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Abstract 21 

Genetic analysis of phenotypic differences between species is typically limited to 22 

interfertile species. Here, we conduct a genome-wide non-complementation screen to 23 

identify genes that contribute to a major difference in thermal growth profile between two 24 

reproductively isolated yeast species, Saccharomyces cerevisiae and S. uvarum. The 25 

screen revealed a single nuclear-encoded gene, but a large effect of mitochondrial DNA 26 

(mitotype) on both heat and cold tolerance. Recombinant mitotypes indicate multiple 27 

genes contribute to thermal divergence and we show that protein divergence in COX1 28 

affects both heat and cold tolerance. Our results point to the yeast mitochondrial genome 29 

as an evolutionary hotspot for thermal divergence. 30 

One Sentence Summary  31 

The mitochondrial genome is a hotspot for divergence in thermal growth 32 

differences in yeast.33 



 

 

MAIN TEXT 34 

 35 

Introduction 36 

 37 

The genetic architecture of phenotypic divergence between species is unresolved. 38 

There remains considerable uncertainty as to whether evolution occurred through 39 

accumulation of numerous small-effect changes (“micromutationism”) or often involves 40 

“major genes” of large effect (1). While quantitative trait mapping has been successfully 41 

applied to closely related, interfertile species (reviewed in (2)), the results may not be 42 

representative of phenotypic divergence in general, since the characters that distinguish 43 

sibling species and domesticated organisms evolved over short time-scales and potentially 44 

favor large-effect loci. However, systematic dissection of divergence between distantly 45 

related species has been difficult due to reproductive barriers.  46 

The Saccharomyces lineage contains post-zygotically isolated species with 47 

substantially diverged genomes, and the ease of genetic manipulation of yeast may allow 48 

us to address the genetic architecture of evolution with a systematic approach. While the 49 

Saccharomyces yeast species share their preference for fermentative metabolism with 50 

many other yeast species (3), they differ dramatically in their thermal growth profile (4, 51 

5). S. cerevisiae is the most heat-tolerant species in this lineage, capable of growing at 52 

temperatures of 37-42°C, while its sister species S. paradoxus can grow up to 39°C and 53 

the more distantly related S. kudriavzevii and S. uvarum are more cold-tolerant and only 54 

capable of growing at temperatures up to 34-35°C (4, 5). Previous studies in yeasts have 55 

implicated a small number of genes involved in temperature divergence (4, 6). However, 56 

every gene product has the potential to be thermolabile, and only a single systematic 57 

screen has been conducted (7), which reported that multiple genes contribute to thermal 58 

differences between S. cerevisiae and S. paradoxus, two species with modest differences 59 

in heat tolerance.  60 

In the present study, we examined the genetic basis of thermal divergence between 61 

S. cerevisiae and S. uvarum, two species that are more different at synonymous sites than 62 

human and mouse (8, 9). These two species are capable of forming hybrids, but the 63 

hybrids cannot produce viable spores. Mechanisms underlying the reproductive isolation 64 

could involve mitochondrial-nuclear incompatibilities (10, 11), defects in recombination 65 

due to high levels of sequence divergence (12, 13) and chromosomal rearrangements (14, 66 

15). Of relevance, mitochondrial genome variation has been shown to impact high 67 

temperature growth in S. cerevisiae (16, 17) and S. paradoxus (18). 68 

To identify genes involved in the evolution of thermal growth differences, we 69 

screened 4,792 non-essential genes for non-complementation and used the reciprocal 70 

hemizygosity test (19) to validate genes that came out of the screen. While no single genes 71 

of large effect were recovered, we found that mitochondrial DNA (mtDNA) plays a 72 

remarkable role in divergence of both heat and cold tolerance across the Saccharomyces 73 

species and that multiple mitochondria-encoded genes are involved, including COX1, 74 

previously shown to be involved in mitochondrial-nuclear interspecific incompatibilities 75 

(11). 76 

Results  77 

 78 



 

 

A non-complementation screen for thermosensitive alleles reveals mitochondrial effects 79 

Hybrids of S. cerevisiae and S. uvarum are heat tolerant (Fig. 1A). Thus, deletion 80 

of S. cerevisiae heat tolerant alleles in a hybrid should weaken heat tolerance through non-81 

complementation. We screened 4,792 non-essential genes in the yeast deletion collection 82 

for such thermotolerance genes by mating both the MATa (BY4741) and MAT (BY4742) 83 

deletion collection to S. uvarum and growing them at high temperature (37°C). For 84 

comparison, we also screened the resulting hemizygote collections for two other traits 85 

where the S. cerevisiae phenotype is dominant in the hybrid (Fig. 1A): copper resistance 86 

(0.5 mM copper sulfate) and ethanol resistance (10% ethanol at 30°C). We found 80, 13, 87 

and 2 hemizygotes that exhibited reduced resistance to heat, copper, and ethanol, 88 

respectively, in both the BY4741 and BY4742 hemizygote collections (Fig. 1B). In our 89 

initial assessment of these genes, we validated a copper-binding transcription factor, 90 

CUP2 (20), for copper resistance through reciprocal hemizygosity analysis (Fig. S1). 91 

Nearly all of the heat-sensitive hemizygotes (77/80) were from respiration-92 

deficient (“petite”) S. cerevisiae parents. We found many of these strains carried S. 93 

uvarum mitochondrial DNA (mtDNA) via PCR of a mitochondrial marker. Although not 94 

extensively tested, other hemizygotes are expected to carry S. cerevisiae mtDNA, a typical 95 

outcome of S. cerevisiae  S. uvarum crosses (21). The difference in mtDNA inheritance 96 

was likely caused by loss of mtDNA in the S. cerevisiae petite parents. We confirmed one 97 

gene (HFA1) by reciprocal hemizygosity analysis (Fig. 1C, Fig. S1) that causes a 98 

moderate loss of heat tolerance due to the S. uvarum allele in the presence of S. cerevisiae 99 

mtDNA. HFA1 encodes a mitochondrial acetyl-coenzyme A carboxylase and is involved 100 

in mitochondrial fatty acid biosynthesis (22).  101 

The inheritance of S. uvarum mtDNA in heat-sensitive hemizygotes suggested that 102 

mtDNA, rather than the deletion, could be the cause. To test whether the species' mtDNA 103 

(“mitotype”) affects heat tolerance, we generated diploid hybrids of wild-type S. 104 

cerevisiae and S. uvarum with reciprocal mitotypes and grew them at different 105 

temperatures. In comparison to the hybrid with S. cerevisiae mitotype, the hybrid with the 106 

S. uvarum mitotype showed reduced fermentative growth (glucose medium) at 37°C 107 

compared to 22°C and almost no respiratory growth (glycerol medium) at 37°C (Fig. 2A).  108 

S. uvarum is not only known to be heat sensitive, but also exhibits enhanced 109 

growth at low temperatures relative to S. cerevisiae (4). We thus tested and found that S. 110 

uvarum mitotype conferred a growth advantage at 4°C in comparison to S. cerevisiae 111 

mitotype (Fig. 2A), suggesting a potential trade-off between the evolution of heat and cold 112 

tolerance.  113 

To test whether mtDNA-mediated evolution of temperature tolerance is specific to 114 

either the S. cerevisiae or S. uvarum lineages, we generated five additional hybrids with 115 

both parental mitotypes using two other Saccharomyces species (Fig. S2). In comparison 116 

to the 22°C control, we find that both the S. cerevisiae and S. paradoxus nuclear genome 117 

conferred heat tolerance to hybrids with S. kudriavzevii and S. uvarum (rhoo comparison), 118 

but the S. cerevisiae mitotype conferred heat tolerance in comparison to the S. paradoxus, 119 

