
| INVESTIGATION

Mitochondrial Genome Variation Affects Multiple
Respiration and Nonrespiration Phenotypes in

Saccharomyces cerevisiae
Sriram Vijayraghavan,* Stanislav G. Kozmin,*,1 Pooja K. Strope,*,2 Daniel A. Skelly,†,3 Zhenguo Lin,‡

John Kennell,‡ Paul M. Magwene,† Fred S. Dietrich,* and John H. McCusker*,4

*Department of Molecular Genetics and Microbiology, Duke University Medical Center, Durham, North Carolina 27710,
†Department of Biology, Duke University, Durham, North Carolina 27708, and ‡Department of Biology, Saint Louis University,

Missouri 63103

ORCID ID: 0000-0002-7659-2589 (P.M.M.)

ABSTRACT Mitochondrial genome variation and its effects on phenotypes have been widely analyzed in higher eukaryotes but less so
in the model eukaryote Saccharomyces cerevisiae. Here, we describe mitochondrial genome variation in 96 diverse S. cerevisiae strains
and assess associations between mitochondrial genotype and phenotypes as well as nuclear-mitochondrial epistasis. We associate
sensitivity to the ATP synthase inhibitor oligomycin with SNPs in the mitochondrially encoded ATP6 gene. We describe the use of iso-
nuclear F1 pairs, the mitochondrial genome equivalent of reciprocal hemizygosity analysis, to identify and analyze mitochondrial
genotype-dependent phenotypes. Using iso-nuclear F1 pairs, we analyze the oligomycin phenotype-ATP6 association and find exten-
sive nuclear-mitochondrial epistasis. Similarly, in iso-nuclear F1 pairs, we identify many additional mitochondrial genotype-dependent
respiration phenotypes, for which there was no association in the 96 strains, and again find extensive nuclear-mitochondrial epistasis
that likely contributes to the lack of association in the 96 strains. Finally, in iso-nuclear F1 pairs, we identify novel mitochondrial
genotype-dependent nonrespiration phenotypes: resistance to cycloheximide, ketoconazole, and copper. We discuss potential mech-
anisms and the implications of mitochondrial genotype and of nuclear-mitochondrial epistasis effects on respiratory and nonrespiratory
quantitative traits.
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MITOCHONDRIAL genome polymorphisms and nuclear-
mitochondrial epistasis have been extensively studied

in multicellular model organisms (Ballard and Melvin 2010;
Joseph et al. 2013) and in humans. In humans, polymor-
phisms in both the maternally inherited mitochondrial

genome and the nuclear genome are major sources of drug-
induced and inherited mitochondrial diseases (Carelli et al.
2003; Thorburn 2004; Dimauro and Davidzon 2005; Taylor
and Turnbull 2005; Graziewicz et al. 2006; Mancuso et al.
2007; Barnhill et al. 2012; Schapira 2012; Singh et al. 2014;
Lodi et al. 2015). Relative to its size (16,569 bp; 37 genes),
human mitochondrial genome polymorphisms are responsi-
ble for a large proportion of these mitochondrial diseases.
The large proportion of mitochondrial genotype-dependent
human mitochondrial diseases may reflect nuclear-mitochondrial
epistasis that arises because all mitochondrially encoded
RNAs and proteins form complexes with at least one, and
often multiple, nuclearly encoded proteins. Both the hu-
man and Saccharomyces cerevisiae mitochondrial genomes
contain a small subset of the genes required for mitochondrial
translation and for respiration and in both species most of
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the 500–1500 member mitochondrial proteome is nuclearly
encoded (Steinmetz et al. 2002a; Sickmann et al. 2003;
Perocchi et al. 2008; Rhee et al. 2013). Thus, S. cerevisiae is
an excellent model for studies of human mitochondrial and
nuclear-mitochondrial gene product functions (Steinmetz
et al. 2002a; Schwimmer et al. 2006; Perocchi et al. 2008;
Baile and Claypool 2013; Rutter and Hughes 2015), as well
as for nuclear-mitochondrial pathogenic polymorphisms
(Stumpf and Copeland 2011; Montanari et al. 2013; Kabala
et al. 2014; Lodi et al. 2015).

In addition to being a model for mitochondrial and nuclear-
mitochondrial gene product functions, S. cerevisiae is a well-
established model for population and quantitative genetics
studies (Liti and Louis 2012; Fay 2013; Strope et al. 2015;
Peter et al. 2018). However, S. cerevisiae population and
quantitative genetics studies have almost exclusively focused
on nuclear genome sequences and phenotypic contributions
with relatively few studies considering the phenotypic con-
tributions of mitochondrial genome variation (Codón et al.
1995; Dimitrov et al. 2009; Edwards et al. 2014; Paliwal et al.
2014; Wolters et al. 2018). We previously described the nu-
clear genome sequences, phenotypes, and nuclear genotype-
phenotype associations in the 100-genomes collection of S.
cerevisiae strains (Strope et al. 2015). In this work, we anno-
tate the mitochondrial genomes of 93 S. cerevisiae strains
sequenced by Strope et al. (2015). In addition, we test for
associations of previously determined phenotypes (Strope
et al. 2015) and novel respiration phenotypes with S. cerevi-
siaemitochondrial genome variation. Finally, we identify mi-
tochondrial genotype-dependent contributions to multiple
respiration and nonrespiration phenotypes, as well as exten-
sive nuclear-mitochondrial epistasis.

Materials and Methods

Strains

The S. cerevisiae strains listed in Supplemental Material, Ta-
ble S1 have been deposited in and should be requested from
the Fungal Genetics Stock Center (http://www.fgsc.net). For
additional descriptions of the sequenced S. cerevisiae strains
or genetic backgrounds in Table S1, see Strope et al. (2015).

Mitochondrial genome assemblies, annotation,
and phylogenies

We isolated and sequenced genomicDNA from93 S. cerevisiae
strains as described previously (Strope et al. 2015). We as-
sembled the mitochondrial genomes from the 93 S. cerevisiae
strains using the de novo assembler ABySS (v.1.3.4), with
parameters “k” (the k-mer length), “n” (the minimum num-
ber of pairs needed to join contigs), and “c” (the minimum
mean k-mer coverage of a unitig) optimized for each strain.
Assembly of mitochondrial genomes was carried out using a
range of parameters, using ABySS, and also velvet, with the
goal of obtaining complete genomes. In most cases, multiple
assemblies were combined. In some cases, it was necessary to

use an exhaustive assembly algorithm (pondslime) that
uses quality scores, to overcome the problems of assembly of
highly AT-rich sequences with numerous sequence errors.
For the mitochondrial genomes, N50 scores in the 5–15 kb
range were generally good. Higher N50 scores often involved
chimeric assemblies due to inappropriate joining of AT-rich
runs by the nonquality score–based assemblers. Once the mi-
tochondrial genome assemblies were complete, they were
checked using Pilon (Broad Institute) as well as checked for
paired-end pairing errors, “gene errors” (whether the eight
conserved protein-encoding genes and the ribosomal rDNA/
transfer RNA (tRNA) encoding genes were all present and
intact), and completeness. Completeness was determined us-
ing BWA to generate a .sam file for each set of sequences
aligned against the genome assembled from it. Sequence
reads not aligning were assembled (velvet) and used to de-
termine if pieces of the mitochondrial genomes had been in-
advertently left out.

