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ABSTRACT

The symbiotic relationship between the mitochondrial and nuclear genomes coordinates metabolic
energy production and is fundamental to life among eukaryotes. Consequently, there is potential for strong
selection to shape interactions between these two genomes. Substantial research attention has focused on
the possibility that within-population sequence polymorphism in mitochondrial DNA (mtDNA) is
maintained by mitonuclear fitness interactions. Early theory predicted that selection will often eliminate
mitochondrial polymorphisms. However, recent models demonstrate that intergenomic interactions can
promote the maintenance of polymorphism, especially if the nuclear genes involved are linked to the X
chromosome. Most empirical studies to date that have assessed cytonuclear fitness interactions have studied
variation across populations and it is still unclear how general and strong such interactions are within
populations. We experimentally tested for cytonuclear interactions within a laboratory population of
Drosophila melanogaster using 25 randomly sampled cytoplasmic genomes, expressed in three different
haploid nuclear genetic backgrounds, while eliminating confounding effects of intracellular bacteria (e.g.,
Wolbachia). We found sizable cytonuclear fitness interactions within this population and present limited
evidence suggesting that these effects were sex specific. Moreover, the relative fitness of cytonuclear
genotypes was environment specific. Sequencing of mtDNA (2752 bp) revealed polymorphism within the
population, suggesting that the observed cytoplasmic genetic effects may be mitochondrial in origin.

ESPITE an increasing interest among evolutionary
biologists in the role of the mitochondrial genome
in adaptive evolution, only a limited number of studies
has tested the effect of mitochondrial polymorphism on
life-history traits and fitness (reviewed in BALLARD and
WaHITLOCK 2004; GEMMELL et al. 2004; RAND et al. 2004).
In fact, variation in mitochondrial genes by tradition has
been assumed to be selectively neutral (see RAND 2001;
BAaLLARD and WaHITLOCK 2004; BALLARD and RAND
2005). This is perhaps surprising, because the interplay
between the mitochondrial and nuclear genomes of eu-
karyotes undoubtedly represents one of the most impor-
tant symbioses among living organisms. Together, the
two genomes coordinate the cellular function funda-
mental to energy production, and there is thus large po-
tential for selection to shape their integration (BALLARD
and RaND 2005).

Early theoretical work realized that simple, additive
genetic fitness variation will be low among mitochon-
drial haplotypes within a population because detrimen-
tal and beneficial mutations are rapidly purged and
fixed, respectively (TAKAHATA 1984). However, the fact
that the mitochondrial genome exhibits sequence poly-
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morphism within populations of some species (CLARK
1984), in conjunction with the observation that differ-
ent mitochondrial DNA (mtDNA) haplotypes can have
a significant influence on organismal fitness (reviewed
in GERBER et al. 2001; BALLARD and RanD 2005), has
motivated researchers to explore the underlying pro-
cesses maintaining such polymorphisms. Substantial
research attention has focused on the possibility that
this mtDNA sequence polymorphism can be upheld by
cytonuclear fitness interactions. Initial theoretical stud-
ies suggested that such interactions probably cannot
maintain polymorphism in mitochondrial genes within
panmictic populations, except under restrictive condi-
tions of frequency-dependent selection or strong sex-
specific selection (CLARK 1984; GREGORIUS and Ross
1984; BaBcock and AsMUSSEN 1996, 1998). A few em-
pirical studies also confirmed these predictions. For
example, CLARK and LYCKEGAARD (1988) found no evi-
dence of cytonuclear fitness interactions among lines of
Drosophila melanogaster from within panmictic popula-
tions. However, such cytonuclear interactions have been
demonstrated among lines of flies created from distinct
geographic origins (e.g., CLARK 1985; HirA1ZUMI 1985;
CLARK and LYCKEGAARD 1988; JamEs and BALLARD
2003). These findings would seem to collectively sug-
gest that polymorphism in cytonuclear genotypes is re-
moved quickly within panmictic populations, but that
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mitochondrial and nuclear genes do coevolve, such that
intergenomic epistatic variation is found when different
populations are crossed.