S. kudriavzevii, and S. uvarum mitotypes on glucose medium. For cold tolerance we find 120 

that the S. uvarum mitotype conferred greater cold tolerance relative to the S. cerevisiae, 121 

S. paradoxus, and S. kudriavzevii mitotypes. Interestingly, none of the hybrids was as cold 122 

tolerant as S. uvarum on glycerol. Our results suggest that mtDNA has played an 123 



 

 

important role in divergence of thermal growth profiles among the Saccharomyces 124 

species, with heat tolerance evolving primarily on the lineage leading to S. cerevisiae and 125 

cold tolerance evolving primarily on the lineage leading to S. uvarum. A related study has 126 

shown these differences have had a direct impact on the domestication of lager-brewing 127 

yeast hybrids to low-temperature fermentation (23). 128 

Recombinant analysis identifies contribution of multiple mitochondria-encoded genes 129 

To identify mtDNA genes conferring heat tolerance to S. cerevisiae, we tested 130 

whether S. uvarum alleles can rescue the respiratory deficiency of S. cerevisiae 131 

mitochondrial gene knockouts at high temperature. We crossed S. uvarum to previously 132 

constructed S. cerevisiae mitochondrial knockout strains and plated them on glycerol 133 

medium at 37°C. Because heteroplasmy is unstable in yeast, this strategy selects for 134 

recombinants between the two mitochondrial genomes: S. uvarum mtDNA is needed to 135 

rescue the S. cerevisiae deficiency, and S. cerevisiae mtDNA is needed to grow at high 136 

temperature (Fig. S3). If the S. uvarum gene required for S. cerevisiae rescue is 137 

temperature sensitive, we expect to see no or small colonies on 37°C glycerol plates. Of 138 

the six genes tested, COX2 and COX3 deletions were rescued by S. uvarum at high 139 

temperature, although the colonies were often smaller than the hybrid with wild-type S. 140 

cerevisiae mtDNA. In contrast, COX1 and ATP6 deletions were minimally rescued (Fig. 141 

2B), and COB and ATP8 deletions were not rescued. However, the absence of rescue 142 

could also result from a lack of recombination, especially for COB because its genomic 143 

location has moved between the two species. 144 

 Using genome sequencing, we mapped breakpoints in 90 recombinants to 145 

determine which S. cerevisiae genes are associated with high temperature growth. The 146 

recombinants showed hotspots at gene boundaries and within the 21S ribosomal RNA 147 

(Fig. 2B). In most cases, the two species’ mtDNA recombine into a circular mitochondrial 148 

genome, but sometimes recombination resulted in mitochondrial aneuploidy, particularly 149 

for regions where the two species’ mitochondrial genomes are not co-linear (see Fig. S4B 150 

for examples). One complication of measuring mtDNA-dependent heat tolerance is the 151 

high rate of mtDNA loss, typically 1% in S. cerevisiae strains, but much higher in the 152 

hybrids and variable among recombinants (Supplementary text, Fig. S5). We thus 153 

measured the frequency of petites at 22°C and heat tolerance by the size of single colonies 154 

at 37°C on glycerol. We found that the petite frequency was associated with the absence 155 

of S. cerevisiae ORF1 (F-SceIII, (24), a homing endonuclease linked to COX2 (Fig. S5B 156 

& C). For heat tolerance, we found a region including four protein-coding genes (COX1, 157 

ATP8, ATP6, and COB) with the largest effect (Fig. 2C). The effects associated with these 158 

genes are small compared to the total difference between two wild-type mitotypes, 159 

suggesting that other regions are required for complete rescue of high temperature growth. 160 

Indeed, S. cerevisiae COX2 and COX3 showed small but positive effects when the 161 

recombinants lacking them were compared to the wild-type S. cerevisiae mitotype (Fig. 162 

2B). The differential heat sensitivity is unlikely to be caused by fitness defects since the 163 

recombinants grew normally at 22°C (Fig. S4A). 164 

 We also found that nearly all mtDNA recombinants did not exhibit 4°C respiratory 165 

growth; one strain (S87) derived from the atp6 cross (Figure 2B) was an exception, but 166 

another strain with the same mitochondrial genotype did not grow. The 4°C recombinant 167 



 

 

phenotypes suggest that cold tolerance might require multiple S. uvarum alleles and 168 

potentially a different set of genes than those underlying heat tolerance.  169 

COX1 protein divergence affects both thermotolerance and cryotolerance 170 

 Because the recombinant strains did not resolve heat tolerance to a single gene, we 171 

tested individual genes by replacing S. cerevisiae with S. uvarum alleles via biolistic 172 

transformation (25) (Fig. S6). We obtained allele replacements for two of the four genes in 173 

the region conferring heat tolerance (Fig. 3). For both genes we used intronless alleles to 174 

eliminate incompatibilities in splicing (11).  175 

 We observed a significant difference between S. cerevisiae and S. uvarum COX1 176 

alleles for respiratory growth at 37°C in the hybrid background, with the S. uvarum allele 177 

being heat sensitive. The effect was not present at room temperature, and the S. uvarum 178 

allele conferred a growth advantage on glucose at 4°C. Thus, divergence in the COX1 179 

coding sequence (CDS) affects both heat and cold tolerance. However, COX1 alleles do 180 

not explain the entire difference between the two species’ mitotypes: the strain bearing S. 181 

uvarum COX1 had an intermediate level of heat tolerance and did not confer cold 182 

tolerance on glycerol, suggesting that other mitochondrial genes are involved. The 183 

moderate effect of the COX1 alleles is also consistent with the small effect sizes shown by 184 

recombinant analysis (Fig. 2C). Surprisingly, the COX1 allele difference is only seen in 185 

the hybrid and not in a diploid S. cerevisiae background (Fig. S7), suggesting that the 186 

allele difference in the hybrid depends on a dominant interaction with the S. uvarum 187 

nuclear genome.  188 

The S. uvarum COB allele replacement rescued respiratory growth at high 189 

temperature, demonstrating that the S. uvarum COB protein is not heat sensitive. We were 190 

unable to generate the S. cerevisiae intronless COB allele replacement for comparison. 191 

Notably, both the intronless S. cerevisiae COX1 and S. uvarum COB allele replacement 192 

strains exhibited better growth than wild-type S. cerevisiae mtDNA at 37°C (Fig. 3), 193 

implying a dominant-negative role of these introns in the hybrid at high temperature.  194 

Discussion 195 

 In Saccharomyces species, the mitochondrial genome is not essential for viability, 196 

is large compared to insects and mammals (~86 kb), and is quite variable in intron content 197 

(26). While the mitochondrial genome can recombine and introgress between species (18, 198 

24), it also contributes to reproductive isolation through incompatibilities with the nuclear 199 

genome (10, 11, 27). Our results show that the mitochondrial genome also makes a 200 

significant contribution to one of the most distinct phenotypic differences among the 201 

Saccharomyces species: their thermal growth profile. Below, we discuss the implications 202 

of our results in relationship to the genetic architecture of species’ phenotypic differences, 203 

the role of cyto-nuclear interactions in phenotypic evolution and reproductive isolation, 204 

and mitochondria as a hotspot in the evolution of Saccharomyces species. 205 

Genetic architecture of interspecies differences in thermotolerance 206 

Crosses between closely related, inter-fertile species have shown that phenotypic 207 

divergence can be caused by a few loci of large effect, many loci of small effect or a 208 



