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ABSTRACT Genetic variation in mitochondrial DNA (mtDNA) provides adaptive potential although the underlying genetic architecture
of fitness components within mtDNAs is not known. To dissect functional variation within mtDNAs, we first identified naturally
occurring mtDNAs that conferred high or low fitness in Saccharomyces cerevisiae by comparing growth in strains containing identical
nuclear genotypes but different mtDNAs. During respiratory growth under temperature and oxidative stress conditions, mitotype
effects were largely independent of nuclear genotypes even in the presence of mito–nuclear interactions. Recombinant mtDNAs were
generated to determine fitness components within high- and low-fitness mtDNAs. Based on phenotypic distributions of isogenic strains
containing recombinant mtDNAs, we found that multiple loci contributed to mitotype fitness differences. These mitochondrial loci
interacted in epistatic, nonadditive ways in certain environmental conditions. Mito–mito epistasis (i.e., nonadditive interactions be-
tween mitochondrial loci) influenced fitness in progeny from four different crosses, suggesting that mito–mito epistasis is a widespread
phenomenon in yeast and other systems with recombining mtDNAs. Furthermore, we found that interruption of coadapted mito–mito
interactions produced recombinant mtDNAs with lower fitness. Our results demonstrate that mito–mito epistasis results in functional
variation through mitochondrial recombination in fungi, providing modes for adaptive evolution and the generation of mito–mito
incompatibilities.
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MITOCHONDRIAL DNA (mtDNA) haplotypes are fre-
quently associated with environmental temperature

gradients across eukarya, suggesting that mitochondrial per-
formance plays an important role in adaptation (Mishmar
et al. 2003; Lucassen et al. 2006; Chatelain et al. 2011; Scott
et al. 2011; Lagisz et al. 2013; Dingley et al. 2014;Melo-Ferreira
et al. 2014; Silva et al. 2014; Consuegra et al. 2015; Li et al.
2016). To understand the adaptive potential of mtDNAs, it is
necessary to dissect the genetic and environmental factors that
influence the functional variation inmtDNAs. This is particularly

challenging in systemswheremtDNA inheritance is uniparental
because the lack of recombination makes it difficult to differen-
tiate betweenmitochondrial alleles that contribute to functional
variation and those that are neutral.

Homologous recombination between mtDNAs should pro-
mote the reorganization of mitochondrial genes and increase
the efficacy of selection on adaptive loci. Mitochondrial re-
combination is common in systems with biparental mtDNA
inheritance, such as fungi and many plants (Barr et al. 2005;
Gualberto and Newton 2017). In Saccharomyces yeasts, the
diverse and highly reticulated mtDNAs show signatures of
recombination and horizontal gene transfer within and be-
tween species (Peris et al. 2014, 2017; Wolters et al. 2015;
Wu et al. 2015; Leducq et al. 2017). In predominantly asexual
fungi, mitochondrial recombination occurs more frequently than
expected (Brankovics et al. 2017). The machinery for homolo-
gous recombination is found in the mitochondria of mammals
(Dahal et al. 2017) and there is some evidence of mitochondrial
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recombination inmammals (Piganeau etal.2004),othervertebrates
(Ciborowski et al. 2007; Ujvari et al. 2007; Sammler et al. 2011;
Wang et al.2015; Park et al.2016), and invertebrates (Ladoukakis
and Zouros 2001; Passamonti et al. 2003). Mitochondrial recom-
bination occurs with enough frequency that it should play an
important role in the evolution of mtDNAs, especially in fungi.

The effects of mitochondrial recombination on selection
and adaptive potential are not understood. In Saccharomyces
yeasts, mitochondrial recombination can occur in zygotes
containing different mtDNAs but, because heteroplasmic
mtDNA states are not maintained, a single mtDNA haplotype
(either parental or recombinant) becomes fixed after �20
generations (Berger and Yaffe 2000). Hybrids of Saccharo-
myces cerevisiae and S. uvarum contained different species-
specific mtDNA genetic markers, depending on whether
the hybrids were created in a laboratory (Verspohl et al.
2018) or isolated from industrial settings (Masneuf et al.
1998; Rainieri et al. 2008), suggesting that environmental
conditions influence the selection for mitochondrial alleles
or entire mitotypes. Supporting this, mitochondrial allele in-
heritance during hybridization of S. cerevisiae and S. para-
doxus was altered by changing laboratory conditions during
matings (Hsu and Chou 2017).

Mitochondrial alleles that participate in mito–nuclear in-
teractions will also influence the adaptive success of
recombinant mtDNAs. Mito–nuclear incompatibilities occur
between (Sulo et al. 2003; Chou et al. 2010; Spirek et al.
2014) and within (Paliwal et al. 2014; Hou et al. 2015)
Saccharomyces species and species-specific compatible
mito–nuclear genetic combinations were universally main-
tained in rare, viable meiotic progeny from S. cerevisiae/
S. bayanus hybrids (Lee et al. 2008). The extent of recombi-
nation in these hybrid studies is not known due to the limited
number of mitochondrial markers followed. Laboratory-
derived isogenic S. paradoxus hybrids containing different
recombinant mtDNAs were phenotypically variable, consis-
tent with the presence of functionally distinct mitochondrial
or mito–nuclear alleles (Leducq et al. 2017). Selection on
such functional units could explain the existence of
recombinant mtDNAs found in natural S. paradoxus hybrids
(Leducq et al. 2017; Peris et al. 2017).