We identified mitochondrial sequences by high read
depths relative to single copy nuclear genes and by homology
to previously sequenced Saccharomyces mitochondrial ge-
nomes, genes, and introns. We also used BLAST, ssearch36,
LAGAN, EMBOSS tools, and Perl scripts to identify mitochon-
drial genes and sequence polymorphisms relative to the
reference S288c mitochondrial genome. Table files were
created with the mitochondrial gene coordinates for each
strain. We used the NCBI tool tbl2asn (http://www.ncbi.
nlm.nih.gov/genbank/tbl2asn2/) to annotate the mitochon-
drial genome of each strain.

We used BWA and samtools to estimate the mitochondrial
genome copy number of these 93 S. cerevisiae strains, which
were all grown under the same conditions, by read depths of
the mitochondrial 21S recombinant DNA gene relative to
MDN1, a single-copy nuclear gene. 21Swas used for estimat-
ing mitochondrial depth of coverage because it is by far the
largest mitochondrial gene (4438 bp with and 3731 bp with-
out the SCE1 intron), is found in all mitochondrial genomes,
and is conserved.MDN1was chosen as the nuclearmarker for
estimating depth of coverage because it is the largest protein
coding gene in the nuclear genome and does not contain
repetitive sequences.

The mitochondrial genome sequences of 128 strains in
8 Saccharomyces species (Foury et al. 1998; Fritsch et al.
2014; Strope et al. 2015; Leducq et al. 2017; Sulo et al.
2017) were screened for ATP6 and ENS2 gene sequences.
Evolutionary histories of these genes were inferred by us-
ing the maximum likelihood (ML) method, using MEGA6
(Tamura et al. 2013). For each gene family, we calculated
Bayesian information criterion (BIC) scores for 24 different
nucleotide substitution models using their sequence align-
ments in MEGA6 (Tamura et al. 2013). The nucleotide sub-
stitution model with the lowest BIC scores are considered to
describe the substitution pattern the best, which was used in
the ML phylogenetic inference. Specifically, the Hasegawa–
Kishino–Yano model (Hasegawa et al. 1985) was used for
ATP6 and the Tamura 3-parameter model (Tamura 1992)

774 S. Vijayraghavan et al.

http://www.fgsc.net
http://www.ncbi.nlm.nih.gov/genbank/tbl2asn2/
http://www.ncbi.nlm.nih.gov/genbank/tbl2asn2/
http://www.yeastgenome.org/locus/S000007288/overview
http://www.yeastgenome.org/locus/S000004096/overview
http://www.yeastgenome.org/locus/S000007288/overview
http://www.yeastgenome.org/locus/S000004096/overview
http://www.yeastgenome.org/locus/S000007268/overview
http://www.yeastgenome.org/locus/S000029698/overview
http://www.yeastgenome.org/locus/S000007268/overview


was used for ENS2. Nonuniformity of evolutionary rates among
sites weremodeled by using a discrete g-distribution (+G)with
five rate categories, and by assuming that a certain fraction of
sites were evolutionarily invariable (+I).

Iso-nuclear F1 strain construction

We constructed iso-nuclear (i.e., isogenic nuclear genomes)
F1 pairs, the mitochondrial genome equivalent of reciprocal
hemizygosity analysis (Steinmetz et al. 2002b), to identify
mitochondrial genotype-dependent phenotypes and to assess
nuclear-mitochondrial epistasis. To construct iso-nuclear F1
pairs, we first used the MIP1DN-containing plasmid pLND46
(Dimitrov et al. 2009) to eliminate themitochondrial genome
from haploid r+ strains (Table S1); for each haploid r+
strain, we independently generated two r0 derivatives.
The complete absence of mitochondrial DNA in r0 strains
was confirmed by the absence of mitochondrial nucleoids
(MacAlpine et al. 2000). We crossed each of two indepen-
dently generated r0 haploid strains, fromwhich pLND46 had
been lost, with haploid r+ strains from different genetic
backgrounds to create two independent pairs of iso-nuclear
F1 diploids: N1 r13 N2 r0/ N1/N2 r1 and N1 r03 N2 r2
/N1/N2 r2.We compared the phenotypes of iso-nuclear F1
diploids to identify mitochondrial genotype-dependent con-
tributions to phenotypes (Figure 1).

Media and phenotypic analysis

Weperformedhigh-throughputphenotypic analysis of diploid
S. cerevisiae strains as described previously (Strope et al.
2015). Briefly, we grew strains in 80 ml yeast peptone dex-
trose (YPD) (1% yeast extract, 2% bacto peptone, 2% dex-
trose) in 384-well plates at 30� for 48 hr. We arrayed strains
by robotic pinning (BM5 robot; S&P Robotics) onto rectan-
gular agar plates (catalog number 78116; Greiner Bio-One),
at a density of 1536 spots or colonies per plate. To minimize
position and neighbor effects, we arrayed each strain in a 63
4 block of colonies, with the eight internal colonies from each
6 3 4 block being used to determine phenotypes. We incu-
bated plates at 30� for 1–4 days, unless otherwise specified,
that we digitally imaged at 24-hr intervals using the BM5
robot digital camera. We quantified digital images of colony
areas using ImageJ 1.47v (http://imagej.nih.gov/ij/index.
html) with a Patch Detector Plus plug-in (University of Graz
Microscopy Facility; http://microscopy.uni-graz.at/index.
php?item=new1). We used the eight internal colonies from
each 6 3 4 block to calculate median colony areas for each
strain on experimental and control plates; phenotypes were
subsequently quantified using the ratio of colony size under
experimental vs. control conditions. Iso-nuclear F1 strain
pairs were analyzed similarly, except for each being arrayed
in 3 3 4 blocks. We also phenotypically analyzed some sets
of strains by 10-fold spot dilutions (initial cell density: 107

cells/ml) onto control and experimental media to assess
phenotypes.

Phenotypes were determined on plate media containing
2% agar. Ethanol, the utilization of which requires respiratory

competence, and all inhibitors were added to media after auto-
claving. Sensitivity to inhibitors of respiration/mitochondrial
functions were determined on yeast peptone ethanol (YPE)
(1% yeast extract, 2% bacto peptone, 2% ethanol) and/or SE
synthetic ethanol (SE) (0.67% yeast nitrogen base without
amino acids, 2% ethanol) plates . Growth at low (15�; up to
7 days incubation) and high (39�; up to 7 days incubation)
temperatures (30� Control) was tested on YPD, YPEG (YPE +
2% glycerol), synthetic dextrose (SD) (0.67% yeast nitrogen
base without amino acids, 2% dextrose), and SEG (SE + 2%
glycerol) plates. Sensitivity to nonrespiration inhibitors
(cycloheximide, ketoconazole, copper) was determined
on YPD and SD plates. Inhibitors, inhibitor concentrations,
media used, inhibitor targets, and mitochondrial genes in
which resistance mutations previously have been identified
are listed in Table S2.