 

 

mixture of the two (2). In this study, we carried out a genome-wide non-complementation 209 

screen between two diverged yeast species. Out of 4,792 non-essential genes in our study, 210 

we found only one gene (HFA1) that showed a moderate effect on heat tolerance 211 

regardless of the mtDNA effect (Fig. 1C). Of relevance, 178 S. cerevisiae deletions are 212 

sensitive to 37°C (28); a rate comparable to a subsample we examined in this study 213 

(78/2251). We can thus conclude that the vast majority of the S. uvarum alleles tested 214 

exhibited no detectable loss of function at a temperature they do not experience in their 215 

native genome. However, our non-complementation screen had some limitations. We did 216 

not test essential genes and could not detect genes whose effects were masked by mtDNA 217 

inheritance or epistasis, which could occur due to the hybrid carrying an otherwise 218 

complete complement of both nuclear genomes. 219 

We found allele differences in HFA1 affect heat tolerance. HFA1 encodes a 220 

mitochondrial acetyl-CoA carboxylase and participates in mitochondrial fatty acid 221 

synthesis, a process essential to cellular respiration and mitochondrial biogenesis (29). 222 

While disruption of HFA1 in S. cerevisiae resulted in a low level of lipoic acid and 223 

consequently a temperature-dependent respiratory defect (22, 30), the hemizygote with 224 

only the S. uvarum allele showed heat sensitive growth on glucose but not glycerol (Fig. 225 

S1C), suggesting that the divergence in heat tolerance of HFA1 might not be directly 226 

linked to its role in respiration. Further investigation is needed to elucidate the molecular 227 

mechanism by which HFA1 impacts thermal divergence. 228 

Although our screen led us to discover a pronounced temperature dependent effect 229 

of mtDNA on respiratory growth and a more subtle effect on fermentative growth, the 230 

mtDNA effect explains only a small portion of the large difference in heat tolerance 231 

between the two species. The S. cerevisiae  S. uvarum hybrid without mtDNA grows at 232 

both 37°C and 4°C on glucose (Fig. 2B), indicating that the nuclear genomes carry 233 

dominant factors that remain to be identified. 234 

Despite the small number of genes in the mitochondrial genome, our results show 235 

multiple genes within the mitochondrial genome influence heat tolerance. In addition to 236 

the large effect of the COX1-COB region, recombinants that inherited S. uvarum COX2 237 

and/or COX3 are considerably more heat sensitive than a hybrid with a complete S. 238 

cerevisiae mtDNA genome. Furthermore, while the COX1-linked region showed the 239 

largest effect, the COX1 CDS does not explain the entire difference between two species’ 240 

mitotypes. Although we ruled out protein-coding changes in S. uvarum COB to be heat 241 

sensitive, changes in the other protein-coding sequences and in gene expression remain to 242 

be tested. 243 

The cause of mtDNA-mediated differences in cryotolerance is more opaque. At 244 

4°C, only one recombinant with a significant fraction of S. cerevisiae mtDNA grew better 245 

than hybrids with an S. cerevisiae mitotype, suggesting that multiple S. uvarum alleles are 246 

required for cold tolerance. Although we showed that S. uvarum COX1 increased cold 247 

tolerance on glucose, the effect is not seen on glycerol, suggesting its effect on respiration 248 

might depend on the presence of other S. uvarum mitochondrial alleles. However, because 249 

the recombinants were all isolated at 37°C, it is possible that they all share some other 250 

genetic element or change that facilitates heat tolerance but inhibits 4°C growth.  251 

Cyto-nuclear interactions in Saccharomyces evolution 252 



 

 

 In addition to mitochondria-encoded genes, approximately 1,000 nuclear genes 253 

function in the mitochondria, many of which are involved in expression and regulation of 254 

mitochondrial genes and formation of the multi-subunit cytochrome b and c complexes 255 

(31). Among Saccharomyces species, multiple cyto-nuclear incompatibilities have been 256 

shown to contribute to reproductive isolation. S. uvarum AEP2 cannot regulate the 257 

translation of S. cerevisiae ATP9 mRNA (10), while S. cerevisiae MRS1 cannot splice 258 

introns of S. paradoxus and S. uvarum COX1 (11). Additionally, the S. uvarum RNA 259 

binding protein CCM1 has reduced affinity for the S. cerevisiae 15s rRNA (32). While 260 

these incompatibilities affect the construction of cybrids, where mtDNA from different 261 

species was introduced into S. cerevisiae (27), the phenotypic consequences besides loss 262 

of respiration is not known. 263 

Our results show that the mitochondrial genomes of Saccharomyces species 264 

influence both heat and cold tolerance and provide multiple lines of evidence for the role 265 

of cyto-nuclear interactions. First, the temperature effects of species' mitotypes interact 266 

with nuclear background (Fig. S1). While S. cerevisiae hybrids without mtDNA (rhoo) 267 

grow similarly on glucose medium, S. cerevisiae mtDNA confers different levels of heat 268 

tolerance in hybrids with S. paradoxus, S. uvarum, and S. kudriavzevii, the latter of which 269 

only grows slightly better than the rhoo hybrid.  270 

We also observed interactions between the COX1 allele replacements and their 271 

nuclear background. COX1 showed allele differences at high and low temperatures in the 272 

hybrid but not in S. cerevisiae. This difference can be explained by a species-specific 273 

dominant interaction, as might occur when there are hybrid protein complexes (33). In this 274 

scenario, S. uvarum COX1 can function with interacting S. cerevisiae proteins at high 275 

temperature but exhibits a loss of function when interacting with temperature sensitive S. 276 

uvarum nuclear factors that are dominant to their S. cerevisiae orthologs. The nuclear 277 

factor is unlikely to be the previously reported intron-splicing factor MRS1 because our 278 

COX1 alleles are intronless.  279 

 However, introns might affect temperature sensitivity. The intronless S. cerevisiae 280 

COX1 and S. uvarum COB alleles showed better respiratory growth at 37°C than wild-281 

type S. cerevisiae mtDNA, suggesting a dominant negative role of introns in the hybrid. In 282 

Saccharomyces, the number and presence of mitochondrial introns is variable between 283 

species (34). This contrasts with high conservation of mitochondrial protein coding 284 

sequences, which show over 90% sequence identity between S. cerevisiae and S. uvarum, 285 

much higher than the 80% average of nuclear-encoded genes (35). The rapid evolution of 286 

introns might require co-evolution of splicing factors, such as COX1 and MRS1. The wild-287 

type hybrid with S. cerevisiae mtDNA might be under burden of intron splicing at high 288 

temperature caused by dominant negative S. uvarum splicing factors. Nevertheless, many 289 

introns self-splice and/or encode maturases or homing-endonucleases, which could be 290 

temperature sensitive in a nuclear-independent manner.  291 

 There is no clear indication that previously reported incompatibilities contribute to 292 

the mtDNA temperature phenotypes. The reported cyto-nuclear incompatibilities are 293 

recessive, and thus should not contribute to the hybrid phenotypes. For example, although 294 

the S. cerevisiae MRS1 is incompatible with S. uvarum COX1, the latter can be correctly 295 

spliced by S. uvarum MRS1 in the diploid hybrid, at least at permissive temperatures. One 296 

possibility is that S. uvarum MRS1 is heat sensitive, which would explain the heat 297 