Mitochondrial genes encode for physically interacting sub-
units of respiratory complexes and so there is potential
that mitochondrial genes coevolve through compensatory
mutations or selection for adaptive mito–mito allele com-
binations in recombinant mtDNAs. In support of this, com-
parative analysis of mtDNA and in silico analysis of protein
structures revealed coevolving amino acids within mito-
chondrial genes within primates (Azevedo et al. 2009). In
S. cerevisiae, mitochondrial suppressor mutations that
counteracted respiratory-deficient mitochondrial muta-
tions were characterized (Fox and Staempfli 1982; di Rago
et al. 1995). These examples of functional interactions sug-
gest that epistasis between mitochondrial alleles (mito–
mito epistasis) could contribute to functional variation in
mtDNAs.

In this work, we identifiedmitotypes that conferred strong
adaptive potential by examining fitness in S. cerevisiae strains
containing different combinations of mtDNA and nuclear ge-
nomes. Certain mitotypes provided growth advantages during
respiratory growth under temperature and oxidative stress
conditions, irrespective of nuclear backgrounds, indicating di-
rect effects on fitness. To determine whether these growth
advantages were due to one or more interactingmitochondrial
loci, we generated and phenotyped strains containing recombi-
nant mtDNAs. The effects of these mitochondrial alleles were
nonadditive and revealed that mito–mito epistasis contributes
to phenotypic variation. Furthermore, interruption of coadapted
mito–mito interactions produced recombinant mtDNAs with
lower fitness in media mimicking natural yeast environments,
indicating that mito–mito epistasis may play an important role
in hybridization and mtDNA evolution.

Materials and Methods

Strains and media

Strain names and genotypes are provided (Supplemental
Material, Table S1 and Table S2). The creation of strains
containing synthetic combinations of nuclear and mitochon-
drial genotypes was previously described (Paliwal et al.
2014). Basically, mtDNAs frommtDNA donor haploid strains
were serially passaged through a strain containing a KAR1-1
mutation to mtDNA recipient haploid strains. The KAR1-1
mutation inhibits nuclear fusion and allows the formation
of heterokaryotic zygotes containing mixed cytoplasmic com-
ponents including mitochondria (Rose and Fink 1987). Hap-
loid progeny containing mtDNA from the donor strain and
the nuclear genotype of the recipient strainwere identified by
scoring auxotrophic markers.

Five different media were used (Table S3). These included
rich, undefined media containing fermentable (YPD) or non-
fermentable (YPEG) carbon sources, minimal defined media
containing fermentable (CSM) or nonfermentable (CSMEG)
carbon sources, and a minimal media emulating oak tree
exudate (SOE).Nonfermentablemedia requiremitochondrial
respiration for growth. The oxidative stress agent menadione
was added to 20 mM when indicated (YPEGM). Agar (2%)
was added to solid medium. Undefined media types con-
tained yeast extract for which the exact nutrient composition
is not known, while defined media contained precisely spec-
ified nutrient compositions.

Colony arrays

Cells from the haploid mito–nuclear (nine nuclear 3 nine
mito) and recombinant mtDNA (YJM975 3 Y12) diploid
strain collections were printed onto OmniTrays (Nunc) in
randomized 1536 colony arrays using a BM3-BC colony pro-
cessing robot (S&P Robotics). Arrays were first printed to
YPD and then to test media. Strains were acclimated to test
media (YPD, CSM, SOE, YPEG with and without menadione,
and CSMEG, Table S3) for 3 days at 30, 35, and 37�, and then
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reprinted to the same media. Each strain in the mito–
nuclear collection was printed in 15 replicates. Strains in
the recombinant mtDNA collection, including two biological
replicates for each parental mtDNA, were printed in 25 repli-
cates. Photographs were taken at times 0 and 48 hr. Colony
sizes were extracted from images using ImageJ 1.440 soft-
ware (Diss et al. 2013). Size differenceswere determined using
custom R scripts available at https://github.com/JFWolters/
Wolters-Genetics-2018/.

A block design was used for additional phenotyping of
diploid strains containing mitochondrial recombinants from
all crosses. The phenotyping strategywas completed as before
with the followingmodifications. Phenotypingwas conducted
onYPD,YPEG, andSOEmedia at 30 and37�. Theblockdesign
was similar to that used in Strope et al. (2015), modified such
that each strain existed on the plate as a four-row by eight-
column colony block. Colonies on the edges of blocks were
excluded from analysis to remove neighbor effects. Images
were taken over 7 days. Image analysis was completed using
Gitter (Wagih and Parts 2014). A custom R script pipeline
using logistic regressions to fit growth curves and estimate
growth rate is available at https://github.com/JFWolters/
Robot-Image-Analysis-master.