The early theoretical models that examined possibil-
ities for cytonuclear fitness polymorphisms were based
on autosomal loci (CLARK 1984; GREGORIUS and Ross
1984; BaBcock and AsMUSSEN 1996, 1998). In diploid
species where females are the homogametic sex, the pat-
terns of cytoplasm-nuclear chromosome transmission
are different for the X chromosome than for the auto-
somes. On average, X chromosomes cosegregate with
the cytoplasm in two-thirds of cases, whereas autosomes
cosegregate with the cytoplasm in only half of cases. This
increased rate of cotransmission of X chromosomes
with cytoplasms may facilitate the transmission of favor-
able allelic combinations with the cytoplasms. Further-
more, the fact that X chromosomes spend two-thirds of
their time in females makes them a hotspot for sex-
specific fitness variation (Rice 1984; GIBSON et al. 2002).
These points motivated RAND et al. (2001) to develop a
model of cytonuclear fitness polymorphism, in which
the interacting nuclear locus is located on the X chro-
mosome. This model demonstrated that multiple mito-
chondrial haplotypes can indeed be maintained within
populations when interacting nuclear genes are X-
linked. Additionally, they provided empirical support
that such interactions may occur both among lines of D.
melanogaster derived from diverse geographic localities
and from lines derived from the same geographic pop-
ulations. Specifically, these interactions were sex specific
and the nuclear genes involved were X-linked.

The above studies that tested for within-population,
cytonuclear interactions used chromosome segregation
assays (CLARK and LYCKEGAARD 1988; RaND et al. 2001).
With this genetic design, females produced two types
of offspring: homozygous and heterozygous for the
nuclear chromosome copy examined (males were hemi-
zygous when X chromosomes were tested). The het-
erozygous offspring carried one copy of a genetically
marked balancer chromosome. The proportion of
hatching homozygous to heterozygous offspring, within
each sex, was then used as a joint estimate of segregation
and viability (egg-to-adult survival: ¢.e., juvenile fitness)
to test for differences among the assayed chromosomes
in each cytoplasm. An advantage of this experimental
design is that it is possible to examine differences in
offspring sex ratio between crosses and thus test for sex-
specific viability. However, the design has two draw-
backs. First, it is difficult to evaluate how representative
cytonuclear interactions (or the lack thereof) are in out-
bred populations because results reflect the difference
in viability of chromosomes when expressed in their
inbred vs. outbred (the homologous chromosome was
agenetically marked cytogenetic construct derived from
a different population) states in different cytoplasms.
Second, although juvenile viability is an important com-
ponent of fitness, estimates suggest that it composes

only ~15% of the nuclear genetic variation for fitness
in D. melanogaster and, furthermore, that sex-specific
effects on fitness of particular alleles do not seem to
be expressed until the adult stage (see CHIPPINDALE
et al. 2001; GIBSON et al. 2002). Thus, cytonuclear fitness
interactions may be more ubiquitous within popula-
tions than currently assumed, and there are good
reasons to focus on the adult part of the life cycle when
studying the effects of mtDNA polymorphisms within
populations. A final limitation of previous studies is that
they have not attempted to remove potentially con-
founding effects of cytoplasmic, maternally inherited
bacteria, such as Wolbachia, using tetracycline treat-
ment (CLARK and LYCKEGAARD 1988; RAND et al. 2001).

Here, we experimentally test whether there is genetic
variation in cytoplasmic genes for female adult fitness
within a panmictic population of D. melanogaster. In
particular, we examine cytonuclear interactions for fit-
ness. This was achieved by establishing 25 randomly
sampled cytoplasmic lines, using backcrossing to disas-
sociate each line from its original nuclear background.
These lines were tetracycline treated to remove bacteria
such as Wolbachia. The cytoplasm of each line was then
expressed in three different haploid nuclear genetic
backgrounds derived from the same population, en-
abling cytonuclear interactions on adult female fitness
to be determined following straightforward assays.