 

 

sensitivity of the S. uvarum mitotype because neither the S. cerevisiae nor S. uvarum 298 

MRS1 would splice S. uvarum COX1 at high temperature. Heat sensitivity of S. uvarum 299 

MRS1 was tested in our non-complementation screen, but the result was inconclusive. The 300 

S. cerevisiae MRS1 deletion was complemented by the S. uvarum allele in the MATa 301 

(BY4741) cross; but its effect was masked by mtDNA inheritance in the MAT (BY4742) 302 

cross. In this regard it is worth noting that S. cerevisiae chromosome 9, which carries 303 

MRS1, is duplicated in three of the recombinant strains; in two cases, these strains show 304 

increased 37°C growth compared to similar genotypes (Table S1).  305 

Mitochondrial DNA and yeast evolution 306 

 It has been proposed that mtDNA plays a disproportionate role in Dobzhansky-307 

Muller incompatibilities. Although it is a small genome, it heavily interacts with nuclear 308 

genes and has a high nucleotide substitution rate, leading to co-evolution of the 309 

mitochondrial and nuclear genomes and multiple interspecific incompatibilities (36). Has 310 

adaptation played a role in driving these incompatibilities? Although no direct links are 311 

proven, evolution of the mitochondrial genome and mito-nuclear epistasis has been linked 312 

to multiple phenotypes (21, 37, 38), including 37°C growth (16–18), and deficiencies in 313 

mitochondrial DNA cause heat sensitivity (39). Here, we show that mtDNA is important 314 

for evolution of heat and cold tolerance in distantly related species, caused by the 315 

accumulation of multiple small-to-medium effect changes and potentially mito-nuclear 316 

epistasis. Taken together, the present and prior findings point to mtDNA as an 317 

evolutionary hotspot for yeast speciation and adaptation.  318 

 319 

Materials and Methods 320 

Strains, growth conditions, and genetic manipulations 321 

        Strains used in this study are listed in Table S2. S. cerevisiae was maintained on YPD 322 

(1% yeast extract, 2% peptone, 2% dextrose) at 30°C; S. uvarum and S. cerevisiae × S. 323 

uvarum hybrids were maintained on YPD at room temperature. Strains were also grown 324 

on complete medium (CM, 0.3% yeast nitrogen base with amino acids, 0.5% ammonium 325 

sulfate, 2% dextrose), or dropout medium (CM-xxx, 0.13% dropout powder, 0.17% yeast 326 

nitrogen base, 0.5% ammonium sulfate, 2% dextrose) where xxx represents the missing 327 

amino acids when appropriate. SDPSer medium (synthetic dextrose proline D-serine, 2% 328 

dextrose, 0.17% yeast nitrogen base without ammonium sulphate or amino acids, 5 mg/ml 329 

L-proline, 2 mg/ml D-serine) was used to select for dsdAMX4 (40). Antibiotics were 330 

added to media when selecting for KanMX, NatMX, and hphMX. YPGly medium (1% 331 

yeast extract, 2% peptone, 3% glycerol) was used to examine respiratory growth. 332 

         S. cerevisiae and S. uvarum strains were mated by mixing strains with opposite 333 

mating types on YPD at room temperature overnight. Diploid hybrids were obtained by 334 

plating the mating mixture to double selection medium and confirmed by mating-type 335 

PCR. 336 

Transformations in this study followed standard lithium acetate methods (41). When 337 

transforming S. uvarum or S. cerevisiae × S. uvarum hybrid, we used 37°C for heat shock 338 

and room temperature for incubation. 339 

Strains lacking mitochondrial DNA (rho0) were generated by overnight incubation 340 

with shaking in liquid minimal medium (MM, 0.17% yeast nitrogen base without amino 341 



 

 

acid and ammonium sulfate, 0.5% ammonium sulfate, 2% dextrose) containing 25 ug/ml 342 

ethidium bromide. Following incubation, the culture was plated to YPD and YPGly to 343 

identify non-respiring colonies. 344 

 345 

Interspecific hemizygote collections 346 

trp1 S. uvarum strains YJF2600 and YJF2601 were constructed by replacing TRP1 347 

with hphMX4 in YJF1449 (MATa) and YJF1450 (MAT) in the CBS7001 background 348 

(42), respectively. The haploid yeast deletion collections derived from BY4741 (MATa 349 

his31 leu20 met150 ura30) and BY4742 (MAT his31 leu20 lys20 ura30) 350 

were arrayed in 384-well format using a Singer ROTOR (Singer Instruments, Watchet 351 

UK) and mated to trp1 S. uvarum strains. Diploids were selected on CM-trp-his-leu-lys-352 

ura plates. The resulting two interspecific hybrid collections were hemizygous for 4,792 353 

genes.  354 

The hemizygote collections were screened for non-complementation using the 355 

following conditions: 1) YPD at room temperature, 30°C, 35°C and 37°C; 2) CM with 0.5 356 

mM copper sulfate at room temperature; and 3) YPD with 10% ethanol at 30°C. Pictures 357 

of plates were taken on the second and fifth day of incubation using a Nikon D3100 358 

camera. Colonies that were visually smaller than wild-type (represented by most of the 359 

hemizygotes on the same plate) on day 5 were scored as sensitive, ranging from no growth 360 

to slightly sensitive growth. For heat, copper, and ethanol stresses, respectively, we found 361 

145, 137, and 26 non-complemented genes from the BY4741 (MATa) cross and 221, 134, 362 

and 19 from the BY4742 (MAT) cross, resulting in an intersection of 80, 13, and 2 genes 363 

(Data S1).  364 

Respiration-deficient strains (petites) were identified by plating the haploid deletion 365 

collection strains on YPGly at 30°C. To estimate the rate of temperature-sensitive 366 

deletions, we sampled six plates (~2.3k strains) from the haploid deletion collections and 367 

assayed their growth on YPD plates at room temperature and 37°C. The rate of heat-368 

sensitive deletions in the subsample was 78/2251.  369 

 370 

Validation of non-complementing genes 371 

We first repeated the non-complementation test in another strain background. We 372 

made deletions of candidate genes (HFA1 for heat; TDA1, TDA9, GGC1, TDA4, RPL39, 373 

ADD66, YOL075C, CUP2, and CAJ1 for copper) by KanMX in an S. cerevisiae strain 374 

YJF173 in the same way as the deletion collection, with the exception that the coding 375 

region of HFA1 was defined according to (30). The knockout strains were then crossed to 376 

an S. uvarum rho0 strain (YJF2760). Phenotypes of the hemizygotes were assessed at the 377 

same conditions as in the screen, and only phenotypes of HFA1 and CUP2 were 378 

replicated.  379 

Reciprocal hemizygotes were generated for HFA1 and CUP2. Orthologs of S. 380 

cerevisiae HFA1 and CUP2 were knocked out in S. uvarum strain YJF1450 with KanMX. 381 

The orthologs were defined according to (42); for HFA1, we included an extra 477 bp 382 

upstream of the ATG for the S. uvarum allele, based on translation from a non-AUG start 383 

codon at position -372 in S. cerevisiae (30). The S. uvarum deletion strains were then 384 

crossed to S. cerevisiae (YJF173), and the resulting hemizygotes were genotyped by PCR 385 

and found to carry S. cerevisiae mtDNA. Phenotypes of the two reciprocal hemizygotes 386 

were assessed on the same plate, under the same conditions as in the screen. 387 

 388 

Interspecific hybrids with reciprocal mitotypes 389 



 

