes could singly explain the vigor itself, suggesting
that single-gene approach to elucidate hybrid vigor has its limitation. The need of
genome-wide approach to understand the occurrence of hybrid vigor was proposed (12).
Genome-wide studies wusing intra- and interspecific hybrids, including
transcriptomic and proteomic approaches, have provided insights into the occurrence
of hybrid vigor. First of all, hybrid’s novel gene expressions corresponded to
alternations of biological networks and pathways. For example, it has been shown in
interspecific hybrid of Arabidopsis, genes enriched in energy, metabolism, and stress
response have altered their expressions relative to the parents (13). In another study
using Arabidopsis thaliana intraspecific hybrid, genes involved in photosynthesis have
altered expressions relative to the parental strains, and this was correlated with the
increased photosynthetic capacity of the hybrid. (14) Secondly, genome-wide studies
have explored the regulation of hybrid-specific expression. It was suggested that altered
gene expressions in the hybrid might arise from trans-regulatory divergence between
the parental species (15, 16). Trans-regulatory divergence between the parents led to
novel cis-trans interactions in the hybrid environment and resulted in altered gene
expression and phenotype of hybrid (16), a reminiscent of overdominace model.
Because of the resourceful genome-wide data provided, yeasts in the
Saccharomyces sensu stricto clade are suitable materials for research of functional
genomics (17), including studies on hybrid vigor where complicated regulation of gene

expression are involved (12). Interspecific hybrid can form between yeast species
2
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within the Saccharomyces sensu stricto complex. Saccharomyces is a genus of fungi
with two subgroups, Saccharomyces sensu stricto and Saccharomyces sensu lato
complex. The Saccharomyces sensu strict complex includes several yeast species with
similar numbers of chromosomes and karyotypes (18, 19), and several of these species
are widely used in food production. The most well-known yeast is Saccharomyces
cerevisiae, for its usage in wine and bread production, and for its role as a model
organism in biological studies. Different species of Saccharomyces sensu stricto yeasts
can form stable, diploid hybrid by crossing haploid cells of different species. However,
hybrid spores have very low viability, which acts as a post-zygotic barrier (20). Despite
the high similarity in terms of genome between Saccaromyces cerevisiae and other
species in the Saccharomyces sensu stricto complex (21), they have evolved different
physiological properties according to the niches they thrived in (22).

Interspecific hybrids between different Saccharomyces sensu stricto species have
been reported in both natural and domestic environments (23, 24). In this study, we
specifically looked into the interspecific hybrid between mesophilic yeast
Saccharomyces cerevisiae and cryophilic yeast Saccharomyces bayanus. It is well
known that S.cerevisiae exhibits higher growth rate than S.bayanus at intermediate
temperatures, while the reverse is true at low temperature (22). We demonstrated that
the interspecific hybrid between S.cerevisiae and S.bayanus displayed equivalent
growth as the better parent throughout the temperature spectrum, and showed an
extended range of temperature tolerance than both the parents. Viewing this observation
as a form of hybrid vigor, we therefore set out to find the molecular mechanism
underlying this phenomenon. We speculated that hybrid-specific expression, or
expression that deviates from parental values, could contribute to hybrid’s tolerance at
distinct temperatures. To search for novel expression patterns in the hybrid,

transcriptome comparisons between hybrid and two parents were carried out using two-
3
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color microarray that enables the measurement of allele-specific expression in the
hybrid of S.cerevisiae and S.bayanus. From the transcriptomes, we found distinct
hybrid expression patterns that showed enrichments in several biological processes that
could possibly contribute to the tolerances at distinct temperatures. Further analyses
demonstrated that many of the mis-regulated genes were under conditional trans-
regulatory divergence, suggesting different temperature sensing system in the parents

gave rise to hybrid mis-regulation.

Results

Interspecific hybrid exhibits extended range of temperature tolerance

Hybrid strain was generated by crossing S.cerevisiae lab strain BY4741 with
S.bayanus wild isolate JYL1026 (Fig. S1). Hybrid and parents were tested for growth
at different temperatures with spot assay; furthermore, the absolute growth rates of
hybrid and parents at different temperatures were also measured. Both spot assay and
measurements of growth rate demonstrated that the hybrid has equal growth rate as the
better-performing parent at both ends of the temperature range (Fig. 1). Furthermore,
we showed that the hybrid has an extended range of temperature tolerance than both
parental species. (Fig. 2) In addition, we also tested the interspecific hybrid formed by
crossing a wild S.cerevisiae strain UWOPS05-217.3 with S.bayanus; the resulting
hybrid displayed similar growth as the hybrid formed using the lab strain S.cerevisiae

BY47471 at different tempertures (Fig S2).

Hybrid has a selective advantage upon fluctuating temperatures

Because the hybrid has equal fitness as the better-performing parent at two ends
of the temperature range, we hypothesized that hybrid should have a selective
advantage upon fluctuating temperatures when competing with the two parents. To test

4
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this hypothesis, same amount of cells from hybrid and the two parents were co-cultured
under two different conditions. In the first condition, the culture was subjected to
fluctuation in temperature between 32°C and 16°C. In the second condition, the cells
were cultured under continuous 23°C. After four rounds of culture under fluctuating
temperatures, the hybrid dominated the final culture, with 56.5% of the population
identified as hybrid cells (Fig. 3A; One-way ANOVA: p-value < 0.05). Comparisons
between hybrid and each of the parents demonstrated that hybrid has a higher
percentage of the population (Fig. 3B; Tukey’s HSD test: p-value < 0.05). Culture under
continuous 23°C showed no difference between hybrid and the two parents. The result
demonstrated that the hybrid has an advantage and outcompeted the two parents upon

fluctuating temperatures.