Competition assay

Haploid strains (MATa) containing the YJM975 nuclear ge-
notype and Y12 or YJM975 mitotypes (strains SP15a1r26
and NCYC3954, respectively, Table S1) were grown over-
night in liquid YPD media at 30�, mixed in equal volumes,
spread as lawns onto solid YPEGmedia, and grown for 2 days
at 30 and 37�. The pooled cells were then retrieved from the
solid plates in sterile water, diluted, plated for single colonies
on YPEG media, and incubated at 37� for 4 days. Cells har-
boring the Y12 mitotype produced large colonies as com-
pared to cells with the YJM975 mitotype. Numbers of large
and small colonies were used to determine the proportion of
each genotype. Significancewas assessed using a test of equal

proportions and P-values were assessed vs. a stringent a after
Bonferroni correction (three tests, a = 0.017).

Mitochondrial recombination

To produce mitochondrial recombinants, matings between
haploid strains containing congenic nuclear backgrounds
(YJM975) and different mitotypes (YJM975 3 Y12,
YJM975 3 YPS606, YJM975 3 Y55, and YPS606 3 Y55)
were conducted on solid YPD media at 30� for 2 days. Dip-
loids were selected by printing mated-cell mixtures onto SD
media and grown at 30� for 1 day. To fix mitotypes, diploid
strains were streaked for single colonies twice on SD media
with 2 days of growth at 30�. Each strain containing putative
recombinant mtDNAs resulted from independent matings.
Two independent biological replicates of diploid parental
control strains were created by mating congenic strains con-
taining only one mitotype.

To look for evidence of mitochondrial recombination,
restriction fragment length polymorphism (RFLP) assays
were performed. Total DNAwas isolated from5ml overnight
cultures grown in YPD using a glass-bead cell disruption and
phenol–chloroform extraction, as previously described
(Hoffman and Winston 1987). Three mtDNA loci were am-
plified using the primers and amplification conditions listed
in Table S4. Amplified products were digested using HinfI
(ATP6), Ase1 (COX2), or HindIII (COX3), and separated on
2% agarose gels. Additionally, total mtDNA was isolated
from 21 diploid strains according to Defontaine et al. (1991),
including a DNase treatment (Wolters et al. 2015), and mod-
ified for smaller volumes. The total mtDNA was digested
with EcoRV and separated by electrophoresis on 0.8% aga-
rose gels. Mitochondrial recombination was inferred
through nonparental haplotype and total mtDNA RFLP
patterns.

To compare colonies formed from single cells (Figure 5
inset), cells were streaked directly onto YPEG media and
photographed following incubation at 37� for 4 days.

Figure 1 Mitochondrial genotype affected respiratory growth at elevated temperature. S. cerevisiae strains containing different combinations of nuclear
and mitochondrial genomes were grown overnight in liquid fermentable media, serially diluted, and grown for 2 days on fermentable (YPD) or
nonfermentable media (YPEG) media at 30 and 38�. Nonfermentable media requires mitochondrial respiration for growth. Nuclear and mitotype
origins are indicated.
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Statistics

All statistical analyses were performed in R (version 3.4.0).
The differences in colony sizes from the arrays between 0 and
48 hr were used as a proxy for growth differences. Random
effects ANOVAs (containing terms for nuclear genotype, mito-
type, andnuclear3mitotype interaction)were performed using
the lmer function of the lme4 package (Bates et al. 2014). Phe-
notypic variances were determined from each model and nor-
malized by dividing the mean for a given condition. Direct
effects of mitotypes were evaluated in each nuclear genotype
by dividing the average growth of each strain by the average
growth of all strains containing the identical nuclear genotype,
and converting to percentages. To determine whether strains
with potentially recombinant mtDNAs had phenotypes that dif-
fered from parental controls, individual ANOVAs were per-
formed on each strain (fixed factor comparing parent 1,
parent 2, and strain), followed by a post hoc analysis using the
Tukey honest significant difference function to assess whether
the recombinant strain was significantly different from both
parental controls. A Bonferroni correction was applied to com-
pare results under standard (a = 0.05) and stringent (a =
0.0012) significance thresholds (Table S5).

Estimating mito–mito epistasis

Epistasis between mitochondrial variants (mito–mito epista-
sis) was explicitly tested for these crosses using a variance
partitioning approach developed for haploid organisms
(Shaw et al. 1997). Recombinantmitotypeswerenestedwithin
each parental cross and represented by multiple technical rep-
licates. The variance attributed to parental crosses (PC) ðs2

PCÞ
and putative recombinants ðs2

RÞ were estimated from a nested
random effects model using the lmer function in the lme4
package (Bates et al. 2014). Additive-by-additive epistasis

(i.e.,mito–mitoepistasis)was estimatedas:VAA ¼ 2*ðs2
R 2s2

PCÞ:
Parental cross, putative mitochondrial recombinant, and tech-
nical replicates correspond to the terms “diploids,” “haploids,”
and “clones” as described by Shaw et al. (1997).