 

Interspecific hybrids with reciprocal mitotypes were generated by crossing a rho+ 390 

strain from one species to a rho0 strain from another species. Two rho0 colonies from each 391 

strain were crossed to control for possible mutagenic effects of the ethidium bromide 392 

treatment. Mitotype was confirmed by PCR using primers targeting the tRNA clusters in 393 

mtDNA (forward 5’-CCATGTTCAAATCATGGAGAGA-3’, reverse 5’-394 

CGAACTCGCATTCAATGTTTGG-3’; 95°C 2min; 95°C 30s, 50°C 30s, 72°C 30s for 30 395 

cycles; 72°C 5min). The expected product sizes are 167 bp for S. cerevisiae, 131 bp for S. 396 

paradoxus, 218 bp for S. kudriavzevii, and 100 bp for S. uvarum. 397 

 398 

Crosses with mitochondrial knockouts 399 

S. uvarum strain YJF2600 (MATa ho::NatMX trp1::hphMX4) and YJF2601 400 

(MAT  ho::NatMX trp1::hphMX4) were crossed to previously constructed S. 401 

cerevisiae mitochondrial knockout strains (43–48). S. cerevisiae strains with wild-type 402 

mtDNA were crossed in parallel as control. MATa and MAT strains were mixed on YPD 403 

and incubated at room temperature overnight. The mating mixtures were either replica-404 

plated (initial trial) or resuspended in sterile water and plated (second trial) onto YPGly. 405 

The YPGly plates were incubated at 37°C for 7-10 days to select for 37°C-respiring 406 

recombinants. The mating mixtures of cox2and cox3 crosses were also plated to CM-407 

trp-his-leu-lys-ura at room temperature to select for diploid hybrids, which allowed us to 408 

estimate the recombination rate to be around 0.05-0.1%. 37°C-respiring colonies were 409 

picked and streaked on YPD at room temperature for single colonies. For the initial trial, 410 

the 37°C-respiring cells were streaked on YPD twice. For the cox1 and atp6 crosses, 411 

the plates were left at room temperature for 3 days after 7 days at 37°C incubation and 412 

colonies growing from the recovery period were also picked and streaked. We also tried 413 

selecting for recombinants at 33C and 35C for the crosses with cob, atp6 and atp8 414 

strains, from which we isolated few recombinants at 37C. However, selection at 35C did 415 

not significantly increase either the number or the size of the recombinant colonies 416 

compared to 37C, and 33C is too low a temperature to distinguish any heat-tolerant 417 

recombinants from non-recombinant S. uvarum mtDNA; we thus did not sequence 418 

colonies from these selections. As a result, 3+12, 4+48, 3+25, 2+3, 0+7, and 0+1 strains 419 

(initial trial + second trial) from the cox2, cox3, cox1, cob, atp6 and wild-type 420 

D273-10B control crosses, respectively, were generated. The total of 102 strains were 421 

subjected to whole genome sequencing and phenotyping. 422 

 423 

Spontaneous mitochondrial recombinants 424 

S. cerevisiae (YJF153, MATa hoΔ::dsdAMX4, YPS163 derivative) and S. uvarum 425 

(YJF1450, MATα hoΔ::NatMX, CBS7001 derivative) were mated and streaked onto 426 

SDPSer + clonNAT medium to select for diploid hybrids. 384 colonies on the double 427 

selection plates were picked and arrayed onto one YPD agar plate and subsequently 428 

pinned to YPD and YPGly and incubated at room temperature, 37°C and 4°C. Colony 429 

sizes on each plate were scored both manually and quantitatively using ImageJ (49). 430 

Strains with recombinant-like temperature phenotypes (r114, r194, r262, r334, r347 and 431 

b2), along with two control strains (r21, r23) with typical phenotypes for S. cerevisiae and 432 

S. uvarum mitotypes, respectively, were subjected to whole genome sequencing and 433 

phenotyping. 434 

 435 

DNA extraction, library preparation, and sequencing 436 

For the unselected putative recombinants and their controls (r21, r23, b2, r334, r114, 437 

r194, r262, and r347), DNA was extracted using an mtDNA-enriching protocol (see 438 



 

 

below). For other strains sequenced in this study, genomic DNA was extracted from 22°C 439 

YPD overnight cultures inoculated with cells pre-grown on YPGly plates (ZR 440 

Fungal/Bacterial DNA MicroPrep kit, Zymo Research). 441 

mtDNA was enriched following a protocol adapted from (50) and (26). 50ml YPEG 442 

(1% yeast extract, 2% peptone, 2% ethanol, 2% glycerol) medium was inoculated with 443 

overnight YPD starter cultures, shaken at 300rpm at 22°C. The culture was collected at 444 

late-log phase (3,000g for 1 min) and the cell pellet was washed twice in 1ml sterile 445 

distilled water. The cells were then washed in buffer (1.2M Sorbitol, 50mM Tris pH 7.4, 446 

50mM EDTA, 2% beta-mercaptoethanol) and centrifuged at 14,000 rpm for 3 minutes. 447 

The cell pellet was weighed, resuspended in Solution A (0.5M Sorbitol, 50mM Tris pH 448 

7.4, 10mM EDTA, 2% beta-mercaptoethanol, 7ml/g wet weight cells) containing 449 

0.2mg/ml Zymolyase (Zymo Research), and incubated at 37°C, 100 rpm for 45min for 450 

osmotic lysis. The suspension was then centrifuged at 4,000rpm for 10min. The 451 

supernatant was decanted to a new tube and centrifuged at 14,000 rpm for 15min, to get 452 

the crude mitochondrial pellet. The pellet was then incubated in DNase treatment solution 453 

[0.3M Sucrose, 5mM MgCl2, 50mM Tris-HCl pH 8.0, 10mM CaCl2, 100U/ml RQ1 Dnase 454 

(Promega), 500ul/g initial wet weight] at 37°C, 100 rpm for 30min to remove nuclear 455 

DNA. 0.5M EDTA (pH 8.0) was added to a final concentration of 0.2M to stop the 456 

reaction. The mitochondrial pellet was then washed three times by repeated cycles of 457 

centrifugation at 15,000 rpm for 10min and resuspension in 1ml solution A to remove 458 

DNase, and then resuspended in 400ul Solution B (100mM NaCl, 10mM EDTA, 50mM 459 

Tris pH 8) and incubated at room temperature for 30min for lysis. mtDNA was isolated 460 

from the solution by phenol-chloroform extraction and ethanol precipitation, followed by 461 

a clean-up with DNA clean and concentrator -5 kit (Zymo Research). Alternatively, two 462 

samples (r21and r262) were extracted with ZR Fungal/Bacterial DNA MicroPrep Kit 463 

(Zymo Research) by adding the Fungal/Bacterial DNA binding buffer to the lysed 464 

mitochondrial fraction and following the rest of the manufacturer protocol. The yield was 465 

typically 10-20ng/g wet weight cells and provided 10- to 100-fold enrichment of 466 

mitochondrial reads. 467 

Paired-end libraries were prepared with Nextera DNA Library Preparation Kit 468 

(Illumina) with a modified protocol. Briefly, 3-5 ng DNA was used for each sample and 469 

the tagmentation reaction was performed at a ratio of 0.25ul tagmentation enzyme/ng 470 