Hybrid displayed overlapped and distinct sets of mis-requlation at different

temperatures

To investigate the genome-wide expression of hybrids at different temperatures,
both hybrid and parental species were cultured in three distinct temperatures: low
(18°C), neutral (23°C), and high (30°C) temperature. At early log-phase, total RNA
samples were isolated from four independent, isogenic hybrid clones and two parental
clones (one each for S.cerevisiae and S.bayanus). A commercial Agilent gene-
expression array was used to simultaneously monitor expression of S.cerevisiae and
S.bayanus alleles for approximately 5000 pairs of orthologs between the two species.
A two-color microarray design was used to compare the hybrid trancriptome relative to
that of both parents at three different temperatures (Fig. 4A). A gene is defined as “mis-
regulated” if the fold change between hybrid and parental intensities is equal to or larger
than two and the adjusted p-value is less than 0.05 (Details described in material and

methods). Correlations between replicates within the same condition were higher than
5
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that between different conditions (Fig. 4B). A hierarchical clustering of genome-wide
expressions across three different temperature conditions indicated distinct and
overlapped sets of mis-regulated genes at low, neutral, and high temperatures. (Fig. 5)
To classify the mis-regulation, the mis-regulated genes were divided into three groups:
activation, repression, and opposition. Genes with up-regulated single and double
alleles were classified as activation, whereas genes with down-regulated single and
double alleles were categorized as repression. Opposition referred to genes with two
alleles being mis-regulated in the opposite direction. Interestingly, hybrid displayed an
overall activation of S.cerevisiae alleles and repression of S.bayanus alleles at 30°C (Fig.
6A): 126 out of 145 activated genes of hybrid at 30°C have single-allele activation of
the S.cerevisiae allele, whereas the S.bayanus allele remains unchanged. On the other
hand, 86 out of 111 repressed genes at 30°C have single-allele repression of the
S.bayanus allele. 39 out of 42 opposed genes at 30°C featured S.cerevisiae allele up-
regulation and S.bayanus allele down-regulation. It is intriguing to observe such a
biased gene expression pattern of hybrid at a specific condition, where the more
favorable parent’s alleles (S.cerevisiae) were activated and the less favorable parent’s
alleles (S.bayanus) were repressed. Yet the reversed pattern, which was the overall
activation of S.bayanus alleles and repression of S.cerevisiae alleles was not observed

for 18°C (Fig. 6C).

Mis-requlation at 30°C is associated with respiration and mitochondrial

translation

Conditional-specific mis-regulated genes were input to GOrilla online gene
ontology tool (25) for search of biological process enrichment. Interestingly, most of
the enrichments at 30°C were related to mitochondria (Table 1A): for conditional-

specific activation at 30°C, the enrichments were related to the respiratory electron
6
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transport chain; for repression and opposition, the enrichments were found in the
mitochondrial translation machinery. Such biased expression patterns of genes related
to mitochondria made us question which species’ mitochondria does the interspecific
hybrid contain, and whether if the hybrid has altered performance of mitochondrial
function when compared to the parents.

When we lowered the fold change criteria for selection of mis-regulation from 2
to 1.5 fold at 30°C, a new enrichment for repression termed “negative regulation of
mitotic cell cycle” was found; most genes within the enrichment showed single-allele
down-regulation of the Sb-allele. It is possible that S.bayanus induces genes that
negatively regulate the mitotic cell cycle at 30°C, which is a stressful condition for
S.bayanus. However, in the hybrid environment, these negative regulators were lowered
in expression to promote overall cell proliferation. Whether or not such repression
contributed to the hybrid fitness at 30°C and higher temperatures requires further

evidence.

Mis-requlation at 18°C is associated with translation and ribosome biogenesis

At 18°C, the gene ontology enrichments for conditional-specific activation were
found in the translation machinery (Table 1B); a large part of the enriched genes belong
to components of ribosome; for repression, we observed enrichments for amino acid
catabolism and lysosomal microautophagy. Previous studies have shown S.cerevisiae
responded to low temperature (10°~18°C) by up-regulating genes related to the
translational machinery and the synthesis of ribosomes (26). A large part of hybrid
activation at 18°C was associated with translation, rRNA processing, and ribosome

biogenesis. Further experiment is needed to elucidate the importance of such activation.
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Hybrid vigor in respiratory condition at high temperatures

Based on the gene ontology enrichment observed, we investigated the component
of hybrid mitochondrial DNA and compared the performance of growth on non-
fermentable condition with hybrid and parents. Hybrid containing species-specific
mitochondrial DNA was acquired by crossing one parent with another “petite” parent.
Petite is a term used to describe cells without mitochondrial DNA. Petite parents were
acquired by treating haploid parents with ethium bromide overnight, which induced the
loss of mitochondrial DNA (27). At low (18°C) and neutral temperature (23°C), there
was no difference in growth between hybrids containing either S.cerevisiae (Sc-M) or
S.bayanus (Sh-M) mitochondrial DNA (Fig. 7B). However, at a high temperature
(34°C), Sb-M hybrid began to show growth defect. The Sc-M hybrid behaved similarly
to the hybrid used in all previous experiments, including transcriptome profiling. Thus,
it is likely that the hybrid preferentially retained the Sc but not Sb mitochondrial DNA
during the process of hybridization despite the fact that we did not purposely select for
one certain mitochondria.

We used glycerol as the non-fermentable carbon source for testing respiratory
growth. Hybrid displayed similar respiratory growth as S.bayanus in the temperature
range 18°C to 23°C (Fig. 7A). Nonetheless, when the temperature condition was 30°C
and higher, hybrid displayed better growth than both parents. From the transcriptome
comparison, we observed genes in the respiratory electron transport chain complex
were activated with single-allele up-regulation of the Sc-allele. However, the samples
used for transcriptome comparison were cultured in YPD medium, where the carbon
source is the fermentable glucose. With the presence of glucose, budding yeasts
preferentially use fermentation to produce energy. It is possible that the same genes
were mis-regulated in the same direction in YPGlycerol as in YPD, and such mis-

regulation gave rise to the hybrid vigor observed in non-fermentable condition.
8
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When hybrids with distinct mitochondria were tested for respiratory growth, it was
obvious that Sc-M hybrid performs better than Sb-M hybrid (Fig. 7B). However, when
the temperature was lowered to 10°C, the Sh-M hybrid showed superior growth

compared to Sc-M hybrid in both fermentable and non-fermentable condition.