Genotype-phenotype associations

We tested for associations between nuclear genotypes and
respiration/mitochondrial inhibitor phenotypes (Table S3),
as described previously (Strope et al. 2015). We tested for
associations between genotypes at 180 mitochondrial ge-
nome sites (Table S4) in 96 S. cerevisiae strains and previ-
ously determined phenotypes (Strope et al. 2015), as well as
respiration/mitochondrial inhibitor phenotypes (Table S3).
Mitochondrial genotypes in the 96 S. cerevisiaemitochondrial
genome sequences examined included only variation at bial-
lelic sites with a minor allele frequency of $5%.

The program GEMMA version 0.94beta (Zhou and
Stephens 2012) was used to conduct association tests. This
program takes a linear mixed-model approach to controlling
population structure using a relatedness matrix (normally
constructed from genotype data using GEMMA). To ensure
that this matrix accurately reflected relatedness between
strains, we constructed the matrix using 171,345 nu-
clear and mitochondrial biallelic SNPs with minor allele
frequency$5% (Strope et al. 2015). To establish significance
of genotype-phenotype associations, we used a threshold of
P , 4 3 1027, which was used by Strope et al. (2015) and
corresponds to an approximate Bonferroni correction for as-
sociation mapping using whole-genome genotypes.

Strain and plasmid availability

All strains listed in Table S1 of this work have been deposited
into and are available from the Fungal Genetics Stock Center.
All plasmids generated as part of this work have been de-
posited into and are available from Addgene (http://www.
addgene.org/John_McCusker/). The MIP1DN-containing
plasmid pLND46 (Dimitrov et al. 2009) was obtained from,
and should be requested from, D. Gottschling (CalicoLabs).

Data availability

All S. cerevisiae nuclear and mitochondrial genome sequence
data has been previously published and deposited (https://
doi.org/10.1101/gr.185538.114); see Table S19 of Strope
et al. (2015) for GenBank accession and Sequence Read
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Archive numbers. Supplemental material available at Fig-
share: https://doi.org/10.25386/genetics.7361240.

Results

S. cerevisiae mitochondrial genome assemblies, sizes,
copy numbers, and gene/intron annotations

We assembled the mitochondrial genomes from 93 S. cerevi-
siae strains (Strope et al. 2015). With the likely exception of
YJM1242, where read depths suggested that the region
encompassing the mitochondrial genes tM(CAU)Q1-COX2-
RF1-tF(GAA)Q-tT(UAG)Q2-tV(UAC)Q-COX3-tM(CAU)Q2 may
be duplicated, S. cerevisiaemitochondrial genome sizes ranged
from 73,450 to 92,176 bp (median = 82,308 bp) (Table S5).
With the possible exception of the aforementioned YJM1242,
the S. cerevisiae mitochondrial genomes had the same gene
order as the S288c mitochondrial genome (Foury et al.
1998). Mitochondrial genome copy number in the 93 S. cer-
evisiae strains ranged from 11 to 77 copies (median = 24)
(Table S5). There was a negative association between mito-
chondrial genome size and copy number (Pearson’s correla-
tion = 20.31; P = 0.00264). We annotated mitochondrial
genes (21S, 15S, RPM1, VAR1, COX1, COX2, COX3, COB,
ATP6, ATP8, OLI1, RF1, ENS2, and 24 tRNAs) in the 93 S.
cerevisiae (Strope et al. 2015) and the three previously pub-
lished S. cerevisiae mitochondrial genome sequences (Foury
et al. 1998; Fritsch et al. 2014) for SNPs and indels (Table
S6). We also annotated introns, the presence of which varied
widely between strains and in their contributions tomitochon-
drial genome sizes (Table S7).

ENS2 and ATP6 genotype-phenotype associations
and phylogenies

None of the previously determined 49 phenotypes of the 100-
genomes strains (Strope et al. 2015), including those requir-
ing respiratory competence [i.e., growth on ethanol/glycerol
(15, 30, and 39�; rich and defined media) and sporulation
(multiple media; 25 and 30�)], showed mitochondrial geno-
type associations. Thus, for closer focus on the mitochondrial
genome, we determined 14 additional phenotypes on media
with ethanol or ethanol plus glycerol as the sole carbon
source(s), the utilization of which requires respiratory com-
petence (Table S2 and Table S3). With respect to nuclear
genotypes, we found multiple phenotype associations (Table
S8), including oligomycin sensitivity with loss-of-function
polymorphisms in the general stress response regulator-
encoding gene WHI2, the analysis of which is described in
the Supplemental Material.

For these additional 14 respiration phenotypes, we found
two mitochondrial genotype associations, both for sensitivity
to theATP synthase inhibitor oligomycin. First, thepresence of
ENS2 sequences associated with oligomycin sensitivity (Ta-
ble S8). When functional, the mobile ENS2 gene encodes a
site-specific endonuclease that has a 26 bp recognition se-
quence in the ATP6 ORF (Nakagawa et al. 1992). We anno-
tated ENS2 (Nakagawa et al. 1992) in the 96 S. cerevisiae

strains for presence/absence and, when present, for full-
length, potentially functional ENS2 ORFs, SNPs, and indels
(Table S6). In contrast to the presence/absence association,
there was no oligomycin association with full-length, poten-
tially functional ENS2 ORFs (Table S9).

Wesearched themitochondrial genomesequencesof seven
other Saccharomyces species (Leducq et al. 2017; Sulo et al.
2017) and identified ens2 sequences in Saccharomyces arbor-
icola and Saccharomyces paradoxus (Figure 2). Similar to S.
cerevisiae (Figure 3 and Table S6), ENS2 was located imme-
diately downstream of ATP6 in S. arboricola (two of two
strains) as well as in some S. paradoxus (9 of 25) strains;
there was evidence of ENS2 introgression (Figure 1, Figure
S1, and Figure S2). We determined the ENS2 phylogeny and
identified ENS2 group A, group B, group 1399, and group
S. paradoxus; full-length, potentially functional ENS2 ORFs
were present only in S. cerevisiae (Figure 2, Figure S1, and
Table S6). There was evidence of ENS2 introgression (Figure
1 and Figure S1).

Oligomycin phenotype also associated with SNPs in the
ORF of the ATP synthase subunit-encoding gene ATP6 (Table
S8). The 753, 763, and 766 bp SNPs in the ATP6 ORF most
highly associated with oligomycin phenotype were in linkage
disequilibrium. We annotated the ATP synthase subunit-
encoding gene ATP6 in the 96 S. cerevisiae mitochondrial ge-
nome sequences and identified six groups (S. cerevisiae groups
1–5 and 1399) (Figure 1, Figure S1, Figure S2, and Table S6).