DNA. The tagmented DNA was amplified by KAPA HiFi DNA polymerase for 13 cycles 471 

(72°C 3min; 98°C 5min; 98°C 10s, 63°C 30s, 72°C 30s for 13 cycles; 72°C 5min). The 472 

PCR reaction was then purified with AMPure Beads. Paired-end 2x150 Illumina 473 

sequencing was performed on a MiniSeq by the DNA Sequencing Innovation Lab in the 474 

Center for Genome Sciences and System Biology at Washington University. 96 475 

recombinants generated in the second trial of the mitochondrial mutant crosses were 476 

subsequently re-sequenced on a NextSeq 500 at Duke Center for Genomic and 477 

Computational Biology for deeper coverage. The NextSeq reads and MiniSeq reads were 478 

combined in the analysis. The reads were deposited at the Sequence Read Archive under 479 

accession no. SRP155764. 480 

 481 

Mitochondrial genome assembly 482 

The S. uvarum mitochondrial genome was assembled from high-coverage sequencing 483 

of r23. Before assembly, we confirmed that it carried a non-recombinant S. uvarum 484 

mitochondrial genome by mapping the reads to CBS380 (51), an S. eubayanus × S. 485 

uvarum × S. cerevisiae hybrid that inherited the mitochondria from S. uvarum. To 486 

assemble the mitochondrial genome, reads were first cleaned with trimmomatic (52) to 487 



 

 

remove adapters. They were then assembled using SPAdes assembler (53), included in the 488 

wrapper iWGS (54), to produce contigs. Contigs were scaffolded to produce the final 489 

assembly through comparison with the output assembly of MITObim (55). The assembly 490 

was annotated with Mfannot Tool (http://megasun.bch.umontreal.ca/RNAweasel/); ORF1 491 

(F-SceIII) annotation was added manually using Geneious R6 (56). The assembled r23 492 

mitochondrial genome is 64,682 bp and has a total of 5,874 gapped bases (GenBank 493 

accession no. MH718505). Most gaps are in the intergenic regions, one gap is in VAR1, 494 

and 3 small gaps are in the introns of COB. The r23 mitochondrial genome is 99% 495 

identical to CBS380, based on BLAST results. 496 

 497 

Read mapping and allele assignment of recombinants 498 

Illumina reads were mapped to a reference that combined the mitochondrial genomes 499 

of S. cerevisiae (S288C-R64-2-1) and S. uvarum (r23 mitochondria assembled in this 500 

study), using end-to-end alignment in Bowtie 2 (57). Duplicated reads and reads with high 501 

secondary alignment scores (XS>=AS) or low mapping quality (MQ < 10) were filtered 502 

out. Using this method, reads from hybrids with non-recombinant S. cerevisiae or S. 503 

uvarum mtDNA were >99.9% correctly mapped to their reference genomes 504 

(49,496/49,504 for S. cerevisiae, 161,712/161,714 for S. uvarum). To characterize 505 

aneuploidy and the ratio of mitochondrial to nuclear reads, the reads were re-mapped to a 506 

reference file combining S. cerevisiae (S288C-R64-2-1) and S. uvarum (42) reference 507 

genomes, using the same method. Coverage of nucleotide positions and of chromosomes 508 

was generated by samtools depth and samtools idxstats, respectively. 509 

For data visualization and identification of recombination breakpoints, we assigned 510 

allele identity for each nucleotide in orthologous regions in the two reference 511 

mitochondrial genomes. The total length of orthologous sequences is 16.5kb (nucmer 512 

alignment) and contains mostly coding and tRNA sequences. After removing sites with no 513 

coverage in control strains, 12.6k nucleotide positions were subjected to data visualization 514 

and allele calling. We called the allele identity of a given nucleotide position based on the 515 

ratio of reads that mapped to the S. cerevisiae reference allele to the total number of reads 516 

that mapped to the two orthologous alleles (rsc=sc/(sc+su)): rsc of 1 (or no lower than the 517 

non-recombinant S. cerevisiae mtDNA control) was called S. cerevisiae, rsc of 0 (or no 518 

higher than the non-recombinant S. uvarum mtDNA control) was called S. uvarum, rsc > 0 519 

and < 1 were called mixed. Sites without coverage of either allele were treated as missing 520 

data. A relaxed threshold was used in data visualization to account for noise in read 521 

mapping (rsc >0.9 was called S. cerevisiae, labeled as “sc-90”; rsc <0.1 was called S. 522 

uvarum, labeled as “su-90”). Using this method, a total of 90 sequenced strains were 523 

confirmed to be recombinants. 524 

For quantifying the effect size of S. cerevisiae alleles, we counted the number of 525 

reads mapped to each protein-coding gene, tRNA and rRNA by htseq-count. For each 526 

gene, we tested the allele effect across 90 recombinants using a linear model: phenotype ~ 527 

allele + petite, where allele is the ratio of S. cerevisiae reads for a given gene and petite is 528 

the empirically determined petite rates (see below). Because we used the ratio of S. 529 

cerevisiae reads to represent allele identity, the model does not assume dominance; a 530 

heterozygous individual (i.e. read ratio = 0.5) should have an intermediate phenotype. P-531 

values were extracted from the models and adjusted by the false discovery rate (Benjamini 532 

& Hochberg method) to correct for multiple comparisons. While the p-value for the petite 533 

term is significant in some models, its effect was always estimated to be positive. Because 534 

high petite rates should lead to small colonies, we do not consider petite rate to 535 

significantly contribute to the phenotype. Additionally, aneuploidy and mtDNA copy 536 



 

 

number variation were present in several recombinants, but the addition of the two 537 

variables to the model did not change the effect size and significance of the allele term 538 

(phenotype ~ allele + petite+ aneuploidy + copy, where aneuploidy is a binary variable 539 

indicating presence/absence of chromosomal duplication and copy is the ratio of 540 

mitochondrial to nuclear reads). See Data S2 for all data used in the models. 541 

The unselected putative recombinants were sequenced to high coverage, so we 542 

generated contigs and assemblies as in “Mitochondrial genome assembly”. The contigs 543 

were mapped to S. cerevisiae (r21) and S. uvarum (r23/CBS380/CBS7001) assemblies in 544 

Geneious R6 to identify the breakpoints. For the recombinants of lower quality assemblies 545 

(r194, r347, and b2), the contigs were mapped to the best recombinant assembly r114 to 546 

improve recombinant construction. Results were confirmed by retaining the Illumina reads 547 

from the mitochondrial genome, using both reference mitochondrial genomes as baits in 548 

HybPiper (58) and mapping them to the reference mitochondrial genomes using Geneious 549 

R6. 550 

 551 

Recombinant phenotypes 552 

Recombinant strains were first grown on YPGly plates to enrich for respiring cells, 553 

then in liquid YPD shaken at room temperature overnight. The overnight culture was 554 

diluted 1:105, spread on YPD and YPGly plates and incubated at 22°C, 37°C, or 4°C. 555 

Pictures of plates were taken on the 5th day for 22°C and 37°C YPD plates, on the 6th day 556 

for 22°C and 37°C YPGly plates and on the 68th day for 4°C YPD and YPGly plates. 557 

Colony sizes on YPGly plates were acquired by the Analyze Particles function in ImageJ 558 

(49). Non-single colonies were filtered out both by manually marking problematic 559 

colonies during analysis and by roundness threshold (roundness > 0.8 for non-petite 560 

colonies). For each strain, sizes of all the non-petite colonies (colony size > 200 units) 561 

were averaged; if no cells were respiring at a given condition, the average of all the 562 