The significance of VAAwas evaluatedwith several criteria.
First, the significance of the putative recombinant term (nested
within parental cross)was tested in the randomeffectsmodel via
a hierarchical comparison ofmodels with andwithout that term.
Second, the significance of the difference between the putative
recombinant variance ðs2

RÞ and the parental cross variance ðs2
PCÞ

was tested by comparing the observed value to 1000 permuta-
tions of the data where individual data points were permuted
(Anderson and Ter Braak 2003). Third, we determinedwhether
95% C.I.s of VAA were positive and did not overlap zero. C.I.s
were calculated using a percentile bootstrap approach by resam-
pling from within the technical replicates such that the overall
structure of the putative recombinants and diploid crosses was
maintained (Quinn and Keough 2002). VAA was considered sig-
nificant if, and only if, all three criteria were met.

Data availability

All growth measures used for analyses are provided in Table
S6, Table S7, andTable S8. Strains are available upon request.
Supplementalmaterial available at Figshare: https://doi.org/
10.25386/genetics.5970955.

Results

Respiratory growth is influenced by mtDNA haplotypes
under stress conditions

In S. cerevisiae, mito–nuclear interactions can explain the
majority of mitotype-related growth differences (Paliwal
et al. 2014).Wepreviously observed that in yeast cells growing

Table 1 Nuclear, mitotype, and mito–nuclear effects on growth

Condition Nuclear Mitotype Mito–nuclear

Media � d.f. x2 P d.f. x2 P d.f. x2 P
CSMEG 30 5 42.87 *** 5 0.27 ns 5 81.69 ***

35 5 100.62 *** 5 7.58 * (0.0059) 5 261.39 ***
37 5 69.39 *** 5 4.46 * (0.0346) 5 666.08 ***

YPEG 30 5 79.04 *** 5 0 ns 5 638.80 ***
35 5 23.76 *** 5 0.12 ns 5 836.52 ***
37 5 78.33 *** 5 10.06 ** (0.0015) 5 318.40 ***

YPEGM 30 5 89.38 *** 5 0.08 ns 5 706.30 ***
35 5 32.09 *** 5 7.76 * (0.0053) 5 484.19 ***
37 5 42.47 *** 5 24.21 *** (8.65 3 1027) 5 219.67 ***

CSM 30 5 127.82 *** 5 0 ns 5 363.13 ***
35 5 222.92 *** 5 0 ns 5 259.84 ***
37 5 204.09 *** 5 0 ns 5 506.38 ***

SOE 30 5 62.14 *** 5 0.30 ns 5 298.82 ***
35 5 45.21 *** 5 0 ns 5 659.51 ***
37 5 80.46 *** 5 0.01 ns 5 799.73 ***

YPD 30 5 87.81 *** 5 0 ns 5 398.46 ***
35 5 110.05 *** 5 2.37 ns 5 124.93 ***
37 5 130.99 *** 5 0 ns 5 203.22 ***

To determine the significance of each term, ANOVAs comparing the full model [nuclear + mitotype + (nuclear 3 mitotype)] with a model lacking the indicated term were
evaluated. Factors were treated as random effects. Significance codes: ns P . 0.05, * P , 0.05, ** P , 0.005, and *** P , 5 3 1026. CSM, ; CSMEG, ; ns, not significant;
SOE, ; YPEG, ; YPEGM.
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on fermentable sugars at high temperatures, mitotypes had
direct effects on growth (Paliwal et al. 2014). Here, we hypoth-
esized that temperature stress would reveal mitotype-specific ef-
fects on nonfermentable media where oxidative phosphorylation

is essential for energy production. To test this, we plated
S. cerevisiae cells containing identical nuclear genotypes and
two divergent mitotypes onto solid media containing ferment-
able andnonfermentable sugars, and followed colony sizes as a

Figure 2 Fitness effects of mitotypes in nonfermentable media. Heat maps show the relative increase (red) or decrease (blue) in fitness by specific
mitotypes. Relative fitness is shown for each nuclear background in media where direct effects of mitotypes were statistically significant. Mitotypes had
observable direct effects in nonfermentable media (CSMEG, YPEG, and YPEGM) at 37�. Percent changes in growth were determined by comparing the
growth rate of each mito–nuclear genome combination with the average growth of all strains with the same nuclear genotype. Average percent
increases and decreases are provided in Table 2. CSM, ; CSMEG, ; NA, not applicable; YPEG, ; YPEGM.
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proxy for mitochondrial genotype fitness (Figure 1). Cells con-
taining the nuclear genotype from a strain of European origin
(YJM975) and its own mitotype or that from a divergent Sake
strain (Y12) showed no differences in fitness when grown on
fermentable or nonfermentable sugars at standard tempera-
ture (30�). However, at high temperature (37�), growth differ-
ences due to mitotypes were observed. On nonfermentable
media, where growth requires mitochondrial respiration, cells
containing the Y12 mitotype formed larger colonies than iso-
nuclear cells containing the YJM975 mitotype, while colony
size differences on fermentable media were barely observable.
To determine if these respiratory growth differences were due
to direct effects of mitotypes or to mito–nuclear interactions,
the mitotypes were introduced into a second nuclear back-
ground. In the Y12 nuclear background, no differences in fit-
ness between mitotypes were observed although cells
containing the Y12 nuclear genotype grew better on nonfer-
mentablemedia than thosewith the YJM975 genotype (Figure
1). The variable effect of these mitotypes is consistent with
mito–nuclear epistasis; however, nuclear alleles in the Y12 ge-
notype with large effects on growth may have obscured in-
dependent effects of mitotypes.