We examined the ATP6 ORFs of the 96 S. cerevisiae strains
for the more sensitive Ens2 recognition sequence previously
identified in an ens20 (i.e., no ens2 sequences) strain (TCATT
CAGGGATATGTGTGGGCTATT) and the less-sensitive Ens2
recognition sequence previously identified in an ENS2-
containing strain (TTATCCAATCTTATGTTTGACTTATC) (Ta-
ble S6) (Nakagawa et al. 1992). The three S. cerevisiae ENS2
groups (A, B, and 1399), ens2 sequence presence/absence, the
two classes of Ens2 site-specific endonuclease recognition se-
quences, and the three most highly oligomycin phenotype-
associated SNPs coincided with the six S. cerevisiae ATP6 groups
(Figure 2, Figure S1, Figure S2, and Table S6). Finally, we
searched the recently publishedmitochondrial genome sequences
of seven other Saccharomyces species (Leducq et al. 2017; Sulo
et al. 2017) for ATP6 and constructed phylogenies. We identified
three S. paradoxus ATP6 groups (S. paradoxus groups 1, 2, and 3).
In S. cerevisiae and S. paradoxus, there was evidence of ATP6
introgression (Figure 2, Figure S1, and Figure S2).

Mitochondrial genotype-dependent oligomycin and
other respiration inhibitor phenotypes in iso-nuclear
F1 pairs

We first performed a small-scale (12 genetic backgrounds,
8 iso-nuclear F1 pairs) experiment (Figure 1) to test the ef-
fects of ATP6 SNP genotypes on oligomycin phenotypes. In
six of these eight iso-nuclear F1 diploid pairs, ATP6 SNP ge-
notype had the predicted effect on oligomycin phenotype,
either mitochondrial genotype-dependent oligomycin resis-
tance/sensitivity phenotypes (n = 4; ATP6R vs. ATP6S) or
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equivalent oligomycin phenotypes (n = 2; ATP6S vs. ATP6S)
(Figure 4, Figure S3, Figure S4, and Table S10). However, the
remaining two iso-nuclear F1 diploid pairs, both ATP6S vs.
ATP6S, nonetheless had mitochondrial genotype-dependent
oligomycin resistance/sensitivity phenotypes, consistent
with epistasis, with one (YJM1083/YJM627) also being
transgressive, i.e., opposite to that predicted by the parental
phenotypes (Table S10). We next tested the ability of these
eight iso-nuclear F1 diploid pairs to identify mitochondrial
genotype-dependent phenotypes for which there were no
mitochondrial genotype-phenotype associations. Again, we ob-
served multiple mitochondrial genotype-dependent phenotypes,
with some being transgressive (Figure 4, Figures S3–S6, and
Table S10).

Because the small-scale experiment was conducted with
only 12 genetic backgrounds and 8 iso-nuclear F1 diploid
pairs, we expanded our analysis by selecting 14 genetic back-
grounds from the 100-genomes strains, haploid derivatives of
which we crossed to create a 143 14 matrix of diploids: the

14 recreated diploid parent strains plus 91 pairs of iso-
nuclear F1 diploids. Similar to the small-scale experiment,
we identified iso-nuclear F1 diploid pairs with mitochondrial ge-
notype-dependent oligomycin phenotypes; in some cases, these
were consistent with their ATP6 SNP genotypes (i.e., ATP6R vs.
ATP6S) while others were consistent with epistasis (i.e., ATP6S vs.
ATP6S and ATP6R vs. ATP6R). Also consistent with epistasis, some
ATP6R vs. ATP6S iso-nuclear F1 diploid pairs had equivalent oli-
gomycin phenotypes. Finally, we identified mitochondrial geno-
type-dependent myxothiazol phenotypes, with many iso-nuclear
F1 pairs exhibiting transgression (Table S11).

Mitochondrial genotype-dependent nonrespiration
inhibitor phenotypes in iso-nuclear F1 pairs

To test if mitochondrial genotype influenced nonrespiration
phenotypes, we determined the spot dilution phenotypes of
the aforementioned eight iso-nuclear F1 diploid pairs, and the
parent diploids, on SD and/or YPD media, which contained
fermentable dextrose as the sole carbon source, for low (15�)
and high (39�) temperature growth, as well as for cyclohexi-
mide, ketoconazole, and copper resistance. In some of these
eight iso-nuclear F1 pairs, we identified mitochondrial geno-
type-dependent growth temperature, ketoconazole, cyclohexi-
mide, and copper resistance phenotypes (Figure 5, Figure 6, and
Table S10). The mitochondrial genotype-dependent copper
phenotypes in the YJM1083/YJM1418 iso-nuclear F1 pairs
were transgressive. Similar to the small-scale experiment, in
the 14 3 14 matrix of diploids we identified mitochondrial ge-
notype-dependent phenotypic differences for ketoconazole and
cycloheximide resistance; one iso-nuclear F1 pair had transgres-
sive cycloheximide phenotypes (Table S11). Nuclear-mitochon-
drial genotype epistasis, including transgression, that affects
respiratory and nonrespiratory phenotypes is discussed below.

Discussion

The vast diversity in the S. cerevisiae mitochondrial genomes
in our study population included size, intron content, and
copy number variation, as well as SNPs/indels in the 36 core
genes [RNA-encoding (n = 27): 21S, 15S, RPM1, 24 tRNAs;
protein-encoding (n = 9): VAR1, COX1, COX2, COX3, COB,
ATP6, ATP8, OLI1, RF1]. Some aspects of these S. cerevisiae
mitochondrial genomes have been previously described
(Wolters et al. 2015; Peris et al. 2017; Repar and Warnecke
2017). Therefore, we focus this discussion on the novel ENS2
and ATP6 genotype-oligomycin phenotype associations; ENS2
and ATP6 phylogenies and introgression; Ens2-mediated re-
combination; the identification and characterization of mito-
chondrial genotype-dependent phenotypes in iso-nuclear F1
pairs; and nuclear-mitochondrial epistasis, as well as its impli-
cations for the analysis of quantitative traits.

ENS2 loss-of-function polymorphisms and
oligomycin phenotype

With the exception of some group A and group B ENS2
S. cerevisiae strains, most ens2 ORFs had loss-of-function