(micro)colonies was used instead. Petite rates of the overnight cultures were recorded by 563 

counting big/small colonies on 22°C YPD and normal/micro colonies on 22°C YPGly 564 

plates, and the two values were averaged. Control strains carrying wild-type S. cerevisiae 565 

or S. uvarum mtDNA in the background of D273-10B × CBS7001 were phenotyped in 566 

parallel. 567 

Initially the ~90 strains were phenotyped in three batches. We accounted for the 568 

batch effect for the 37°C data by picking 3-4 strains from each batch and repeating the 569 

phenotyping process on the same day at 37°C. Linear models between old data and new 570 

data were generated for each batch separately and were used to adjust for an overall batch 571 

effect. The 22°C colony sizes were not adjusted. 572 

 573 

Mitochondrial allele replacement 574 

        Mitochondrial transformation was performed as previously described (25) (Fig. S6). 575 

Intronless mitochondrial alleles were synthesized by Biomatik. The alleles were Gibson-576 

assembled into an ARG8m-baring pBluescript plasmid, such that the mitochondrial allele 577 

is flanked by 69 bp and 1113 bp ARG8m sequences at its 5’ and 3’ end, respectively (Fig. 578 

S6C). Sequences of the assembled plasmid were confirmed by Sanger sequencing.  579 

        Mitochondrial knockout strains were first transformed with PGAL-HO to switch 580 

mating types and validated by mating type PCR. In these strains, the target gene was 581 

replaced with ARG8m, so our constructs carrying the allele of interest can integrate into 582 

their endogenous loci by homologous recombination with ARG8m (Fig. S6C). 583 

        We bombarded the mitochondrial plasmid and pRS315 (CEN plasmid carrying 584 

LEU2) into S. cerevisiae strain DFS160 (MAT ade2-101 leu2Δ ura3-52 arg8Δ::URA3 585 



 

 

kar1-1, rho0) (45) using a biolistic PDS-1000/He particle delivery system (Bio-Rad) and 586 

selected for Leu+ colonies on MM plates. The colonies were replica-mated to the 587 

mitochondrial knockout strains at 30°C for 2 days. The mating mixtures were replica-588 

plated to YPGly plates and incubated at 30°C. YPGly+ colonies were streaked on YPD 589 

and mating types were determined by PCR. We also isolated the DFS160-derived parent 590 

strains that gave rise to the YPGly+ colonies from the master plates. For S. cerevisiae 591 

COX1 and COB alleles, the parent strains were re-mated to the knockout strains for 592 

confirmation. 593 

The YPGly+ colonies carry a mitochondrial genome with the allele of interest 594 

integrated at their endogenous loci. Because of the kar1-1 mutation in DFS160, we were 595 

able to isolate YPGly+ colonies that are diploid, MATa haploid, or MAT haploid. We 596 

crossed the MATa transformant (D273-10B background) to an S. uvarum rho0 strain 597 

(YJF2760). The hybrid strain and the diploid S. cerevisiae strains directly obtained from 598 

the mitochondrial transformation were phenotyped at room temperature, 37°C, and 4°C on 599 

YPD and YPGly by spot dilution assays. The allele identity of all the phenotyped strains 600 

was confirmed by PCR and restriction digest. 601 

 602 
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Fig. S1. Reciprocal hemizygosity test of HFA1 and CUP2.  606 

Fig. S2. Fermentative and respiratory growth of interspecific hybrids with reciprocal 607 

mitotypes at different temperatures. 608 

Fig. S3. Rescue of S. cerevisiae (sc) mitochondrial knockouts by recombination with S. 609 

uvarum (su) mitotypes. 610 

Fig. S4. Recombinant genotypes and examples of recombination breakpoints. 611 

Fig. S5. High petite rate of S. uvarum mitotype and its association with ORF1. 612 

Fig. S6. Procedure for mitochondrial allele replacement. 613 

Fig. S7. Background-dependent allele effects of COX1. 614 

Table S1. Aneuploidy in the recombinants. 615 

Table S2. (separate file) Strains used in this study. 616 

Data file S1. (separate file) Results of non-complementation screen.  617 
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 831 

Fig. 1. A non-complementation screen identified genes underlying phenotypic 832 

divergence between S. cerevisiae and S. uvarum. (A) S. cerevisiae and S. uvarum differ 833 

in heat (37°C), copper (0.5mM, 22°C), and ethanol (10%, 30°C) tolerance. The resistant S. 834 

cerevisiae alleles are dominant, shown by the hybrid (S. cerevisiae × S. uvarum) compared 835 

to S. cerevisiae (diploid, S288C background) and S. uvarum (diploid, CBS7001 836 

background). Growth is after 3 days. (B) S. cerevisiae haploid deletion collection was 837 

crossed to S. uvarum to construct an interspecies hemizygote collection. The number of 838 

non-complementing genes is shown for each phenotype; the asterisk indicates that the 839 

number includes strains carrying S. uvarum mtDNA. (C) HFA1 hemizygote with only an 840 

S. cerevisiae allele (sc/-) shows better 37°C growth than one with only an S. uvarum allele 841 

(-/su). Growth is after 5 days. See Fig. S1B for quantification. 842 

 843 



 

 

 844 

 845 

Fig. 2. Mitochondria-encoded genes affect divergence in heat and cold tolerance. (A) 846 

S. cerevisiae (sc) mtDNA confers heat tolerance while S. uvarum (su) mtDNA confers 847 

cold tolerance. (B) Recombinant strains (rows) derived from mutant crosses (left) are 848 

clustered by genotype (middle). Wild-type S. cerevisiae (wt_sc) and S. uvarum (wt_su) 849 

mitotype controls are at the bottom and the top, respectively. Allele identity is shown for 850 

12.6k orthologous single nucleotide markers (sc and sc-90, S. cerevisiae; su and su-90, S. 851 

uvarum; mixed, heterozygous or chimeric; white, no data) in the S. cerevisiae gene order 852 

(bottom). 37°C growth is the average size of non-petite colonies on glycerol plates (right). 853 

The presence of 4°C glycerol growth is indicated by solid squares (far right). (C) Effect 854 



 

 

size of S. cerevisiae alleles on 37°C growth on glycerol, with error bars representing 95% 855 

confidence intervals. The y-axis is rescaled such that 0 and the top horizontal line 856 

represent the phenotype of wild-type S. uvarum and S. cerevisiae mitotype, respectively. 857 

Selected tRNAs are labeled by their single letter amino acid code, while others are marked 858 

by a black bar (e.g. the tRNA cluster). Blue dashed lines indicate genome positions of S. 859 

uvarum genes compared to S. cerevisiae. 860 

 861 

 862 

Fig. 3. COX1 coding alleles affect growth at high and low temperature. Hybrids 863 

carrying allele replacements and two wild-type controls were plated with 1:10 serial 864 

dilution and incubated at indicated temperatures. Growth is after 4 days for 25°C and 865 

37°C, 25 days for 4°C on glucose, 53 days for 4°C on glycerol. sc, S. cerevisiae; su, S. 866 

uvarum; mt, mtDNA. Alleles in the brackets were integrated into their endogenous 867 

position in S. cerevisiae mtDNA. 868 
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Supplementary Materials 871 