Minimal inhibitory concentration of cycloheximide under various temperatures

Activated genes for hybrid at 18°C were enriched in biological processes related
to translation and ribosome biogenesis. However, it is not clear whether if such mis-
regulations contribute to hybrid growth at the low temperatures. In order to gain insights
on this phenomenon, we measured the resistance of hybrid and parents toward an
inhibitor of translation, cycloheximde. Cycloheximide (CHX) is an inhibitor of protein
synthesis in eukaryotic organisms, and it acts by interfering with the translocation step
during translation. Resistance towards cyclohexmide was determined by measuring the
minimal inhibition concentration of hybrid and parents. Minimal inhibition
concentration, or MIC, is the lowest concentration of a drug or chemical that prevents
the visible growth of a microbe. We measured the MIC of cycloheximide with hybrid
and parents at two distinct temperatures, 16°C and 32°C (Fig. S3). The result was
puzzling. At high temperature (32°C), S.bayanus showed the least resistance witha MIC
of 0.025 ug/ml (CHX), and hybrid with intermediate MIC of 0.1 ug/ml; S.cerevisiae
was the most resistant with a MIC of 0.4 ug/ml. It is not surprising to find that the
hybrid showed an intermediate resistance toward a translational inhibitor, for it
suggested hybrid has only half the amount of well-performing translational machinery
when compared to the better-performing parent, which is S.cerevisiae. Nonetheless, the
MICs observed at low temperature (16°C) did not support this idea: at 16°C, hybrid and
the two parents all displayed the same MIC of 0.2 ug/ml. When comparing the growth

of hybrid and parents at lower concentrations of cycloheximide (0.025 and 0.05 ug/ml),
9
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we observed that hybrid displayed similar growth as S.bayanus, and S.cerevisie had the
poorest growth. An intriguing point here was the minor effect of increasing
cycloheximide concentration on S.cerevisiae at low temperature. Based on this
experiment, we cannot draw any conclusive statements regarding the hybrid mis-

regulations at 18°C.

Classification of cis and trans requlatory divergence at different temperatures

Genome-wide changes in gene expression in intra- or interspecific hybrid can be
attributed to the cis and trans regulatory divergence between strains or species. Gene
expression divergence can be characterized by the location of causative mutations. Cis-
regulatory divergence can result from mutations in the regulatory sequence, such as
promoter elements, or in the coding sequence. Trans-regulatory divergence can result
from mutations elsewhere in the genome, such as the upstream transcriptional
regulators (13, 14). A study using Saccharomyces yeast hybrid suggested hybrid-
specific expressions occured through novel cis-trans interactions in the hybird’s nuclear
environment (13). In another study using F1 allotetraploids of Arabidopsis thaliana and
Arabidopsis arenosa, it was found that A.arenosa trans factors tend to up-regulate
A.thaliana alleles, leading to overall activation of A.thaliana alleles and repression
A.arenosa phenotype in the allotetraploid (14). Therefore, it is of great interest to
investigate the relative contribution of cis and trans-regulatory divergence on the mis-
regulation observed in the interspecific hybrid under different temperatures.

When comparing the parental expressions, the difference between the two parental
alleles may be due to cis, trans, or combinations of the two effects. Within the
interspecific hybrid, alleles from the two parents are under the same nuclear
environment, implying that trans effects should be masked in the hybrid. Therefore,

difference of expression between alleles observed in the parents that maintained in the
10
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hybrid reflects cis-regulatory divergence, whereas difference in the parents that
disappeared in the hybrid reflects trans-regulatory divergence. Our microarray data
allowed the comparison of gene expression between species-specific alleles in both
parents and hybrid. Genes with cis and trans effects were identified independently under
the three temperature conditions (Details described in materials and methods and Fig.
S4).

In three different temperatures, the relative contribution of cis and trans effects to
gene expression divergence varied (Fig. 8A). Consistent with previous studies, cis
effects dominated in all conditions (13, 14, 24). Furthermore, trans effects were more
condition-dependent than cis effects (Fig. 9). Next, we asked whether if the mis-
regulated genes were enriched for cis or trans effects. At both 30°C and 18°C, more
than 50% of the total mis-regulated genes under two fold change criteria showed trans
or cis-trans effects (Fig. 10). However, at 23°C, only 21% of the total mis-regulated
genes showed trans or cis-trans effects. A comparison between the proportion of cis and
trans among mis-regulated genes and genome-wide background (Pearson’s chi-squared
test: p-value < 0.05) indicated that frequency of having a gene with trans effect in mis-
regulated genes was significantly higher than that in genome-wide background;
whereas having a gene with cis effect in mis-regulated genes was significantly lower.
Here we observed that a majority of the hybrid mis-regulation was associated with trans
or cis-trans combined effects at conditions that were stressful for one of the parents.
However, this association was weakened at a neutral temperature (23°C) for both
parents. Such finding suggested conditional trans effects at 30°C and 18°C gave rise to
hybrid mis-regulation, and implied divergence of temperature sensing between the two
parents was the cause of hybrid-specific expression.

In order to identify the upstream trans factors causing hybrid mis-regulation, the

genes with trans effect were first classified according to parental expression divergence.
11
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For example, at 30°C, there is a total of 615 genes with trans effects; out of which 609
genes displayed greater expression level in S.bayanus than in S.cerevisiae. For these
609 genes, the expression divergence could occur by having a Sb activator that acts
stronger than that of Sc, or Sc has a repressor that acts stronger than that of Sb. In order
to distinguish the two possibilities, the 609 genes were subdivided according to the
types of hybrid mis-regulation: the first subgroup were genes with Sc-allele activation
(Hybrid’s Sc-allele has a greater expression than parent’s Sc-allele), and the second
subgroup with Sb-allele repression (Fig. 12A). Within the first subgroup, there exists
possible upstream Sh-trans factors that may be responsible for the cause of the Sc-allele
activations. In order to identify the possible upstream Sb-trans factors, the promoters
(upstream 1kb of start codon) of the Sc-allele activated genes can be input into MEME
suite, a motif-based sequence analysis tool (34), for the identifications of significant,
common motifs. The resulting set of motifs can then be annotated for the possible
binding transcription factors by TOMTOM online tool (36) (Fig. 12B). Through this
pipeline, we can identify upstream trans factors that possibly led to hybrid mis-
regulations at different temperatures. However, other methods for identification of trans
factor should be tested in the future to ensure the validness of MEME suite. Furthermore,
experimental evidence is required to link the trans-regulatory divergence and hybrid

mis-regulation.