Figure 1 Generation and phenotypic comparison of iso-nuclear F1 dip-
loids. (A) The MIP1DN- and centromere-containing plasmid pLND46
(Dimitrov et al. 2009) (pMIP1-DN) was introduced into haploid r+ strains.
MIP1DN induction led to the complete loss of the mitochondrial genome,
generating r0 petites that were then screened for plasmid loss. Nucleus,
N-containing blue circle; ovals, parental r+ (shaded) and r0 (open) mito-
chondria. (B) Pairwise crosses between haploid r+ strains and r0 strains of
opposite mating types differing in nuclear (N1 vs. N2) and mitochondrial (r1
vs. r2) DNA backgrounds generated pairs of iso-nuclear F1 diploids (N1/N2)
that carried the parental mitochondrial genomes (r1 or r2), thus allowing
for systematic phenotypic comparison of distinct mitochondrial genomes.
Mitochondria: solid blue ovals, r1; solid red ovals, r2; open ovals, r0.
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polymorphisms (Figure S1 and Table S6). What might be the
basis for the high frequency of ens2 loss-of-function polymor-
phisms? When functional, ENS2 encodes a site-specific endo-
nuclease and is mobile (Nakagawa et al. 1992; Morishima
et al. 1993). Similarly, some mitochondrial homing introns
encode site-specific endonucleases that promote intron mo-
bility. When a site-specific endonuclease-encoding homing
intron is fixed, selection for mobility and endonuclease func-
tion is lost and, as a result, the homing endonuclease-encoding
intron will be lost or accumulate loss-of-function poly-
morphisms (Burt and Koufopanou 2004). Thus, one hy-
pothesis for the high frequency of ens2 loss-of-function
polymorphisms is lack of selection for Ens2 site-specific
endonuclease activity and ENS2 mobility. A comparison be-
tween the mobile SCE1 intron, which encodes the site-
specific endonuclease I-SceI, and the mobile ENS2 gene in
S. cerevisiae is informative with respect to the lack of selection
hypothesis. Like the homing SCE1 intron (Table S7), the mo-
bile ENS2 gene is not fixed in S. cerevisiae (Table S6) (ENS2 is
also not fixed in S. paradoxus (Figure 1, Figure S1, and Figure
S2). However, in contrast to the homing SCE1 intron that in-
tegrates at (and disrupts) the I-SceI recognition sequence in
SCE1-free 21S and has no polymorphisms in S. cerevisiae (Ta-
ble S7), ENS2 does not integrate at (and disrupt) the Ens2
recognition sequence in ATP6 (i.e., ENS2 is not homing) and
most ens2 ORFs have inactivating polymorphisms (Table S6).
In addition, the less sensitive Ens2 recognition sequence in

ATP6 is not fixed in S. cerevisiae (Figure 3 and Table S6).
These results argue against the hypothesis that lack of se-
lection for Ens2 site-specific endonuclease activity and ENS2
mobility is responsible for the high frequency of ens2 loss-
of-function polymorphisms.

A second hypothesis for the high frequency of ens2
loss-of-function polymorphisms is that there is selection
against Ens2 function. Selection against Ens2 function
may be a consequence of Ens2-Ssc1 heterodimer forma-
tion that might reduce the availability of Ssc1, a nuclearly
encoded, mitochondrially localized, essential gene prod-
uct. Alternatively, selection against functional Ens2 may be
a consequence of its site-specific endonuclease activity,
which cuts a 26 bp sequence in ATP6, and/or the endonu-
clease activity of functional Ens2-Ssc1 heterodimers, which
cut .30 sites in the mitochondrial genome (Morishima
et al. 1990; Kawasaki et al. 1991; Nakagawa et al. 1992;
Shibata et al. 1995; Mizumura et al. 1999). That is, func-
tional Ens2 and Ens2-Ssc1 heterodimers presumably
introduce deleterious double-stranded DNA breaks in
ENS2-containing mitochondrial genomes. The less-sensitive
Ens2 recognition sequence in functional ENS2-containing
strains should confer relative resistance to Ens2-mediated
double-stranded breaks in ATP6. However, the less-sensitive
Ens2 recognition sequence would have no effect on Ens2-Ssc1
heterodimer-mediated double-stranded breaks elsewhere
in the mitochondrial genome or on reduced availability of

Figure 2 Compressed ATP6 molecular phylogeny in Saccharomyces sensu stricto species. ATP6 genes were identified from the mitochondrial genome
sequences of 128 strains in 8 S. sensu stricto species examined, sequences of which were obtained from Strope et al. (2015), Leducq et al. (2017), Sulo
et al. (2017). The rate variation model allowed for some sites to be evolutionarily invariable (+I; 84.3517% sites). The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. All codon positions were included for analyses. All positions containing gaps and missing data
were eliminated. Light brown shading denotes ENS2-containing groups. SpA, SpB, SpC, and SpC* correspond to the S. paradoxus population
nomenclature of Leducq et al. (2017). The three S. paradoxus ATP6 groups (S. paradoxus groups 1 ATP6 ens20, 2 ATP6 ens20, and 3 ATP6-ens2)
and six S. cerevisiae ATP6 groups (S. cerevisiae group 1 ATP6 ens20, group 2 ATP6 ens20, group 3 ATP6 ens20, group 4 ATP6-ENS2, group 5 ATP6-
ENS2, and group 1399 ATP6-ens2) are labeled. For the strains that comprise the three S. paradoxus ATP6 groups and the six S. cerevisiae ATP6 groups,
see Figure S1, Figure S2, and Table S6.
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Ssc1. Only, ens2 loss-of-function would protect against re-
duced availability of Ssc1 as well as Ens2- and Ens2-Ssc1–
mediated double-stranded DNA breaks in the mitochondrial
genome.

Although the basis for the high frequency remains to be
determined, the ens2 loss-of-function polymorphisms were
informative with respect to the ens2 sequence-oligomycin
sensitivity association (Table S8). Specifically, consistent
with Ens2 function(s) not contributing to oligomycin pheno-
type, full-length, presumably functional ENS2 ORFs showed
no oligomycin association (Table S9). The basis for the ENS2
sequence presence-oligomycin sensitivity association, includ-
ing introgression, is discussed below.

ATP6 phylogeny, ENS2-independent and -dependent
introgression of ATP6, Ens2-mediated recombination,
and oligomycin phenotype in S. cerevisiae

The complexATP6 phylogeny showed evidence of both ENS2-
independent and -dependent introgression of ATP6. With re-
spect to ENS2-independent ATP6 introgression, we identified
ATP6 ens20 groups in S. cerevisiae (S. cerevisiae group 1, 2,
and 3 ATP6) and in S. paradoxus (S. paradoxus group 1 and
2 ATP6) (Figure 2 and Figure S2).While directionality cannot
be assessed, introgression of ATP6 ens20 appears to have oc-
curred more than once between S. cerevisiae and S. para-
doxus. Because of the absence of ENS2, these ATP6 ens20

introgressions are presumed to be ENS2-independent.