We expanded our assay to identify mitochondrial geno-
type-specificfitness differences between 81 strains containing
unique combinations of nine divergent nuclear genotypes and
mtDNAs (nine nuclear 3 nine mtDNA, Table S1). This large
and systematic array of mito–nuclear combinations provides
a powerful platform to determine whether phenotypic differ-
ences are due to genetic differences in nuclear genomes,
mitotypes, or mito–nuclear interactions. Cells were grown
on solid media under atmospheric oxygen levels using
high-density colony arrays in 18 environmental conditions,
including fermentable and nonfermentable sugars at three
temperatures, and fitness differences were analyzed by
ANOVAs (Table 1). Strains bearing the SK1 nuclear genotype
failed to transfer or form uniform colonies due to severe floc-
culation and were omitted from further analysis. In all media
and temperature conditions, mito–nuclear interactions and
nuclear genotypes were highly significant contributors to fit-
ness differences. Mitotypes showed significant independent
fitness effects in each nonfermentable medium at elevated
temperature. In the presence of strong interaction terms, in-
terpretation of main effects is difficult. Still, the main effect
for mitotype showed increasing x2 statistics and decreasing
P-values with increasing temperatures, suggesting that
mitochondrial respiration was directly impacted by variation
in mitotypes during temperature stress. Temperature-related
mitotype effects were even stronger in media containing the
exogenous oxidative stress agent menadione (YPEGM).

To more closely follow independent effects of mitotypes,
we compared the respiratory growth of each strain with the
average growth for all strains with the same nuclear genotype
(Figure 2). The Y12 mitotype provided a respiratory growth
advantage under temperature stress in the YJM975 nuclear
background, and also in six of the seven nuclear backgrounds
tested. Four additional mitotypes showed relative growth

increases at high temperatures in each of the respiratory
and oxidative stress conditions tested, while two mitotypes
decreased growth (Table 2). Two mitotypes (including
YJM975) showed both increased or decreased growth,
depending on the nuclear backgrounds, although these fit-
ness differences are relatively small compared to growth
averages.

Direct effects frommitotypes canalsobeobserved in colony
size variances. Overall phenotypic variances in colony sizes
increased with increasing temperatures in defined ferment-
able and nonfermentable media (Figure 3A). This is consis-
tent with previously observed responses to temperature in
yeasts grown in liquid culture (Paliwal et al. 2014) and on
complex traits in Drosophila (Bubliy et al. 2001). In contrast,
phenotypic variances were generally higher in rich media
whose exact nutrient components are not defined (YPD,
YPEG, and YPEGM) and decreased as cells were grown at
higher temperatures. The contributions of the nuclear ge-
nome, mitotype, and mito–nuclear interactions to total phe-
notypic variances were estimated using variance component
analyses of the full ANOVAmodels (Figure 3A and Table S9).
Mitotypes did not explain any proportion of these variances
at lower temperatures, but as temperatures increased, the
proportions of variance due to mitotypes increased during
respiratory growth, particularly in the presence of an oxida-
tive stress agent (YPEGM, Figure 3B). The variance compo-
nent due to mitotypes exceeded that of mito–nuclear
interactions in this oxidative stress environment (18.3% vs.
16.0%, respectively, Table S9).

A competition experiment was performed to determine if
the growth differences of strains grown in isolation on solid
media corresponded to fitness advantages when grown in
mixed cultures. Nonmating cells with isogenic nuclear geno-
types, and either a neutral (YJM975) or high-fitness (Y12)
mitotype, were pooled in equal amounts and grown in direct
competition on nonfermentable media (Figure 4). The pro-
portions of mitotypes were approximately equal before
(61.4%) and after competition (52.4%) at 30� (nonsignifi-
cantly different with P = 0.03 vs. a of 0.017 after Bonferroni
correction), but after competitive growth at the elevated tem-
perature, the proportion of cells containing the high-fitness

Table 2 Mitotype effects on growth

Mitotype
YPEG
37� (%)

CSMEG
37� (%)

YPEGM
37� (%)

Average
(%)

Y12 15.5 11.1 23.8 16.8
BC187 1.0 8.6 8.1 5.9
YPS606 10.7 4.2 14.2 9.7
L1528 2.5 11.2 5.4 6.4
Yllc17_E5 4.3 3.5 1.2 3.0
SK1 221.9 229.1 220.0 223.7
Y55 28.3 26.2 231.7 215.4
YJM975 0.8 22.4 0.3 20.4
273614N 20.6 3.0 5.7 2.7

The percent increase or decrease in fitness by each mitotype (as shown in Figure 2)
were averaged across all nuclear genotypes. Average fitness differences across three
stress conditions are provided in the final column. CSMEG, ; YPEG, ; YPEGM.
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mtDNA increased substantially (95.6%, P, 23 10216). This
result demonstrates that larger colony sizes due to high-
fitness mtDNAs reflect competitive advantages.