MATERIALS AND METHODS

Laboratory flies: Flies used in this experiment were sampled
from a large, outbred laboratory population (LHy;) of D.
melanogaster. This population is cultured on a 14-day discrete
generation cycle. Each generation is started by 56 “juvenile
competition vials” (each 10-dram vial contains 10 ml of
cornmeal-molasses killed-yeast medium) trimmed to contain
150-200 eggs in each. Larval, pupal, and early adult stages
reside in these vials for 11.25 days, at which point a thoroughly
mixed sample of 1792 adults from the 56 “juvenile competition
vials” are transferred to “adult competition vials” (16 pairs/vial
with 10 mg of live yeastadded on top of the medium). Eighteen
hours before the end of the 14-day generation cycle, the flies
are transferred to 56 fresh vials where eggs are laid that will
propagate the next generation, so that fecundity during these
18 hr represents lifetime fecundity in this population. At the
start of these experiments, this population had adapted to
this specific laboratory environment for >300 generations.
Flies were reared at 25°, on a 12-hr light:12-hr dark cycle (see
CH1pPINDALE and Rick 2001 and FRIBERG et al. 2005 for further
details on the LHy; population).

Construction of mt lines: Cytoplasms were sampled from
the laboratory population by randomly collecting 25 mated
females. Each female was effectively a “mitochondrial Eve”
that was used to found a separate “mt line” fixed for her cyto-
plasmic (cyto)/mitochondrial (mito) type. To accurately dis-
cern variation in cytoplasms in relation to fitness, it was
necessary to disassociate each sampled cytoplasm from the nu-
clear background with which it was originally associated. This
was achieved via 27 successive generations of backcrossing with
males from the outbred LHy; base population. For the first 20
generations of backcrossing, 8 daughters were collected from
each mtline and mated to 8 random males from the laboratory
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population. To ensure that sampling error would not create
differences in nuclear DNA among mt lines, in generation
21-25, the number of daughters used for each backcross was
increased to an average of 70 (range: 42—-100) and the number
of random base males to 50. At generation 26, each line was
increased to contain 150 daughters and 100 random LHy
males, distributed equally across five vials. According to diagnos-
tic polymerase chain reaction (PCR) conducted at generation
15, all lines were free from Wolbachia infection. Nonetheless, at
generation 26, all larvae were treated with tetracycline hydro-
chloride to ensure that they were uninfected with cytoplasmic
bacteria, such as Wolbachia. From generation 28, the lines were
closed and each subsequent generation was propagated in five
replicate vials, by 32 pairs/vial, and subsequent egg densities
were counted and trimmed to 150-200 eggs/vial.

During the backcrossing, daughters from the mt lines were
not collected immediately upon hatching. Most females were
therefore already mated (some with their brothers) before
they were introduced to random LHy; males. This slowed
down the rate at which the nuclear DNA, originally associated
with the sampled cytoplasms, was replaced. Remating is, how-
ever, frequent in this population, ranging from 55 to 98% (W.
R. RicE, personal communication), and sperm displacement is
high. The average sperm displacement rate reported for D.
melanogaster is 93% (Stmmons 2001) and 85% for the LHy
population (W. R. RICE, personal communication). Sperm
displacement was also measured in this population in another
experiment that was conducted concurrently with this one
and found to be 81% (U. FriBERG and D. K. DOWLING,
unpublished data). To calculate the percentage of the original
nuclear background that had been replaced after the 27
generations of backcrossing, we conservatively assumed that
all females mated first to a brother, then remated to a random
LHy; male in 55% of cases, and, when remating, fertilized 80%
of the ova with sperm from the second male. This reduces the
effective replacement rate of nuclear DNA to 22%/genera-
tion, rather than 50%. Assuming that all “mitochondrial Eves”
were initially mated to nonrelatives in the first generation, a
highly probable scenario, this results in 99.92% of the original
nuclear background being replaced at generation 27, which is
equivalent to 10 generations of backcrossing using virgin
females.