Figure 3 ATP6-ENS2 vs. ATP6-ens20 structures and deduced ⍴+ ATP6-ENS2✕ ⍴+ ATP6-ens20 recombination products. Structures of ATP6-ENS2 [ATP6:
less-sensitive Ens2 recognition sequence (713–738 bp) and OliS SNPs (753, 763, 766 bp); ENS2 with full-length ORF] and S. cerevisiae group 1 ATP6
ens20 [ATP6: more-sensitive Ens2 recognition sequence (713–738 bp) and OliR SNPs (753, 763, 766 bp); no ENS2 sequences] are shown. The Ens2
recognition sequences, and their relative sensitivities to Ens2, are as previously identified (Nakagawa et al. 1992). The distance between the most distal
of the Ens2 recognition sequence SNPs (738 bp) and the most proximal of the oligomycin phenotype-associated SNPs (753 bp) is 15 bp. The distance
between the most distal of the oligomycin phenotype-associated SNPs (766 bp) and the 59 end of ENS2 ORF that, with the exception of YJM1399
(64 bp), is 75–76 bp downstream of the TAA stop codon of the 780 bp ATP6 ORF, is 89–90 bp. Recombination breakpoints proximal to the Ens2
recognition sequences are proposed to be proximal to the 684 and 693 bp SNPs based on linkage disequilibrium (Table S6). ATP6 and ENS2 genotypes
and deduced recombination products can be seen in tabular form in Table S6. ENS2 loss-of-function is proposed to occur postmating. For further details,
see Discussion.
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With respect to the hypothesis that cointrogression of
ATP6-ENS2 may be ENS2-dependent, we identified ATP6-
ENS2 groups in S. cerevisiae (S. cerevisiae group 4 ATP6/group
A ENS2; S. cerevisiae group 5 ATP6/group B ENS2; and S.
cerevisiae group 1399 ATP6/group 1399 ens2), S. arboricola
(S. arboricola ATP6/group A ENS2), and in S. paradoxus (S.
paradoxus group 3 ATP6/S. paradoxus ens2) (Figure 1 and
Figure S1). From the perspective of ATP6-ENS2 cointrogres-
sion, intraspecific ATP6-ENS2 3 ATP6 ens20 results in Ens2-
dependent, highly biased inheritance of ENS2 and of a
mutation in the ENS2-linked ATP6 (Nakagawa et al. 1992;
Morishima et al. 1993; Shibata et al. 1995). The presence
of full-length, potentially functional ENS2 ORFs only in
S. cerevisiae suggests ENS2-mediated introgression from
S. cerevisiae to S. arboricola (ENS2 only) and to S. paradoxus
(ATP6-ENS2). Consistent with the ENS2-mediated introgres-
sion hypothesis, with the sole exception of S. arboricola, there
is strong correspondence between the ENS2 and ATP6
phylogenies (Figure 1, Figure S1, and Table S6). One hy-
pothesis for the exception of S. arboricola is that S. cerevisiae
ATP6 may be incompatible with S. arboricola mitochondrially
and/or nuclearly encoded components of ATP synthase.

To assess the hypothesized Ens2-mediated mobility and
recombination in S. cerevisiae, we examined the Ens2 recog-
nition sequences in ATP6 [713–738 bp; 11 SNPs that, with
the exception of the 721 bp (n = 5; S. cerevisiae group
3 ATP6) and 723 bp (n= 1; S. cerevisiae group 1 ATP6] SNPs,
were in linkage disequilibrium); two proximal SNPs that
were in linkage disequilibrium (684 and 693 bp); the three
most highly oligomycin phenotype-associated ATP6 SNPs
that were in linkage disequilibrium (753, 763, and 766 bp);
and the presence/absence of ENS2. Similar to experimental
ATP6-ENS23 ATP6 ens20 crosses (Nakagawa et al. 1992), the
data suggests that in ATP6-ENS23 ATP6 ens20 heteroplasmic
zygotes, Ens2-mediated double-stranded DNA breaks at the
more sensitive Ens2 recognition sequence of ATP6 ens20 (i.e.,
S. cerevisiae group 1 ATP6) were repaired and replaced, in
most cases, with ATP6 sequences encompassing the 684 and
693 bp proximal SNPs, the less-sensitive Ens2 recognition
sequence, the distal OliS-associated SNPs, and ENS2 (Figure
3). That is, in most cases, ENS2 has driven its movement
and, minimally, a 684–766 bp region of ATP6 into the S.
cerevisiae population, as exemplified by the ENS2-containing
S. cerevisiae group 4 (n = 46), 5 (n = 15), and YJM1399

Figure 4 Mitochondrial, genotype-dependent spiramycin, 39�, and oligomycin respiration phenotypes. Spot dilution phenotypes on YPE of parental
diploids [YJM1083 r1083 (ATP6S SNPs) and YJM1418 r1418 (ATP6R SNPs)] and two independently made iso-nuclear F1 diploid pairs (1083/1418 r1083
and 1083/1418 r1418). Mitochondrial genotypes are denoted as r1083 and r1418.
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(n = 1) ATP6 strains (note that the T513G oligomycin re-
sistancemutation in ATP6 that exhibits biased inheritance in
experimental ATP6-ENS2 3 ATP6 ens20 crosses (Nakagawa
et al. 1992) is proximal to this minimal 684–766 bp region).
However, in the ens20 S. cerevisiae group 2 ATP6 (n = 18)
and group 3 ATP6 (n = 5) strains, repair and replacement
excluded the OliS SNPs and ENS2 (Figure 3 and Table S6).
The oligomycin-resistant phenotypes of these S. cerevisiae
group 2 and group 3 ATP6 strains further strengthens the
hypothesis that the nonsynonymous 763 and/or 766 bp
ATP6 SNPs contribute to oligomycin phenotype.

The mechanistic basis for the oligomycin phenotype-ATP6
genotype association remains to be determined. However,
oligomycin sensitivity is affected by the level of F0F1 ATP
synthase activity (Pagliarani et al. 2013). That is, reduced
ATP synthase activity results in increased oligomycin sensitivity.
Thus, one hypothesis is that the oligomycin sensitivity-ATP6
genotype association is due to nonsynonymous ATP6 SNPs that
reduce Atp6 stability, the assembly of Atp6 into F0, and/or the
assembly of F0 with F1.

Iso-nuclear F1 pairs bypass the limitations of association
and illustrate the complexity of mitochondrial
genotype-dependent phenotypes

In addition to sample size (n = 96), our identification of mi-
tochondrial genotype-phenotype associations may have been
limited by epistasis. To bypass these limitations, we per-
formed more focused experiments to identify and analyze

mitochondrial genotype-dependent phenotypes. Previous
studies have used kar1-mediated mitochondrial genome
transfer into novel haploid or homozygous diploid nuclear
genetic backgrounds to identify mitochondrial genotype-
dependent phenotypes (Codón et al. 1995; Dimitrov et al. 2009;
Edwards et al. 2014; Paliwal et al. 2014; Spirek et al. 2014).
However, we did not use kar1-mediated mitochondrial ge-
nome transfer (Conde and Fink 1976) due to concerns about
the potentially confounding cotransfer of 2m plasmid, amy-
loid and nonamyloid prions, RNA viruses and satellites, and
whole chromosomes (Dutcher 1981; Sigurdson et al. 1981;
Tartakoff et al. 2018). Rather than kar1-mediated mitochon-
drial genome transfer, we used iso-nuclear F1 pairs, in which
the parental mitochondrial genotypes are fixed, to identify
mitochondrial genotype-dependent phenotypes. Similar to
reciprocal hemizygosity analysis in the nuclear genomes of
multiply heterozygous F1 diploids (Steinmetz et al. 2002b),
any difference in the phenotypes of the iso-nuclear F1 dip-
loids must be mitochondrial genotype-dependent (Figure 1).
Also, in contrast to kar1-mediated mitochondrial genome
transfer into novel haploid or homozygous diploid nuclear
genetic backgrounds, the nuclear genomes of iso-nuclear F1
diploids closely mimic the nuclear genomes of multiply
heterozygous outbred species, such as humans; the multiply
heterozygous nuclear genomes of diploid S. cerevisiae isolates
that occur in nature (McCusker et al. 1994; Muller and
McCusker 2009; Esberg et al. 2011; Magwene et al. 2011;
Granek et al. 2013; Peter et al. 2018); and the nuclear

Figure 5 Mitochondrial genotype-dependent, non-
respiration ketoconazole and cycloheximide resis-
tance phenotypes. Spot dilution phenotypes on SD
(6ketoconazole) and YPD (6cycloheximide) of pa-
rental diploids (YJM1242 r1242 and YJM1552
r288, the diploid YJM1552 is isogenic with S288c;
YJM145 r145 and YJM1552 r288, the diploid
YJM145 is isogenic with YJM789) and two indepen-
dently made iso-nuclear F1 diploid pairs (1242/
S288c r1242 and 1242/S288c r288; 145/S288c
r145 and 145/S288c r288). Mitochondrial geno-
types are denoted as r1242, r288, r145, and r1418.
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genomes of multiply heterozygous F1 in quantitative genetics
studies of S. cerevisiae and other species.