Taken together, these results show that genetic variation in
mitochondrial haplotypes directly impacts mitochondrial fit-
ness. Even in thepresenceof strongmito–nuclear interactions,
certain mitotypes affect yeast growth in consistent patterns
and can be considered as high- and low-fitness mtDNAs.
These effects are largely contingent on stress conditions that
tax mitochondrial functions.

Mitochondrial recombination reveals functional
interactions between mitochondrial loci

In nature, biparental inheritance of yeast mtDNAs during
matings could introduce different mtDNAs into the same cell.
Mitochondrial recombination would result in allele reorgani-
zation, revealing novel phenotypes due to direct effects and
epistasis that may promote adaptive evolution.

Single ormultiple alleleswithin themitochondrial genome
could be contributing to fitness differences. To test this, we
created isonuclear diploid strains containing recombinant
mtDNAs by mating haploid strains with congenic nuclear
genotypes (differing by mating type and a selectable marker)
and different mitotypes (Table S2). A total of 41 independent
matings were performed, followed by clonal propagation of
unique diploid strains to fix mitotypes. Restriction analysis of
whole mtDNAs and three amplified mitochondrial markers

showed evidence of recombination in 41% of tested diploids
(Table S10), though the low resolution of these assays likely
underestimates the number of diploids containing recombi-
nant mtDNAs. If the high-fitness mtDNAwas due to a single
locus, then recombinantmtDNAswouldhaveeither thehigh-
or low-fitness allele and would be expected to generate
phenotypes identical to a parental mtDNA. We found that
on rich nonfermentable media at high temperature (YPEG
37�), colony sizes from strains with recombinant mtDNAs
were sometimes in between either control strain containing
parental mitotypes (Figure 5A). Fitness differences between
strains with recombinant vs. both parental mtDNAs were
observed in 10 of the 18 environmental conditions exam-
ined (Table S5). These results indicate that multiple mito-
chondrial loci underlie mitotype-specific phenotypic
differences.

Multiple loci could contribute to phenotypes through ad-
ditive or epistatic interactions between mitochondrial alleles.
For polygenic traits with additive alleles, recombination
would producemtDNAs that generate phenotypes both above
and below those of the parental mtDNAs. If one parental
mtDNA contained all positive alleles and the other none, then
progeny containing recombinantmtDNAwouldonly generate
intermediate phenotypes. For epistatic loci, recombination
would generate novel interacting allele combinations that
could present phenotypic distributions that resemble additive
alleles. However, if high-fitness epistatic allele combinations

Figure 3 Temperature increases phenotypic variances due to mitotypes under stress conditions. (A) Total normalized phenotypic variances and indi-
vidual variance component analyses including nuclear (blue), mitotype (red), and mito–nuclear epistasis (orange), and residual (gray), are presented as
stacked bar graphs. (B) The proportion of total phenotypic variance due to independent effects of mitotypes is plotted across increasing temperature for
each media. Line colors match media as shown in (A). CSM, ; CSMEG, ; SOE, ; YPEG, ; YPEGM.

Mito–Mito Epistasis in Yeast 313



were interrupted, recombination could produce low-
fitness mtDNAs that result in lower growth than parental
mtDNAs.

The intermediate phenotypes observed in strains with
recombinant mtDNAs on respiratory media are consistent
with a model with multiple loci with additive effects (Figure
5A). However, when strains were grown at high temperature
on a medium designed to emulate exudate from oak trees
(SOE), a natural habitat for Saccharomyces, the phenotypic
distribution was consistent with negative epistasis (Figure
5B). In this condition, growth rates of strains with parental
mtDNAs were similar to each other, while 28 (of 41) strains
containing recombinant mtDNAs grewworse than either par-
ent (P, 0.05 for independent ANOVAs comparing growth of
each recombinant strain to each parent; Table S5). It is likely
that the interruption of one or more coadapted mito–mito
allele combinations led to the observed negative epistasis in
this ecologically relevant media.