Production of inbred lines: Inbred lines were created so
that the 25 mt lines could be crossed with distinct and con-
trolled nuclear genetic backgrounds. Thirty inbred lines were
initiated by collecting and isolating 30 mated females from the
LHy population. One virgin daughter and one son were col-
lected from each mated female and crossed. In each genera-
tion, a virgin daughter was mated with a full-sib brother. Of the
30 lines, 6 persisted over nine generations of such inbreeding,
and 3 of these were randomly chosen to be used in the ex-
perimental assays. At this point, the inbreeding coefficient was
0.859 and the probability of fixation of a single allele at any
one locus, under the conservative assumption that four alleles
were present in the initial mating, was 0.736 (FALCONER and
Mackay 1996). These three lines were then maintained as
populations in which each generation was propagated in 10
replicate vials, by 14 pairs/vial, and subsequent egg densities
were counted and trimmed to 150-200 eggs/vial.

Experimental design: The experiment was conducted in
three blocks that were separated in time. To start each block,
each mtline and each inbred line was further replicated in two
vials of 32 pairs (using 7- to 8-day-old adults) and in 10 vials of 5
pairs (using 1- to 2-day-old adults), respectively. These pairs
were provided with fresh vials with yeast each day for 6 days and
subsequent egg densities were trimmed to 150-200 eggs in
each vial. These eggs were thus propagated by mothers aged
between 7 and 13 days for the mt lines and between 1 and 7
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FIGURE 1.—Schematic of karyotypes for offspring of the 75
mt line X nuclear background crosses. Small circles, of differ-
ent shades, within each eclipse indicate particular cyto/mito
types. The first set of rectangles on the left side of the eclipse
indicates the sex chromosomes: Y denotes the Y chromosome,
and a rectangle the X chromosome. The three pairs of rect-
angles to the right of this are autosomes. The shading of all
chromosomes indicates their origin: solid indicates random
wild-type chromosomes from the base population and paler
shades of three different intensities indicate chromosomes in-
herited from males of each of the three nuclear backgrounds.
Thus, each offspring receives its cyto/mito type from its mt
line of origin; 50% of its nuclear DNA is inherited from a spe-
cific, controlled nuclear background, while 50% represents
random, wild-type nuclear DNA from the base population.

days for the inbred lines. Thus, the mt lines to be used in the
experiment were propagated by moderate-aged females and
the inbred lines by young females.

In each block, 90 virgin adult females were collected from
each mtline and divided into three groups of 30. For practical
reasons, the first group of 30 females/mt line was collected
from mothers aged 7-9 days, the second group from mothers
aged 9-11 days, and the third group aged 11-13 days. Each of
these groups in turn was subdivided into three vials such that
10 females/vial were stored. At the same time, 750 males were
collected from each inbred line and divided into 25 groups of
30 males. Each of these groups was also subdivided so that 10
males/vial were stored. Again for practical reasons, the males
of each inbred line were collected from different aged mothers.
Specifically, in blocks 1 and 3, inbred line 1 was collected from
mothers aged 1-3 days, inbred line 2 from mothers aged 3-5
days, and line 3 from mothers aged 5-7 days. In block 2, inbred
line 2 was collected from mothers aged 1-3 days, line 1 from
mothers aged 3-5 days, and line 3 from mothers aged 5-7 days.

When 1-2 days old, each group of 30 females (three vials/
group) was crossed to a corresponding group of 30, 1- to
2-day-old males from an inbred line (three vials/group) in each
possible combination so that there were 75 crosses in total. As
indicated above, the 30 pairs for each mt line X inbred line
combination were divided into three subgroups of 10 pairs
each, and each such subgroup received a separate vial within
which they mated and the females laid eggs. Twenty-four hours
later, the flies were discarded and egg density was trimmed to
150-200 eggs/vial. Nine days after egg laying, within the first 7
hr of hatching (flies remain virgins for ~8 hr) but no earlier
than 1 hr after hatching, 23 virgin daughters were collected
from each cross under light COy anesthesia. These females,
then, had inherited their cyto/mito type along with a random
haploid set of nuclear chromosomes from their mother. The
second haploid set of nuclear chromosomes was inherited
from their father and can be assumed to be distinct across the
three inbred lines (Figure 1). These 23 females/cross were the
focal females for this experiment. Their parents were all of
identical age (1-2 days), which minimizes the possibility of
parental effects confounding the experiment. The grand-
parents to these focal females, however, were of variable age.
Nonetheless, it is unlikely that grandparental effects will
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TABLE 1