Respiration phenotypes

Wefirst analyzed iso-nuclear F1pairs to experimentally assess
the association between oligomycin phenotype and, using the
three most highly associated ATP6 SNPs that are in linkage
disequilibrium, ATP6 genotype (Figure 4, Figure S3, Figure
S4, Table S10, and Table S11). Relative to the straightfor-
ward oligomycin phenotype-ATP6 genotype association in
our 96 strains, analysis of oligomycin phenotype and ATP6
genotype in iso-nuclear F1 pairs identified substantial com-
plexity. We feel confident in excluding the other two mito-
chondrially encoded components of ATP synthase, OLI1 and
ATP8, as contributing to the complexity of the oligomycin
phenotype in either the 96 parental strains or in iso-nuclear
F1 because they each have only one common synonymous
SNP and no nonsynonymous SNPs (Table S6). Our iso-nu-
clear F1 results are consistent with oligomycin phenotype
complexity being due to epistatic nuclear-mitochondrial ge-
notype interactions.

We also analyzed iso-nuclear F1 pairs to determine
whether other respiration phenotypes, for which there were
nomitochondrialgenotypeassociations inour96strains,were
mitochondrial genotype-dependent. Indeed, we found many
iso-nuclear F1 pairs with mitochondrial genotype-dependent
respiration inhibitor phenotype(s) (Figure 4, Figure S3–S5,

Table S10, and Table S11), some of which exhibited trans-
gression. Broadly, transgression can be viewed as occurring
when a quantitative trait locus (in this case, the mitochondrial
genome) or gene from a less fit parent increases fitness
and, conversely, the locus or gene from the more fit parent
decreases fitness. Although typically observed in segregating
progeny (Rieseberg et al. 1999, 2003; Goulet et al. 2017),
transgressive alleles have been identified in reciprocally
hemizygous F1; for example, alleles of END3 (Steinmetz
et al. 2002b; Sinha et al. 2006). We hypothesize that exten-
sive nuclear-mitochondrial epistasis, including transgression,
is a likely contributor to the lack of other mitochondrial
genotype-phenotype associations in the 96 strains.

Nonrespiration phenotypes

Our analysis of iso-nuclear F1 pairs also identified mitochondrial
genotype-dependent effects on the nonrespiration growth
temperature, cycloheximide, ketoconazole, and copper re-
sistance phenotypes (Figure 5, Figure 6, Table S10, and
Table S11). With the exception of high-temperature growth
(Paliwal et al. 2014; Spirek et al. 2014), mitochondrial
genotype-dependent effects on these nonrespiration phe-
notypes are novel. What might be the basis for mitochondrial
genotype-dependent effects on nonrespiration phenotypes?

While distinct from the naturally occurring r+ mitochon-
drial genotype variation analyzed in this work, mitochondrial
genotype-dependent effects on nonrespiration phenotypes

Figure 6 Mitochondrial genotype-dependent, non-
respiration copper resistance phenotypes. Spot di-
lution phenotypes on SD (60.075 mM CuSO4) of
parental diploids (YJM1242 r1242 and YJM1443
r1443; YJM1083 r1083 and YJM1418 r1418)
and two independently made, iso-nuclear F1 diploid
pairs (1242/1443 r1242 and 1242/1443 r1443;
1083/1418 r1083 and 1083/1418 r1418). Mito-
chondrial genotypes are denoted as r1242, r1443,
r1083, and r1418. In the 1083/1418 iso-nuclear F1
pairs, mitochondrial genotype-dependent copper
resistance is transgressive.
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have been extensively studied in r+ vs. r0 S. cerevisiae
strains. In r0 strains, mitochondrial dysfunction activates a
retrograde signaling pathway that affects nuclear gene ex-
pression and nonrespiration phenotypes (Butow and Avad-
hani 2004; Jazwinski 2013; da Cunha et al. 2015), including
increased cycloheximide resistance in r0 strains (Hallstrom
and Moye-Rowley 2000; Zhang and Moye-Rowley 2001;
Moye-Rowley 2003, 2005; Liu and Butow 2006) (in contrast
to cycloheximide, to the best of our knowledge there are no
descriptions of retrograde signaling effects on S. cerevisiae
azole resistance). Thus, one hypothesis is that epistatic
nuclear-mitochondrial genotype interactions in some r+ iso-
nuclear F1 pairs results in mitochondrial dysfunction sufficient
to activate a retrograde signaling pathway in one of the iso-
nuclear F1 resulting in differential, mitochondrial genotype-
dependent, nonrespiration cycloheximide resistance phenotypes.

Alternatively, there is anonretrograde signalinghypothesis
for mitochondrial genotype-dependent cycloheximide resis-
tance. The cytosolic translation inhibitor cycloheximide has
been shown to rescue some nuclear mutations that cause
mitochondrial dysfunction, possibly by reducing the toxic
cytosolic accumulation of nuclearly encoded,mitochondrially
targeted proteins (Wang et al. 2008; Wang and Chen
2015; Wrobel et al. 2015; de Taffin de Tilques et al. 2018;
Guaragnella et al. 2018). Thus, epistatic nuclear-mitochondrial
genotype interactions in some r+ iso-nuclear F1 pairs may
result in cycloheximide-remediable mitochondrial dysfunc-
tion in one of the iso-nuclear F1, and consequently,mitochondrial
genotype-dependent cycloheximide resistance. Indeed, for
one of the iso-nuclear F1 pairs, YJM1450/YJM1479, the
mitochondrial genotype-dependent cycloheximide resistance
phenotypes were transgressive, consistent with nuclear-
mitochondrial epistasis.