Azflp is a possible transcription factor causing hybrid mis-requlation at 30°C and

18°C

With the pipeline described previously, possible transcription factors that gave rise
to hybrid mis-regulation were identified at different temperatures. At 30°C, only one
significant motif were returned from MEME suite with 60 genes as input (MEME sulite;

E-value < 0.05). The 60 genes were all activated in the hybrid with Sc-allele activation,
12
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and all showed trans-regulatory divergence between S.cerevisiae and S.bayanus. The
limit for the maximum input in MEME is 60,000 bps; therefore, the promoters of the
top 60 most-activated genes were chosen as input sequences for identification of
common motifs. The single significant motif showed annotation to the transcription
factor Azflp (Fig. 12C). Azflp is a transcription activator in S.cerevisiae, and targets
different genes under glucose and non-fermentable conditions (37). Furthermore, Azflp
may have a role in mitochondrial transcription (38).

Surprisingly, we also found Azflp to be the possible transcription factor causing
hybrid mis-regulation at 18°C when using the same approach. It was possible that the
two input gene-lists from 30°C and 18 °C have overlapped. Indeed, genes related to
mitochondrial translation existed in both lists. Therefore, it is possible that Azflp acts
as a major transcription factor leading to novel gene expression in hybrid at both
temperatures.

Compensating and enhancing cis-trans effects reveal genes under diversifying and

stabilizing selection

When a gene is under stabilizing selection, cis and trans effects can act in the
opposite direction, leading to compensating cis-trans effect that reduces the expression
divergence between species or strains. In contrary, a gene is under diversifying selection
when cis and trans effects act in the same direction to increase expression divergence,
which is termed enhancing cis-trans effect. By examining genes with compensating or
enhancing cis-trans effects, we can gain insights on what kind of selection pressures
gave rise to expression buffering or divergence between S.cerevisiae and S.bayanus
under various temperature conditions. Gene ontology enrichment was conducted on the
genes with compensating and enhancing cis-trans effects at 30°C and 18°C. At 30°C
(Fig. 11A), terms relating to rRNA and mRNA processing were highly enriched in

genes with compensating cis-trans effect; genes with enhancing cis-trans effect were
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enriched in ribosome biogenesis and arginine metabolic process. Interestingly, there
was a slight enrichment (1.7 fold) for genes with enhancing cis-trans effect in the term
“mitochondria” when using “component” enrichment instead of “biological process”;
such an observation was intriguing because it implied that genes localized in
mitochondria are either under positive selection for S.bayanus or negative selection for
S.cerevisiae, and offered a possible explanation why S.bayanus outperformed
S.cerevisiae in respiratory condition (Fig 7A). At 18°C (Fig. 11B), there was no specific
enrichment for genes with enhancing cis-trans effects; genes with compensating cis-

trans effects showed a high enrichment in NADH metabolic process.

Hybrid vigor at salt stress condition

Divergence of transcriptional regulation plays an important role in generating
distinct transcriptional networks and possibly novel phenotypes between different
species (29). Transcriptional regulation may diverged through the mutations occurring
on the transcription factors, or on the promoter and other regulatory elements. Either
ways, the mutations can lead to stronger activation or repression of the gene being
controlled. Thus, when replacing a species’ transcription factor with the ortholog from
another species, one can expect a novel expression pattern that may result in hybrid
incompatibility or hybrid vigor. A previous project in our lab focused on the hybrid
incompatibility caused by divergence of transcriptional regulation between S.cerevisiae
and S.bayanus: possible incompatible transcription factors were selected by those
having a high evolving rate (high Ka/Ks) ratio and targeting many other transcription
factors. Whether if there exists incompatibility between the S.cerevisiae and S.bayanus
transcription factor was tested by replacing the Sc copy of the transcription factor with
that of Sb.

CIN5 is a transcription factor with structural motif of leucine zipper, and
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overexpression of CIN5 in S.cerevisiae resulted in improvement of drug and salt
tolerance. (30, 31) Replacement of Sc-CIN5 with Sb-CIN5 in a haploid S.cerevisiae
background did not affect the growth on rich medium (YPD) when compared to wild
type S.cerevisiae. However, in salt stress condition like lithium chloride and sodium
chloride, it was observed that the Sb-CIN5 replacement line showed better growth than
wild type (Fig. S5). Moreover, the improvement of Sb-CIN5 line on salt stress condition
was also low temperature specific at 23°C or lower. The replacement of a single
transcription factor gave rise to change of phenotype at stress condition suggested the
gene between the two species has diverged, yet the exact mechanism of how this works
is still lacking.

We speculated that the interspecific hybrid (Sc x Sb) may also displayed a different
phenotype at salt stress condition when compared to the parents. Spot assay was
performed to observe the growth of hybrid and the parents under different salt stress
conditions at various temperatures. A very obvious hybrid vigor event was found (Fig.
S6): in sodium chloride condition, the hybrid displayed superior growth than both
parents at 23°C and 16°C; as for lithium chloride condition, the hybrid also displayed
better growth at 16°C. Whether if the heterozygous state of CIN5 was responsible for
the hybrid vigor observed was examined by deleting CIN5 in the hybrid background:
both Sc-CIN5 and Sb-CIN5 were independently deleted from the hybrid genome. There
deletions of both copies reduced the hybrid growth in both NaCl and LiCL conditions
at low temperatures (Fig. S7): the reduction in NaCl condition was not obvious with
spot assays, quantification of growth rate is necessary to measure the difference; the
reduction in LiCl condition was obvious at 16°C, nonetheless, the reduction disappeared
when a new batch of LiCl plates was prepared. Therefore, we cannot yet draw the

conclusions on the contribution of CIN5 towards hybrid vigor at salt condition.
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Discussion

Almost a century ago, two genetic models were proposed to explain the genetic
basis of hybrid vigor. Domiance model proposed that complementation of deleterious
recessive alleles in the hybrid gave rise to the vigor (4). Overdomiance model stated
the presence of heterozygosity resulted in the vigor (5). Since then, evidences from
studies of hybrids supported the notion that neither of the two models could fully
explain hybrid vigor on its own. Yet, few have provided the detailed molecular
mechanism on the occurrence of hybrid vigor. Our study focused on a case of hybrid
vigor observed in the interspecific hybrid between budding yeasts Saccharomyces
cerevisiae and Saccharomyces bayanus: the interspecific hybrid displayed an extended
range of temperature tolerance than both parental species. Transcriptome profiling of
hybrid and parents at distinct temperatures were performed. Recent transcriptomic
studies on hybrid provided possible links between novel phenotype of hybrid and
hybrid-specific expression patterns. We also made the same speculation: could hybrid-
specific expressions at distinct temperatures be responsible for the extended range of
tolerance? The hybrid mis-regulation we identified did provide possible links between
hybrid expression and hybrid phenotype: at 30°C, Sc-alleles related to respiration and
mitochondria were up-regulated in hybrid when compared to S.cerevisiae parent, and
we observed that hybrid displayed better growth than both parents in non-fermentable
condition. In addition, Sb-alleles related to negative regulation of mitosis were down-
regulated in hybrid when compared to S.bayanus parent at 30°C, suggesting that hybrid
mitosis proceeded normally by suppressing these Sb-alleles. At 18°C, we observed that
Sc-alleles related to the translation machinery were up-regulated. It is well known that
S.cerervisiae responses to cold stress by up-regulating genes related to the translation
machinery. Therefore, such up-regulations could be meaningful for the hybrid to adapt
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to cold stress. Although we have characterized the hybrid mis-regulation at different
temperatures, further experimental evidence is required to demonstrate the contribution
of mis-regulation to hybrid fitness under different temperatures.