To determine if mito–mito epistasis was a general fea-
ture among mtDNAs, we created additional recombinant
mtDNAs between four different mitotypes (Table S2).
Growth rates were collected for isonuclear strains containing
fixed recombinant mtDNAs (mitotypes YJM975 3 Y12,
YJM975 3 YPS606, YJM975 3 Y55, and YPS606 3 Y55).
To explicitly test for mito–mito epistasis, we used a variance
partitioning approach developed to test for epistasis in hap-
loid genetic systems (Shaw et al. 1997). Specifically, additive
by additive (i.e., mito–mito) epistasis (VAA) was estimated as

twice the difference between the variances attributed to the
PCand the putative recombinants (R), i.e.,VAA=2* (s2

R2s2
PC)

(see Materials and Methods). There was evidence for
mito–mito epistasis (P , 0.001) in each environmental con-
dition (Table 3). These analyses were repeated for balanced
subsets of the data, such that each mitotype was only repre-
sented exactly once or twice (using data from mitotype
crosses YJM975 3 Y12 and YPS606 3 Y55, or YJM975 3
YPS606, YJM975 3 Y55, and YPS606 3 Y55, respectively).
In both balanced designs, VAA estimates were significant and
positive, with one exception (double representation, YPD at
37�). The negative VAA estimate in this exception suggests a
violation of test assumptions and could be generated if the
interacting loci were tightly linked. If mitochondrial recom-
bination was not sufficient to interrupt linkage in these
crosses, our power to observe mito–mito epistasis would be
reduced. Still, we detected positive mito–mito epistasis in
most cases.

In sum, mito–mito epistasis appears to be a common fea-
ture in yeast mtDNAs. Mito–mito epistasis estimates were
highest for the ecologically relevant media (SOE) at high
temperatures and suggest that selection for interacting mito-
chondrial alleles has influenced mtDNA evolution.

Discussion

Theevolutionary significanceofmitochondrial recombination
is not well understood. In this work, we show that recombi-
nation can reveal interactionsbetweenmitochondrial loci that
affect fitness. Our analyses were facilitated by using strains
with isogenic nuclear genotypes and parental or recombinant
mtDNAs in fixed environments, such that phenotypic vari-
ances could be directly attributed to mtDNAs. Because
mtDNAs are homoplasmic in yeast, dominance effects (VD)
could be eliminated, and the remaining phenotypic distribu-
tions must be due to additive (VA) and/or epistatic (VI) com-
ponents withinmtDNAs. In most cases, recombinant mtDNAs
created distributions that were consistent with additive ef-
fects. However, negative interactions between mitochondrial
alleles best explain the lowered fitness values of nearly all
strains with recombinant mtDNAs shown in Figure 5B. Epis-
tasis can be difficult to detect because, for most allele fre-
quencies, the additive (main) effects of interacting loci will
be greater than the total epistatic variance unless the epistatic
loci have strong deleterious interactions (Mackay 2014).
Still, statistically significant nonzero values of mito–mito
epistasis (VAA) were estimated when assessing recombinant
mtDNAs from four distinct parental mitotypes. Mito–mito
epistasis is most likely a general feature underling fitness
differences in yeast mtDNAs.

Given the large number of physical interactions between
the products of mitochondrial genes, it is possible that mul-
tiple mito–mito interactions contribute to mtDNA fitness. In
the simplest case where each parental mtDNA contains
unique alleles for two interacting loci (e.g., X1Y1 and X2Y2),
offspringwith recombinantmtDNA should, at most, form two

Figure 4 High-fitness mitotypes provide competitive advantage. Over-
night cultures of yeast strains containing the YJM975 nuclear genotype
and YJM975 (blue) or Y12 (red) mitotypes were mixed and competitively
grown on solid respiratory media (YPEG_R). The proportion of cells con-
taining each mitotype was determined before (t = 0) and after competi-
tion on YPEG media for 2 days by counting numbers of large (Y12) and
small (YJM975) colonies that formed on YPEG media at 37�. Proportions
shown are based on total numbers of colonies counted before (n = 223)
and after competition at 30� (n = 391) and 37� (n = 205). Significance
codes following Bonferroni correction: ns (not significant) P. 0.05, * P,
0.05, ** P , 0.005, and *** P , 5 3 1026.
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distinct phenotypic classes (representing X2Y1 and X1Y2).
While our sample sizes are too low to robustly describe dis-
tribution shapes, the phenotypic distribution in Figure 5B
appears broad, consistent with the interruption of multiple
different interacting genes. Large deletions within mtDNAs
arise in clonally replicating cells [resulting in “petites”
(Euphrassi 1949)] and so we omitted nonrespiring diploid
strains resulting from the crosses generating recombinant
mtDNAs. Our observed numbers of petites varied between
crosses (Table S11) and could reflect additional deleterious
mito–mito interactions between certain mtDNAs that were
not analyzed in this study.

We found that recombination between parental mtDNAs
generated lower-fitness mtDNAs using laboratory crossing
schemes, showing that mito–mito incompatibilities exist
within species. In nature, mito–mito incompatibilities gener-
ated via mitochondrial recombination may lead to reduced
fitness in hybrids. In S. paradoxus, recombination between
mtDNAs from diverging populations generated hybrid dip-
loids with lower fitness than hybrids with parental mtDNAs
(Leducq et al. 2017). Given the heterozygous nuclear

genotypes in these hybrids, dominant interactions between
mitochondrial andnuclear alleles could not be ruled out entirely.
However, it is likely that negative interactions between mito-
chondrial loci could be contributing to incipient speciation
events. In natural hybridization zones, S. paradoxus hybrids
contain mtDNAs with specific recombination patterns of
mtDNAs (Leducq et al. 2017; Peris et al. 2017), consistent
with selection for mito–mito (and possibly higher-order
mito–mito–nuclear) interactions. Coevolvedmito–mito inter-
actions are likely to strengthen hybridization barriers already
imposed by mitochondrial–nuclear incompatibilities in Sac-
charomyces yeasts (Sulo et al. 2003; Lee et al. 2008; Chou
et al. 2010; Spirek et al. 2014).