Variance component estimates for cytonuclear effects on adult female fitness

Scaled estimate

Source Estimate Standard error Z P % total variance
mt line 0.175 0.284 0.62 0.269 0.31
Background 0 — — — —

Block 1.203 3.687 0.33 0.372 2.11

mt line X background 0 — — — —

mt line X block 0 — — — —
Background X block 6.470 3.897 1.66 0.048 11.37

mt line X background X block 4.602 0.708 6.50 <0.0001 8.09
Residual 44.440 0.976 45.55 <0.0001 78.12

confound this experiment and we explain why within the
DISCUSSION.

When 4 days old, the 23 focal females collected from each of
the 75 crosses were mated (without COs anesthesia) to 35
randomly selected 3-day-old males from the LHy; base pop-
ulation for exactly 2 hr. Twenty of these mated females were
then collected under light anesthesia and placed in individual
vials with medium, upon which a standardized amount of live
yeast was added (1.6 g dry yeast was thoroughly mixed with 10
ml HyO and then 5 pl was added to each vial before drying
overnight, resulting in 0.8 mg live yeast/female). An incision
was made in the medium of each vial to further entice females
to oviposit. Females were allowed exactly 18 hr to oviposit
before they were discarded. This protocol mimicked the rear-
ing conditions for the base population in terms of the average
amount of live yeast consumed by females [which is linearly
related to the number of eggs laid by females in this popula-
tion (ORTEIZA et al. 2005)] and the timing and length of the
oviposition period. However, two deviations were made from
the standard culturing procedure to avoid interdependencies
between females from the same line and block. First, live yeast
was provided at the time of oviposition rather then before ovi-
position and, thus, females did not have to compete over this
resource. Second, females were exposed to males for a shorter
period of time. Ten days later, offspring emerging from each
vial were counted and sex was assigned. All vials were re-
checked on day 11 to include any late-hatching offspring in
our fitness assays. Thus, the measure of female adult fitness
used here is the total number of hatchlings emerged per
female by day 11, which is in concurrence with the regular
culturing protocol since flies hatching later than this will not
contribute to the subsequent generation. Overall, ~60 broods
were scored for each of the 75 mt line X nuclear background
crosses, divided into three blocks. Some females (n = 50) did
not produce any offspring and were subsequently removed
from the final analyses reported below. However, their removal
did not qualitatively alter the results. Data were accidentally
lost from four mt line X nuclear combinations during block 2.
In total, 98,725 offspring from 4370 broods were included in
the analyses.

Screening for mtDNA variation: To probe for mtDNA se-
quence polymorphism among the 25 mt lines, we sequenced
four protein-coding mtDNA gene fragments in (initially) one
individual for each mt line. The four fragments consisted of a
fragment within CytB, Cox2, and two nonoverlapping frag-
ments within ND5. Primers were designed from the published
complete mtDNA sequence of D. melanogaster (Embl entry
U37541) using the software PRIMER3 (RozEN and SKALETSKY
2000). Primer sequences (all given in 5'-3" direction) were
CytB-F ACCTTTACGAAATTCCCATCC, CytB-R GGGTCTCCC
AATAAATTTGGTC, Cox2-F TGGCAGATTAGTGCAATAGATT