In order to elucidate the importance of hybrid mis-regulation, we must first
understand how the mis-regulation occurred. We suspected that divergence of trans-
regulatory signaling is a major cause of mis-regulation. Therefore, genome-wide
analyses were performed to classify the genes with cis- and trans-regulatory divergence
using the microarray data from three different temperatures. Two interesting
observations can be seen from the analyses on cis- and trans-regulatory divergence. The
first interesting observation was that a large portion of the mis-regulated genes
displayed trans-regulatory divergence; this was the most obvious at 30°C, where 34%
of total mis-regulated genes were under trans effects. The second observation was that
trans effects were more condition-dependent than cis effects. By combining the two
observations together, we could generate a hypothesized scenario on how the hybrid
mis-regulation occurred: the two parents have already diverged in their response to
specific temperatures, such as 30°C. At 30°C, S.bayanus generates conditional trans
factors that are not present in S.cerevisiae, for this temperature is a heat stress for
S.bayanus but not S.cerevisiae. When in a hybridized nuclear environment, all the Sb
conditional trans factors can act upon the cis-elements of Sc-alleles and lead to mis-
regulation of Sc-allele.

Despite the seemingly large contribution of trans-regulatory divergence toward
hybrid mis-regulation, many mis-regulated genes showed no trans or cis-trans effect
according to our analyses. One possibility is that the trans effect does exist but was not
classified by our pipeline due to technical errors. Another possibility is that there are
other factors that led to hybrid mis-regulation other than trans-regulatory divergence.

One intriguing hypothesis is that the newly organized chromatin structures in the hybrid
17
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environment caused specific regions of the genome to express differentially from
parents.

What are some other possibilites for hybrid’s extended range of temperature
tolerance? An early study using maize tetraploid hybrid showed that there is a dosage
component in hybrid vigor: hybrid tetraploids with constitution of AAAB or ABBB
were less vigorous than AABB. A similar scenario could be true in Sc x Sb interspecific
hybrid’s extended range of temperature tolerance. Perhaps one ploidy of S.cerevisiae in
the hybrid genome is sufficient to allow the hybrid cell to grow at 30°C and higher
temperatures, and the reverse is true for low temperatures. In order to test this idea, we
should construct tetraploid hybrids with different ploidy of S.cerevisiae and S.bayanus
geonmes, and test the different tetraploid hybrids at various temperatures. If the dosage
hypothesis is correct, we should observe the different performances of hybrids with

different genomic compositions.

Materials and Methods

Parental strains

The parental Saccharomyces cerevisiae strain is a cross between lab strains
BY4741 (MATa HIS3 leu2A0 LYS2 metl5A0 URAS3; a cassette carrying mCherry
fluorescent protein and URAS3-selection marker has been inserted) and BY4742
(MATa his3A1 leu2A0 lys2A0 MET15 ura3A0). The parental Saccharomyces bayanus
strain is a cross between wild isolates JYL1026 (MATa his3A leu2A URA3) and
JYL1027 (MATa his3A leu2A URA3) collected by Dr. Duccio Cavalieri (University of
Florence, Italy). The F1 interspecific hybrid strain is a cross between BY4741 and
JYL1026. The details about the parents and hybrid strain are labeled in the

supplementary data (Table S1).
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Hybrid strain construction

S.cerevisiae BY4741 strain (MATa) and S.bayanus JY L1026 strain (MATa) were
used to generate the F1 interspecific hybrid. BY4741 strain contains a HIS3 selectable
marker. JY L1026 strain contains a URA3 selectable marker The BY4741 and JYL1026
strains were grown in liquid YPD medium to log-phase, mixed in equal amounts and
spotted on YPD agar plate at 28°C for 3 hours for mating. The cells were then spread
on CSM agar plate without addition of histidine (CSM-His) and uracil (CSM-Ura) for
the selection of interspecific hybrids. Individual clones were picked and examined with
halo assay to confirm the mating type. In addition, species-chromosome specific

primers were used to confirm the presence of species-specific chromosomes.

Growth rate determination and spot assay at various temperatures

Overnight culture of hybrid and parent were refreshed in YPD medium at various
temperatures. Absorbance at OD600 were measured at one hour intervals for eight
continuous hours by spectrophotometer. (At low temperatures, the absorbance was
recorded every two hours for 16 continuous hours.) Data points within log-phase
(OD600 range: 0.2~1) were applied for least square fitting method for the calculation
of absolute doubling time and growth rate. Spot assay were conducted first by diluting
the overnight culture into 5 different 10-fold serial dilutions (concentrations ranging

from 1x10%/ml to 1x10%/ml), and spotted on agar plates.