Supplementary Text 872 

High petite rate of S. uvarum mitotype and its association with ORF1 873 

Saccharomyces yeast strains generate petites spontaneously at a rate of ~1%, and 874 

variants in nuclear genes can affect petite rates (59). We observed an extremely high petite 875 

rate in the hybrid with S. uvarum mitotype (48-61%, sometimes >90%), while the hybrid 876 

carrying S. cerevisiae mtDNA rarely generates petites (Fig. S5A). The high petite rate 877 

associated with S. uvarum mtDNA is only seen in the interspecific hybrid, but not pure 878 

strains S. uvarum, suggesting a dominant incompatibility in mtDNA inheritance between 879 

hybrid nuclear genomes and S. uvarum mtDNA. However, we were able to isolate a few S. 880 

cerevisiae and S. uvarum hybrids that carried mostly S. uvarum mitochondrial genes but 881 

did not exhibit a high petite rate. These strains arose at a frequency of 1%, so they are 882 

likely spontaneous recombinants. Whole genome sequencing showed that they all carry S. 883 

cerevisiae ORF1, but the rest of their mitochondrial genome is S. uvarum (Fig. S5C). This 884 

result suggests a strong link between S. cerevisiae ORF1 and mtDNA inheritance. In the 885 

90 recombinants generated from mutant crosses, we also observed a strong correlation 886 

between S. cerevisiae ORF1 and low petite rates, although there were exceptions (Fig. 887 

S5B).  888 

The possible inheritance phenotype adds to our understanding of the interesting 889 

biology of ORF1. ORF1 (F-SceIII) was suggested to encode a free-standing homing 890 

endonuclease (60). The best-known homing endonuclease is I-SceI (ω), which promotes 891 

its spread to homing-less mitochondrial genomes (61). ORF1 (F-SceIII) has been proposed 892 

to mediate mitochondrial recombination based on the high frequency of interspecific 893 

mitochondrial recombinants at the start of ORF1 in wild Saccharomyces species and in a 894 

synthetic hybrid of S. cerevisiae × S. mikatae (24, 62). Although further work will be 895 

needed to demonstrate that ORF1 affects mitochondrial inheritance, this activity would 896 

imply co-evolution between a selfish element and its host (63).  897 
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 899 

Fig. S1. Reciprocal hemizygosity test of HFA1 and CUP2. (A) Hemizygotes with either 900 

the S. cerevisiae allele (sc/-) or S. uvarum allele (-/su) and a wild-type hybrid (sc/su) were 901 

compared under the same conditions as the non-complementation screen. Growth is after 5 902 

days. (B) Heat or copper resistance was measured by colonies sizes normalized to control 903 

condition (22°C YPD), with error bars representing the standard deviation of 6 biological 904 

replicates. (C) HFA1 hemizygotes differed in heat sensitivity on glucose but not glycerol 905 

medium. Cells were plated at 1:10 dilution. Growth is after 3 days. 906 

Fig. S2. Fermentative and respiratory growth of interspecific hybrids with reciprocal 907 

mitotypes at different temperatures. Interspecific hybrids between S. cerevisiae (sc), S. 908 

paradoxus (sp), S. kudriavzevii (sk), and S. uvarum (su) with either parental mitotype (ρp1 909 

or ρp2) or no mtDNA (ρo) were grown on YPD and YPGly plates for 5 days (22°C and 910 

37°C) or 124 days (4°C). Growth of parent species and their petites are shown for 911 

comparison. The 4°C images of S. cerevisiae × S. kudriavzevii hybrid with S. cerevisiae 912 

mtDNA (sc  sk p1) were replaced with images from a biological replicate plated in the 913 

same configuration because the original colony was contaminated. 914 

Fig. S3. Rescue of S. cerevisiae (sc) mitochondrial knockouts by recombination with 915 

S. uvarum (su) mitotypes. Upon crossing S. cerevisiae with S. uvarum, hybrids have 916 

unstable heteroplasmy; parental types do not grow at 37°C on glycerol, but recombinants 917 

can rescue the S. cerevisiae deficiency and the S. uvarum temperature sensitivity. 918 

Fig. S4. Recombinant genotypes and examples of recombination breakpoints. (A) 919 

Recombinants were manually classified into 11 genotype groups and breakpoints for 8 920 

representatives were identified by manual inspection. Strains were labeled by the trials 921 

(“f” for initial trial and “S” for second trial) and mutant crosses in which they were 922 

generated. Phenotype panels are shown as in Fig. 2B, with the addition of 22°C colony 923 

sizes. (B) Representative recombinant genomes are shown. Outer circles represent the 924 

reference mitochondrial genomes (red for S. cerevisiae, blue for S. uvarum) and inner 925 

circles show coverage of a given recombinant. Note 15S rRNA and COB are at different 926 

positions in the two reference genomes. 927 

Fig. S5. High petite rate of S. uvarum mitotype and its association with ORF1. (A) 928 

Petite rate in a 22°C overnight culture is high for the hybrid with a S. uvarum mitotype 929 

(blue circle), while the hybrid with a S. cerevisiae mitotype (red circle) rarely generates 930 

petites (dotted circle). (B) Petite rates associate with ORF1 alleles in 90 recombinants 931 

generated by knockout crosses. sc, S. cerevisiae; su, S. uvarum. (C) Four spontaneous 932 

recombinants carrying S. cerevisiae ORF1 showed low petite rates; the rest of their 933 

mitochondrial genome is S. uvarum. 934 

Fig. S6. Procedure for mitochondrial allele replacement. (A) Biolistic transformation 935 

of the mitochondrial construct with a LEU2 plasmid. (B) Leu+ colonies were mated to S. 936 

cerevisiae mitochondrial knockouts. (C) The allele of interest was integrated into the 937 

mitochondrial genome via homologous recombination. (D) Integrated alleles were 938 



 

 

selected by rescue of respiration. (E) MATa mitochondrial genome transformants were 939 

crossed to S. uvarum. 940 

Fig. S7. Background-dependent allele effects of COX1. S. cerevisiae diploids and 941 

hybrids carrying allele replacements and two wild-type controls were plated with 1:10 942 

serial dilution and incubated at indicated temperatures. Growth is after 4 days for 25°C 943 

and 37°C, 25 days for 4°C on glucose, and 53 days for 4°C on glycerol. sc, S. cerevisiae; 944 

su, S. uvarum; mt, mtDNA. Alleles in the brackets were integrated into their endogenous 945 

loci in S. cerevisiae mtDNA. 946 
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Table S1. Aneuploidy in the recombinants. 948 

Strain 

Increased 37°C 

growth compared 

to similar 

genotypes? 

Cross 
Duplicated 

chromosome 

Mitochondrial 
interacting genes 

carried on the 
chromosome1 

Reference 

S29 Yes cox3 
S. cerevisiae 

chrIX 
MRS1 (11) 

S53 No cox3 
S. cerevisiae 

chrV 
MRX1 (32) 

S54 No cox3 
S. cerevisiae 

chrIX 
MRS1 (11) 

S61 Yes cox3 
S. cerevisiae 

chrIX 
MRS1 (11) 

S97 Yes cox1 
S. uvarum 

chr10 
PET309 (32) 

 949 
1 Only genes with known incompatibilities were listed. 950 
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External files: 953 

 954 

Table S2. Strains used in this study. 955 

Data file S1. Results of non-complementation screen.  956 

Data file S2. Recombinant strain genotypes and phenotypes. Allele, petite rate, 957 

aneuploidy, and mito/nuclear read ratio of the 90 mitochondrial recombinants used in the 958 

linear model.  959 