TAAG, Cox2-R GACCAGTACTTGCTTTCAGTCATC, ND5-I-F
TTTGTTCTTATAATTTCTTCTTTAGTGA, ND5-I-R GCCCCA
GCACATATAAACAA, ND5-II-F TTTAAAGCATTATTGTTTAT
ATGTGC, and ND5-II-R GACCTCCAAAATATTCTGATCAAC.
DNA was extracted from single flies using the Puregene tissue
extraction kit (Gentra, Research Triangle Park, NC). PCR was
carried out in 20-pl volumes comprising 2 pl of extract, 0.5
units of AmpliTaq Gold (Applied Biosystems, Foster City, CA),
1X GeneAmp PCR buffer II (Applied Biosystems), 0.2 mm of
each dNTP, and 0.4 pM of each primer at a final concentration
of 2.5 mm MgCl, (3.75 mm for fragment ND5I). We used the
following thermal profile on a Mastercycler gradient instru-
ment (Eppendorf, Madison, WI): 38 cycles at 95° for 30 sec, at
56° for 30 sec (55° for fragment ND5I), and at 72° for 45 sec.
Before the first cycle, a prolonged denaturation step (95° for
7 min) was included and the last cycle was followed by an
additional annealing step at 55°-56° for 1 min and a final
extension step at 72° for 10 min. PCR products were cleaned
using ExoSAP-IT (Amersham Biosciences) and sequenced on
both strands with the original primers by Macrogen. Forward
and reverse electropherograms were checked manually. We
used the software MEGA3 (KuMar et al. 2004) for sequence
alignment, comparison, and amino acid characterization.
Statistical analysis: Cytoplasmic and nuclear effects, as well
as the interaction between them, on fitness were estimated
using the restricted maximum fkelihood (REML) algorithm
(PROC MIXED statement) in SAS version 9.1. The mt line,
nuclear genetic background, and block were modeled as
random-effects variables. Cytonuclear effects on female fitness
were also examined separately within each block. To test for sex
specificity of the effects of the mt line, nuclear background, as
well as the interaction between them, on juvenile viability, we
conducted a repeated measures general linear model (GLM)
in which mt line, background, and block were “between-
subjects” factors and sex the “within-subjects” factor. Sex-
specific effects were also examined separately within each block.

RESULTS

Cytonuclear fitness effects: We found no significant
main effects of mt line or nuclear background on adult
female fitness (Table 1). However, there was a highly
significant interaction among mt line, nuclear back-
ground, and block on adult female fitness that ac-
counted for ~8% of the observed phenotypic variance
in adult female fitness (95% C.I: 6.1-11.2%) (Table 1).
This demonstrates that the relative fitness of specific mt
line X nuclear crosses was contingent upon the block in
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F1GURE 2.—Interaction plot of adult female fitness for the
75 mt line X nuclear background combinations (cytonuclear
genotypes) for each block. The substantial crossing over of
the reaction norms illustrates that the relative order of fitness
per cytonuclear genotype differs across blocks.

which the assay was conducted (Figure 2). We note that
negative variance component estimates were obtained
for some model parameters, as indicated in Table 1.
Although the REML algorithm is normally considered
robust against the potentially biasing effects of negative
variance component estimates (e.g., SHAW 1987), we
conducted separate analyses within each block to verify
the results revealed by the main model. Again, there
were no main effects of mt line or nuclear background
within each of the three blocks, but highly significant mt
line X nuclear interactions that accounted for 4.5%
(CI: 2.6-9.5%), 12.4% (C.I.: 8.3-20.5%), and 8.5%
(C.I1.: 5.1-17.0%) of the phenotypic variance in female
adult fitness in blocks 1, 2, and 3, respectively (see Table
2). Thus, within each block, some mt lines had high

fitness when expressed in some nuclear backgrounds
but low fitness when expressed in others (Figure 3). To
help elucidate whether there were any consistent pat-
ternsin mtline X nuclear effects on fitness across blocks,
we reanalyzed the data, including block only as a main
effect. In this analysis, we controlled for variation
attributable to block while pooling the variation attribut-
able to the mt line X nuclear X block effect with the
residual error. This revealed a significant mt line X nu-
clear background effect on female fitness that ac-
counted for ~1.6% (C.I.: 0.8-4.3%) of the variation in
female fitness (z = 2.49, P= 0.006).