Strains with recombinant mtDNAs had different pheno-
typic distributions when grown in different environmental
conditions. Thus, selection potential for direct mitotype ef-
fects (including mito–mito epistasis) vs. mito–nuclear inter-
actions will be altered in different environments. In the nine
mitotype3 nine nuclear genotype strain collection, we found
that direct effects of mitotypes were significant only when
respiring cells were grown in temperature and oxidative

Figure 5 Mitochondrial recombination generates
novel phenotypes. Diploid strains containing iso-
genic homozygous nuclear genotypes and parental
(Y12 (red) or YJM975 (blue) or recombinant (green)
mitotypes were spotted via robotic transfer onto
solid media, and colony sizes were quantified after
48 hrs. Two biological replicates for each parental
control diploid were included. Colony sizes distribu-
tions are plotted as histograms. (A) YPEG, 37�. The
intermediate phenotypes of representative recombi-
nant strains (R1 and R2) are shown in the insert. (B)
SOE, 37�. See Figure S1 for phenotypes for addi-
tional media and temperatures. SOE, ; YPEG, .
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stress conditions. This is perhaps a reflection of increased ATP
demands (Postmus et al. 2011) and a mitochondrial role in
stress responses at elevated temperatures in cells (Knorre
et al. 2016; Munro and Treberg 2017). In contrast, mito–
nuclear interactions were highly significant in each condition
tested, as shown here and in Paliwal et al. (2014), including
fermentable media where mitochondrial metabolism is
downregulated due to glucose repression. It is possible that
mito–nuclear interactions play roles that are more related to
cellular homeostasis rather than oxidative phosphorylation.
In support of this, cosegregating mitochondrial and nuclear
alleles in natural populations of fish mapped to genes with
roles in mitochondrial protein regulation and translation, but
not to genes encoding subunits of oxidative phosphorylation
complexes (Baris et al. 2017).

While coevolved mito–nuclear genome combinations
generally show higher fitness than synthetic genome com-
binations, exceptions are routinely observed, including in
yeast [Figure 1A and Paliwal et al. (2014)], copepods,
(Willett and Burton 2003), and flies (Rand et al. 2006).
Mitochondrial alleles with strong direct effects may help
to explain these observations. Without recombination, se-
lection for beneficial mitochondrial alleles may be impeded
by linkage to other mitochondrial alleles causingmito–nuclear
incompatibilities. Recombination may promote adaptive
evolution by separating beneficial alleles from linked
deleterious alleles. Biparental inheritance of plastid DNA
can lead to rescue of a cyto–nuclear incompatibility
(Barnard-Kubow et al. 2017), suggesting that the same is
possible with mitochondrial recombination. Low levels of
recombination in natural populations may weaken mito–
nuclear coevolution, especially if there is selection on di-
rect effects that could promote admixture. However,
strong mito–mito incompatibilities may reinforce mito–
nuclear incompatibilities in the presence of mitochondrial
recombination.

Mitochondrial recombination has played a role in the
evolution of mtDNAs in yeasts (Wu et al. 2015; Leducq
et al. 2017; Wang et al. 2017). High rates of recombination
have been reported in laboratory conditions (Fritsch et al.

2014), although mitochondrial heteroplasmy does not
necessarily occur in the diploid cells produced following
matings (Zinn et al. 1987). We observed that �40% of
mated cells contained recombinant mtDNAs as identified
through low-resolution genotyping approaches. Addi-
tional mated strains had mtDNA genotypes that matched
one parental mtDNA but phenotypes that matched the al-
ternative mtDNA parental control strain, suggesting that
many recombination events went undetected. A closer
analysis of mitochondrial recombination is necessary to
develop mapping approaches and to understand how func-
tional variation is created in nature.

Mito–mito epistasis adds to the complexity of genetic
interactions affecting life-history traits. In systems where
mtDNA inheritance is uniparental and largely absent of re-
combination, mildly deleterious mutations are frequently
maintained (Neiman and Taylor 2009). Secondary muta-
tions that compensate for an interrupted epistatic inter-
action should be selected for and promote mito–mito
coevolution. Selection for interacting mitochondrial loci
may also contribute to unexpected maintenance of mtDNA
heteroplasmy (Ye et al. 2014). In recombining systems, mi-
tochondrial recombination will create new mito–mito allele
combinations that could influence the removal of deleterious
mutations, hybrid fitness, and coevolutionary processes. Gen-
eration and characterization of recombinant mtDNAs, as
done here, and experimental evolution in yeast offer ap-
proaches to test such evolutionary mechanisms in the
future.
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