Competition assay between hybrid and two parents

Hybrid and parents were cultured in YPD medium overnight at 23°C. Equal
amount of cells from hybrid and parents from the overnight culture were refreshed in
the same culture (5ml YPD) to reach a beginning ODsoo of 0.1. The cultures (four

independent hybrid clones) were then placed under two different temperature
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conditions for growth. In the first condition, the cultures were subjected to fluctuation
in temperature between 32°C and 16°C. The cultures were allowed to saturate at each
temperature, and refreshed in 5ml YPD. In the second condition, the cultures were
subjected to continuous 23°C. After four rounds of culture (32°C—16"C—32°C—16°C),
cells were plated in YPD agar plate and the number of single colonies were recorded.
The cells on the YPD plate were then replicated onto CSM-Ura and CSM-His plate.
The S.cerevisiae parental strain is unable to grow on CSM-Ura plate (the Sc parental
strain carries a URA3 marker; thus, the strain was anti-selection on 5-FOA plate first
for Ura- cells), and the S.bayanus parental strain is unable to grow on CSM-His plate.
Thus, the number of cells that are S.cerevisiae on the YPD plate is equal to the
difference between number of colonies on the YPD plate and number of colonies on the
CSM-Ura plate; the number of S.bayanus on the YPD plate is is equal to the difference
between number of colonies on the YPD plate and number of colonies on the CSM-His
plate. The number of cells that are hybrid on the YPD plate will be the difference
between the number of colonies on the YPD plate and the sum of S.cerevisiae and

S.bayanus.

Transcriptome profiling of hybrid and parents by two-color microarray

Overnight culture of hybrid and parents were refreshed in YPD medium for 12
hours at various temperatures (18°C, 23°C, and 30°C) to reach early log-phase (ODsoo
range: 0.2~0.5) for total RNA isolation. Total RNA was isolated using the RNeasy Mini
Kit (Qiagen). The total RNA product was treated with TURBO™ DNase (Life
technologies) to remove genomic DNA contamination. The genomic DNA free RNA
was then subjected to Nanodrop for checking the ODzeso280 and OD2s0/230 ratios.
Furthermore, the RNA quality was checked with Agilent Bioanalyzer. Invitrogen
SuperScript™ kit was then used to reverse transcribed the total RNA to cDNA. Next,
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Invitrogen Indirect cDNA Labeling was conducted to label the hybrid cDNA with Alexa
647 (Cy5) and parental cDNA with Alexa 555 (Cy3). Quality of dye-labeled cDNA was
checked by loading the labeled cDNA products alongside lambda DNA marker labeled
with the same dyes, and running on 1% agarose gel; gel after electrophoresis was
scanned by Typhoon FLA 9000.

A commercial Agilent gene expression array (Agilent e-array ScSbh) was used to
compare the transcriptome of hybrid to that of both parents at different temperatures.
The array contains probes that distinctly recognizes S.cerevisiae and S.bayanus
orthologs. Four biological clones of S.cerevisiae x S.bayanus interspecific hybrids were
used in the microarray study. For each temperature condition, equal amount of hybrid
sample (10 ug labeled cDNA) and parental sample (Sc: 5 ug + Sb: 5 ug) were pooled
together for hybridization. The hybridization and washing of the microarray was done
following Agilent Gene Expression Hybridization and Wash Kits. Scanning of the
arrays was done by Agilent DNA Microarray Scanner at the recommended setting for
two-color gene expression microarray. The raw signal intensities of the arrays were

extracted via Agilent Feature Extraction software.

Classification of hybrid mis-requlation

The raw signal intensities were subjected to quantile and lowess normalization to
remove systematic bias between and within arrays. An allele is considered to be “mis-
regulated” if it is expressed more than two fold differently between the hybrid and

parent with an adjusted p-value less than 0.05 (Benjamini-Hochberg FDR correction).

Classification of cis and trans effects

Ratios between alleles of the same ortholog in parental and hybrid comparison
were generated using normalized fluorescent signals from the microarray. Loge-

transformed ratios were used to classify the genes based on cis or trans effects. Cis with
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trans effects were derived from the comparison between alleles in the two parents
(Parental ratio — A: logz (Sc-P/Sh-P)). Cis effects were derived from the comparison
between alleles within the hybrid (Hybrid ratio — B: log2 (Sc-H/Sb-H)), whereas trans
effects were derived by subtracting cis effects from that of cis with trans (A-B).
Student’s t-tests were performed to examine the difference between parental expression
ratio (A), hybrid expression ratio (B), and the difference between the two (A — B). The
p-values were corrected using Benjamini-Hochberg FDR correction.

A gene is considered to have only cis effect if parental ratio (A) is equal to hybrid
ratio (B), and absolute value of hybrid ratio (B) is greater than 1. A gene is considered
to have only trans effects if parental ratio does not equal to hybrid ratio, and the absolute
value of hybrid ratio is smaller than 1.

If the gene’s parental ratio (A) is not equal to hybrid ratio (B), but the absolute
value of hybrid ratio (B) is greater than 1, then the gene can be considered as having a
combination of cis and trans effects. Genes with cis and trans effects can be further
classified into compensating or enhancing cis and trans effects. A gene is under
compensating cis-trans effect if the hybrid ratio (B) is greater than the parental ratio
(A), such that [{B > 0 and (A-B) < 0}] or [{B < 0 and (A-B) > 0}]; enhancing cis-trans
effect is described if the hybrid ratio (A) is smaller than the parental ratio (B), such that

[{B >0 and (A-B) > 0}] or [{B < 0 and (A-B) < 0}].

GO enrichment analysis

GO enrichment analysis was conducted using the online service of GOrilla
(Gene Ontology enRIchment anaLysis and visuaLizAtion tool) (21). All gene lists used
for GO enrichment analysis were compared to a whole genome-list (background)
containing 4973 genes (the number of total orthologs that can be identified between

S.cerevisiae and S.bayanus using the microarray). A FDR p-value < 0.05 was used for
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significant enrichment of gene ontology term.

Motif identification and annotation

Motif identification was implemented using the MEME suite. (21) The 1 kb
upstream sequences of target genes were input into MEME for significant motifs
identification using zero or one occurrence per sequence model up to 10 motifs; in the
model, it is assumed that each sequence may contain at most one occurrence of each
motif. The resulting motifs were then submitted to the TOMTOM tool, using

YEASTRACT database, for the annotation of motifs. (23)

Generation of petite cells via EtBR treatment

Overnight culture of non-petite cells were refreshed in YPD with EtBR (10 ug/ml)
medium for 12 hours and spread on YPD agar plate. Single colonies were selected and
tested for respirational growth on YEP + glycerol plate; clones that showed no growth

on YEP + glycerol plate were selected as petite cells for further analysis.