Sex-specific effects: Theory suggests that the main-
tenance of cytonuclear polymorphisms is promoted by
differences between the sexes in cytonuclear fitness
ranks (see Introduction). We could not definitively test
this possibility here because male adult fitness was not
measured. However, following the approach used pre-
viously (CLARK 1985; RAND et al. 2001), we measured
sex-specific viability (i.e., number of eclosing offspring
of each sex) of offspring to the focal females. In an
overall analysis (across blocks), we found no evidence
for sex specificity of the effects of mt lines, nuclear
genotypes, or their interaction on viability (see Table 3).
However, in separate analyses within each block, sex-
specific effects of mt line X nuclear background (block
1) or mtline (block 2) on viability were revealed within
two of the blocks (Table 4).

Sequence polymorphism in mtDNA: We obtained
DNA sequences from a total of 2752 bp of mtDNA (701
bp of CyB, 715 bp of Cox2, plus 698 and 638 bp, re-
spectively, for the two ND5 fragments). Sequences have
been submitted to the Embl database (accession nos.
AM403327-AM403330). The Cox2 and ND5 fragments
were monomorphic across all 25 mt lines. However, the

TABLE 2

Variance component estimates for cytonuclear effects on female fitness within each block

Scaled estimate

Source Estimate Standard error Z P % total variance
Block 1
mt line 0 — — — 0
Background 7.254 7.444 0.97 0.165 18.15
mt line X background 2.474 0.798 3.10 0.001 4.48
Residual 45.442 1.709 26.59 <0.0001 82.37
Block 2
mt line 0 — — — 0
Background 4.439 4.793 0.93 0.177 8.92
mt line X background 6.170 1.398 4.41 <0.0001 12.40
Residual 39.149 1.517 25.81 <0.0001 78.68
Block 3
mt line 0.503 1.034 0.49 0.313 0.81
Background 7.658 7.967 0.96 0.168 12.38
mt line X background 5.263 1.584 3.32 0.0004 8.51
Residual 48.456 1.830 26.48 <.0001 78.30
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F1Gure 3.—Cytonuclear effects on adult female fitness within each block. Interaction plots for each block of female fitness for the
25 mtlines expressed in three different nuclear genetic backgrounds. The substantial crossing over of reaction norms indicates that
the relative order of fitness per mt line changes according to nuclear background: (a) block 1, (b) block 2, and (c) block 3.

CytB fragment harbored variation: site 204 showed a
transition (A in mtlines 6 and 11, G in the remaining 23
lines). The variable site was unambiguous in forward
and reverse electropherograms and was confirmed by
sequencing an additional two individuals from lines 6
and 11. The DNA sequence variation corresponds to
an amino acid replacement: 7yrin lines 6 and 11, Cysin
the remaining lines.

To assess whether the particular polymorphism de-
tected might have influenced our results, we recoded the
25 mt lines into the two distinct mtDNA variants found
and then explored whether there were mtDNA X nuclear
effects on female adult fitness, using the same models as
described above. These analyses did not reveal any sig-
nificant additive mtDNA or nuclear effects, or any mito-
nuclear effects, either across or within blocks. We note,
however, that this is a weak test because our classification
was based on sequence data from only 14% of the total
amount of coding mtDNA of D. melanogaster. Genetic
variation outside our sequenced mtDNA domains thus
would have been misclassified in these analyses.

DISCUSSION

The cytonuclear interactions that we document
support the contention that multiple cyto/mito types

can be maintained within a panmictic population. Our
results suggest that this maintenance is caused by
epistatic interactions between cytoplasmic and nuclear
genes, since the fitness of any particular mtline depends
upon the nuclear genetic background with which it is
coexpressed. Furthermore, the relative fitness of spe-
cific cytonuclear genotype combinations is apparently
dependentupon the environment in which they persist,
as revealed by substantial crossing over of cytonuclear
fitness reaction norms across our three blocks. Follow-
ing standard convention, we ascribe variation attribut-
able to the effect of blocks in our experiment to minor
unpredictable environmental heterogeneity across
blocks. Moreover, we found limited evidence that the
cytonuclear interactions may be sex specific. That is,
specific cytonuclear combinations may encode high
fitness in one sex but low fitness in the other. However,
we note that our measure of sex-specific effects was
restricted to juvenile viability and that these effects were
inconsistent across blocks. Itis also worth noting that we
failed to find any main effects of cyto type or nuclear
genetic type on fitness. Taken together, these results are
consistent with, and extend upon, earlier work that has
explored the possible role that cytonuclear fitness
interactions play in maintaining mitochondrial haplo-
type polymorphism within populations (CLARK 1984;
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TABLE 3