We also observed mitochondrial genotype-dependent
copper resistance phenotypes in iso-nuclear F1 pairs (Figure 6
and Table S10). To the best of our knowledge, there are no
descriptions of retrograde signaling effects on S. cerevisiae
copper resistance. However, laboratory strains, in whichmost
and possibly all of the work on S. cerevisiae r+ vs. r0 and
retrograde signaling has been performed, have multiple cop-
ies of the copper resistance-conferring, copper metallothio-
nein-encoding gene CUP1; for example, the very commonly
used S288c and W303 laboratory strains have 14 tandem
copies of CUP1 (Zhao et al. 2014). In the 100-genomes
strains, the sole and very strong association with copper re-
sistance was CUP1 copy number, which ranged from one copy
to 18 tandem copies (Strope et al. 2015). Thus, one hypoth-
esis is that the high CUP1 copy number in commonly used
laboratory strains may be responsible, at least in part, for the
lack of previously described r+ vs. r0 or retrograde signaling
effects on S. cerevisiae copper resistance. Conversely, low
CUP1 copy number may be necessary to detect mitochondrial
genotype-dependent copper resistance phenotypes in iso-
nuclear F1 pairs. Consistent with the CUP1 copy number hy-
pothesis, the parent strains of the iso-nuclear F1 pairs that
have mitochondrial genotype-dependent copper resistance

phenotypes have low CUP1 copy numbers: YJM1083 (CUP1:
n=3)/YJM1418 (CUP1: n=1) and YJM1242 (CUP1: n=1)/
YJM1443 (CUP1: n = 1) (Strope et al. 2015).

Although the low CUP1 copy number hypothesis suggests
a reasonable prerequisite for observingmitochondrial genotype-
dependent copper resistance, it is not a mechanistic hypothesis.
A mechanistic hypothesis for mitochondrial genotype-
dependent copper resistance may involve mitochondrially
encoded, copper-containing gene product(s) in a mitochondrially
localized, copper-dependent enzyme. Of the known copper-
containing and copper-dependent enzymes (Festa and Thiele
2011), only the mitochondrially localized cytochrome c oxi-
dase contains mitochondrially encoded gene products (Cox1,
Cox2, Cox3). Because cytochrome c oxidase also contains
nuclearly encoded gene products, and requires many addi-
tional nuclearly encoded gene products for its synthesis, assem-
bly, and activity, its hypothesized effect on copper resistance
may be particularly susceptible to nuclear-mitochondrial epis-
tasis. Indeed, for the YJM1083/YJM1418 iso-nuclear F1 pairs
(Figure 6), the mitochondrial genotype-dependent copper
resistance phenotypes were transgressive, consistent with
nuclear-mitochondrial epistasis. Thus, one hypothesis is that
epistatic nuclear-mitochondrial genotype interactions in
some iso-nuclear F1 pairs, possibly involving the synthesis,
assembly, and/or activity of cytochrome c oxidase, may ac-
tivate a signaling pathway in one of the iso-nuclear F1, result-
ing in mitochondrial genotype-dependent copper resistance.

In conclusion, naturally occurring mitochondrial genome
variation has major phenotypic effects in model systems
(Ballard andMelvin 2010; Joseph et al. 2013) and in humans
(Taylor and Turnbull 2005; Wallace 2010; Schon et al. 2012;
Dowling 2014). However, with the exception of a relatively
small number of studies (Codón et al. 1995; Dimitrov et al.
2009; Edwards et al. 2014; Paliwal et al. 2014; Wolters et al.
2018), the phenotypic contributions of naturally occurring S.
cerevisiae mitochondrial genome variation have only infre-
quently been considered. As we show with iso-nuclear F1
pairs, multiple respiration and nonrespiration phenotypes
are strongly influenced by naturally occurring mitochondrial
genome variation and by nuclear-mitochondrial epista-
sis. Even for the presumably straightforward oligomycin
phenotype-ATP6 genotype association, our iso-nuclear F1
analysis showed a high level of complexity. Because of its
effect on complex respiration and nonrespiration pheno-
types, mitochondrial genotype is likely a major contributor
to S. cerevisiae quantitative traits. That is, the S. cerevisiae
mitochondrial genome, which contains 36 core genes (21S,
15S, RPM1, VAR1, COX1, COX2, COX3, COB, ATP6, ATP8,
OLI1, RF1, 24 tRNAs) and up to 16 mobile and variably
present genes (ENS2 and introns in the 21S, COB, and
COX1 genes), is a 73,450–92,176 bp quantitative trait locus.

In higher eukaryotes and many lower eukaryotes, mito-
chondrial genome inheritance is uniparental; that is, the mi-
tochondrial genome (r) is a fixed, nonrecombinant locus. In
contrast, S. cerevisiae mitochondrial genome inheritance is
biparental (Berger and Yaffe 2000). That is, N1 r1 3 N2 r2

Mitochondrial Genome Variation 783

http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000001095/overview
http://www.yeastgenome.org/locus/S000007260/overview
http://www.yeastgenome.org/locus/S000007281/overview
http://www.yeastgenome.org/locus/S000007283/overview
http://www.yeastgenome.org/locus/S000007268/overview
http://www.yeastgenome.org/locus/S000007288/overview
http://www.yeastgenome.org/locus/S000007287/overview
http://www.yeastgenome.org/locus/S000029023/overview
http://www.yeastgenome.org/locus/S000007275/overview
http://www.yeastgenome.org/locus/S000007260/overview
http://www.yeastgenome.org/locus/S000007281/overview
http://www.yeastgenome.org/locus/S000007283/overview
http://www.yeastgenome.org/locus/S000007270/overview
http://www.yeastgenome.org/locus/S000007268/overview
http://www.yeastgenome.org/locus/S000007267/overview
http://www.yeastgenome.org/locus/S000007274/overview
http://www.yeastgenome.org/locus/S000007282/overview
http://www.yeastgenome.org/locus/S000029698/overview
http://www.yeastgenome.org/locus/S000007288/overview
http://www.yeastgenome.org/locus/S000007270/overview
http://www.yeastgenome.org/locus/S000007260/overview


results in N1/N2 heteroplasmic r1 + r2 zygotes, which tend
to produce parental r genomes from terminal buds and
recombinant r genomes from medial buds (Berger and Yaffe
2000). Heteroplasmic N1/N2 r1 + r2 zygotes produce
homoplasmic r+ cells via high levels of r13r2 recombina-
tion (Fritsch et al. 2014) and rapid r genome segregation
(Birky et al. 1978; Zinn et al. 1987). Recovery of r genotypes
from heteroplasmic r1 + r2 zygotes may be biased by pre-
zygotic differences in r1 vs. r2 copy numbers, the frequency
of terminal vs.medial budding in zygotes, the presence in one
of the two parental r genomes of ENS2 and any of the nu-
merousmobile introns, as well as both nuclear-mitochondrial
and mitochondrial-mitochondrial epistasis. Thus, N1 r1 3
N2 r2, which has been the standard approach in S. cerevisiae
quantitative trait studies, yields N1/N2 that are homoplasmic
for multiple different mitochondrial genotypes, which nega-
tively affects reproducibility. Fortunately, S. cerevisiae mito-
chondrial genotype can be easily controlled, or fixed, as we
have done with iso-nuclear F1 pairs. In addition to allowing
the identification and analysis of mitochondrial genotype-
dependent phenotypes, controlling S. cerevisiaemitochondrial
genotype will also enable the identification of mitochondrial
genotype-independent vs.mitochondrial genotype-dependent
quantitative trait genes in the nuclear genome.
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