Real-Time PCR

Total RNA of samples were extracted by RNeasy Mini Kit (Qiagen). The total RNA
product was treated with TURBO™ DNase (Life Technologies) to remove genomic
DNA contamination, and quality control was as described previously for the microarray
samples. Reverse transcription of total RNA to cDNA was done by High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Relative quantitation of
MRNA expressions between samples were carried out by ABI Fast-7500 machine
(Applied Biosystems) using SYBR-Green labeling. Analyses of the raw data were done

using 7500 Software v2.0.6 (Applied Biosystems).
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Figure 1. (A) Spot assay of S.cerevisiae (Sc), S.bayanus (Sb) and hybrid on YPD (rich medium) agar plates
at various temperatures. (B) Measurement of doubling time (hour) of parents and hybrid in a temperature
range of 8°C~23°C. Three independent clones were used for hybrid and each parent. (C) Measurement of
doubling time (hour) of parents and hybrid in a temperature range of 30°C~40°C.

28

d0i:10.6342/NTU201602586



0.60

@® S.cerevisiae
@ Sbayanus

@ Hybrid

Growth rate (h'1)

0.00
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Temperature ('C)
S.bayanus:8C ~ 34C |

Hybrid: 8°C ~ 38°C I

S.cerevisiae: 14C ~40C |

Figure 2. Comparison of growth rates between S.cerevisiae, S.bayanus, and hybrid across different
temperatures. Range of temperature growth is terminated under two criteria: (i) No increase in OD600 after 8
hours of culturing. (ii) Doubling time is greater than 16 hours. Following the criteria, the hybrid displayed an
extended range of temperature tolerance when compared to the parents.
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continuous, neutral (23°C) temperature. Four independent clones were used for hybrid. Significant difference
between means of groups were compared using one-way ANOVA (p-value < 0.05). Error bars are +1 standard
error. (B) Post-hoc Tukey HSD test were used to compare means between hybrid and the two parents (p-value
<0.05).
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Two color microarray overview
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Figure 4. (A) An overview of the experimental design for two color, gene expression microarray. Total RNA
samples were isolated independently from hybrid and parents at 30°C, 23°C, and 18°C, and then labeled with

different fluorescent dyes when converted to cDNA.

Equal amounts of hybrid and parental cDNA were

hybridized to the microarray. (B) Genomde-wide Spearman correlation of logz(Hybrid/Parent) across

replicates from the same and different conditions.
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Sc30°'C Sb30C Sc23'C Sb23C Sc18°C Sb18C

Figure 5. An overview of hybrid mis-regulation across different temperatures. Expression of species-specific
allele in hybrid was independently compared with that of the parent’s. An allele is considered mis-regulated
if the fold change between hybrid and parental expression is equal to or larger than 2, and adjusted p-value
following false discovery rate correction is less than 0.05.
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H Sc up, Sb down
H Both @ Sconly mSbonly H Both = Sconly mSbonly © Sb up, Sc down
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Activation (230) Repression (134) Opposition (31)
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B Sc up, Sb down
m Both = Sconly m Sbonly ®m Both m Sconly m Sbonly = Sb up, Sc down
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Activation (207) Repression (170) Opposition (21)

11, 5% 22,

39,
1‘ l 1

H Both mSconly mSbonly mBoth mSconly mSbonly

6, 3%

B Sc up, Sb down

= Sb up, Sc down

Figure 6. Hybrid mis-regulation at 30°C (A), 23°C (B), and 18°C (C). Number inside parenthesis is the total
number of genes under this group. Activation refers to genes with single- or double-allele up-regulations.
Repression refers to genes with single- or double-allele down-regulations. Opposition refers to genes with
both alleles mis-regulated, but in opposite direction.
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Figure 7. (A) Spot assay of S.cerevisiae (Sc), S.bayanus (Sb) and hybrid on YPGlycerol (non-fermentable
carbon source) agar plates at various temperatures. (B) Spot assay of parents, hybrid, and hybrids with species-
specific mitochondrial DNA (H ScM: hybrid with Sc’s mitochondrial DNA; H SbM: hybrid with Sb’s
mitochondrial DNA) on YPD and YPGlycerol agar plates at various temperatures.
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Figure 8. (A) Number of genes with significant cis, trans, and combined cis-trans effect at the three different
temperatures. (B) A heatmap of genes with significant cis, trans, and cis-trans effect at 30°C. Genes with cis
effect showed expression divergence in both parents and hybrid (fold change > 2); genes with trans effect
showed divergence in parents but not in hybrid background (Sc-P: Sc-allele expression in parent; Sb-P: Sb-
allele expression in parent; Sc-H: Sc-allele expression in hybrid; Sb-H: Sh-allele expression in hybrid).
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Figure 9. Spearman correlation of cis and trans effects across conditions. A total of 1614 genes identified with
cis effects across the conditions were used as input, and the magnitude of cis effect (B: logz(Sc-H/Sh-H)) was
used for correlation. For trans correlation, a total of 703 genes identified with trans effects across the conditions
were used as input, and the magnitude of trans effect (A-B; A: logz(Sc-P/Sb-P)) was used for correlation.
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Figure 10. Cis and trans effects of hybrid mis-regulation at 30°C (A), 23°C (B), and 18°C (C). Percentages of
genes with cis, trans, and cis-trans effect from hybrid mis-regulation and genome-wide background were

compared. (Pearson’s chi-square test: p-value < 0.05)
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Figure 11. Gene ontology enrichment of genes with compensating and enhancing cis-trans effects at 30°C (A)
and 18°C (B). Gene ontology enrichment was calculated by GOrillla. Gene lists of interest were compared to
genome-wide background of 4973 genes. A FDR g-value < 0.05 was used for significant enrichment of GO

term.
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Figure. 12 (A) Genes with trans effects at 30°C subdivided according to the type of hybrid mis-regulation. (B)
Pipeline for identification of upstream trans factor that led to hybrid mis-regulation using MEME and
TOMTOM suite. (C) Sequence logo of transcription factor Azflp.
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Table 1. Enriched gene ontology terms for hybrid mis-regulated genes at 30°C (A) and 18°C (B). Gene
ontology enrichment was calculated by GOrillla. Gene lists of interest were compared to genome-wide
background of 4973 genes. A FDR g-value < 0.05 was used for significant enrichment of GO term.

Table 1A. Gene ontology enrichment for hybrid mis-regulation at 30°C

Activation Fold enrichment |# of genes | FDR g-value

Respiratory electron transport chain 14.91 9 5.57E-06

ATP metabolic process 6.18 8 1.82E-02
Repression

Cellular amino acid metabolic process 3.32 17 4.91E-02

Mitochondrial translation 4.7 10 5.28E-02
Opposition

Mitochondrial translation 14.91 12 4.09E-08

Component: Mitochondrial part 4.37 21 6.01E-07

Table 1B. Gene ontology enrichment for hybrid mis-regulation at 18°C

Activation Fold enrichment | # of genes | FDR qg-value
Ribosome biogenesis 4.01 30 6.88E-08
ncRNA processing 245 33 4.47E-04
Metal ion transport 4 12 5.72E-03
Translation 2.59 26 1.43E-03
Mitochondrial translation 3.8 15 1.55E-03
Repression
Cellular amino acid catabolic process 8.33 13 4.68E-06
Lysosomal microautophagy 5.64 9 8.12E-03
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Tabll1 S1.

Strains used in this study

Table S1
Strain name Description Genotype
C4 M3-1 73 e x 5b hybrid MATWa HIS3/his34 leu2A0/leu2A0 LYS2/LYS? METIS/METIS URA3/URA3
) Cross between BY4741 and JYL1026
Se diploid parent . .
2 - 2
C2 M3-17Z1 Cross betvsen BYA741 and BY474 MAT e HIS3/his3A41 leu2 A0/Teu2 A0 LYS2/ lys240 met1 SAO/METIS URA3/ura3A0
N8 72 Sb diploid parent MATwa his3A/his34 leu2A/leu2d URA3/URA3
- Cross between JYL1026 and JYL1027 i )
N15 Sc x 5 hybrid MATa/o HIS3/his34 Iys2A/LYS2 met] SA/METIS ura3::KanMX/URA3
Cross between JYL.1743 and JYL1026 ’ Y .
Sc x Sb hybrid with Sc's mito. DNA . i
N1l Crous botwoen BY4741 and 1Y1.1026 (o) MATw/o HIS3/his3A leu?A0/leu2 A0 URA3/URA3
Sc x b hybrid with Sb's mito. DNA . i
NI12 Cros botween BY4741 () and TY1.1026 MATilo HIS3/his3A leu2 A0/leu2 A0 URA3/URAS
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BY4741 Mix on YPD plate Selection on CSM-
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Figure S1. Generation of interspecific hybrid between S.cerevisiae and S.bayanus. Haploid, parental cells
from the two species contain complementary selection markers for each other. The parental cells of different
mating types were mixed on YPD agar plate and then spread on double-selection plate (CSM-HIS-URA) for
selecting singe clones of hybrid. The selected hybrid clones were then tested for their ploidy with halo assay
and for their hybridized genomes with species-specific primers.
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Figure S2. Spot assay of two hybrid strains (Wild H: S.cerevisiae UWOPS05-217.3 x S.bayanus JYL1026;
lab H: S.cerevisiae BY4741 x S.bayanus JYL1026) and parents (Wild S.cerevisiae strain: UWOPS05-217.3;
Lab S.cerevisiae strain: BY4743; S.bayanus: JYL1026 x JYL1027) at various temperatures.

43

d0i:10.6342/NTU201602586



2.50

2.00
2.00 1.90
1.7

1.50
1.00

0.74
0.50 I
0.00

C

2.50

1.90

5

0D600

0.06
||

0.025

2.00

1.59
1.50

0D600

1.00

0.50

123 1.30
|047|

C 0.025

0.00

1.82

1.50

0.23
0.03 Of 0.01 0.04 88 0,01 0.039-06p oo
— I . i —
0.05 0.1 0.2 0.4
Concentration of CHX (pg/ml)
B Hybrid mSc mSb
0.78
0.61
I0.32
0.18
0.110.10
0.040.040.04 0.020.020.02
0.05 0.1 0.2 0.4

Concentration of CHX (pg/ml)
H Hybrid mSc mSb

Figure S3. Measurement of minimal inhibitory concentration (MIC) for cycloheximide at various
temperatures. Pre-cultured cells were refreshed in YPD media with different concentrations of cycloheximide
(C: control without cycloheximide). OD600 was measured after 24 hours of culture at 32°C (A) and 16°C (B).
A concentration is considered to be inhibitory if the OD600 is less than 0.1 after 24 hours of culture.
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Figure S4. Pipeline for determination of genes under cis, trans, and cis-trans combined effects and
quantification of the effects (14). Ratios between alleles of the same ortholog in parents (A) and hybrid (B)
were generated using normalized fluorescent signals from the microarray. A gene is considered to have only
cis effect if parental ratio (A) is equal to hybrid ratio (B), and absolute value of hybrid ratio (B) is greater than
1. A gene is considered to have only trans effects if parental ratio does not equal to hybrid ratio, and the
absolute value of hybrid ratio is smaller than 1.

If the gene’s parental ratio (A) is not equal to hybrid ratio (B), but the absolute value of hybrid ratio (B)
is greater than 1, then the gene can be considered as having a combination of cis and trans effects. A gene is
under compensating cis-trans effect if the hybrid ratio (B) is greater than the parental ratio (A), such that [{B
> 0 and (A-B) < 0}] or [{B < 0 and (A-B) > 0}]; enhancing cis-trans effect is described if the hybrid ratio (A)
is smaller than the parental ratio (B), such that [{B > 0 and (A-B) > 0}] or [{B < 0 and (A-B) < 0}].
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Figure S5. Spot assay of S.cerevisiae, S.bayanus, Sc-CIN5 deletion line (Sc/cin5A+V) and Sh-CIN5
replacement line (Sc/cin5A+Sh-CIN5) in YPD and 50 mM LiCl agar plates at various temperatures. Sb-CIN5
in Sb-CINS5 replacement line were expressed through a single-copy vector, while Sc-CIN5 deletion line carried
an empty vector as control.
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Figure S6. Spot assay of S.cerevisiae (Sc), S.bayanus (Sb) and hybrid (H) in YPD, NacCl, and LiCl agar plates

at various temperatures. Four independent clones of hybrid and two clones for each parents were used in the
experiment.
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Figure S7. (A) Spot assay of S.cerevisiae (Sc), S.bayanus (Sb), hybrid (H), and hybrid with Sc-CIN5(H Sc-
cin5A) or (B) Sb-CIN5 (H Sb-cin5A) deletion in YPD, NaCl, and LiCl agar plates at 16°C and 23°C. Three
independent clones of hybrid with Sc-cin5A and Sb-cin5A deletion were used.
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