Repeated measures GLM testing specifically for sex-specific
differences in fitness among cytonuclear genotypes

Sum of
Source d.f.  squares F P
Sex 1 108.84 9.889 0.0017
Sex X block 2 3.44 0.156 0.8555
Sex X mt line 24 259.39 0.982 0.4868
Sex X background 2 27.53 1.251 0.2864
Sex X mt line X block 48 691.91 1.310 0.0750
Sex X background X block 4 31.94 0.726 0.5744
Sex X mt line X background 48 456.04 0.863 0.7363
Error 4242 46,688.67

Block, background, and mt line are “between-subjects” fac-
tors and offspring sex (Sex) is the “within-subjects” factor.
Only interactions involving Sex (the “within-subjects” results)
are included in the table because the model was constructed
explicitly to test for sex specificity of effects. The “Sex X mt
line X background X block” interaction did not resolve
and was thus omitted from the analysis.

GREGORIUS and Ross 1984; CLARK and LYCKEGAARD
1988; BaABcock and ASMUSSEN 1996, 1998; RAND et al.
2001).

Multiple studies have demonstrated cytonuclear ef-
fects on fitness when using cytonuclear genotypes con-
structed from strains of different geographic origins
(CrLARK 1985; Hira1zumri 1985; CLARK and LYCKEGAARD
1988; JamEs and BarLarp 2003; ZeyL et al. 2005;
DOWLING et al. 2007). However, very few studies have
tested whether fitness variation occurs among cyto-
nuclear genotypes within a population. CLARK and
LyckeGAARD (1988) assessed the potential for interac-
tions between cytoplasms and the second autosomal
chromosome in D. melanogaster, but found no evidence
of such interactions. This result was consistent with
theoretical models between cytoplasms and a polymor-
phic autosomal locus (GREGORIUS and Ross 1984;
Bascock and ASMUSSEN 1996, 1998). In another study,
RAND et al. (2001) assessed interactions between cyto-
plasms and the X chromosome, motivated by the fact
that the X chromosome cotransmits with the cytoplasm
more frequently than do the autosomal chromosomes.
This extension upon previous studies was logical be-
cause theoretical and empirical study has shown that the
X chromosome is enriched with sexually antagonistic
fitness variation (Rick 1984; GiBsON et al. 2002). RAND
et al. (2001) found sex-specific, cytonuclear fitness inter-
actions in two of three populations assayed (however,
one of these two populations was infected with Wolba-
chia). The nuclear genes involved in these interactions
were X-linked and, consistent with theory, there was
some evidence of sex-specific fitness effects according to
cytoplasmic and nuclear genes. Thus, from these studies
it appears that cytonuclear fitness interactions may be
maintained in specific circumstances, namely when the

TABLE 4

Repeated measures GLM testing specifically for
sex-specific differences in fitness between
cytonuclear genotypes within each block

Sum of

Source d.f.  squares F p

Block 1
Sex 1 40.93 4.24 0.0398
Sex X mt line 24 189.47 0.82 0.7180
Sex X background 2 36.98 1.91 0.1479
Sex X mt line X background 48 634.27 1.37 0.0498
Error 1414 13,663.65

Block 2
Sex 1 42.17 3.83 0.0505
Sex X mt line 24 428.01 1.62 0.0296
Sex X background 2 24.78 1.13 0.3246
Error 1376 15,138.51

Block 3
Sex 1 22.45 1.83 0.1758
Sex X mt line 24 339.81 1.16 0.2728
Sex X background 2 10.00 0.41 0.6649
Sex X mt line X background 48 520.79 0.89 0.6933
Error 1404 17,187.49

Only the “within-subjects” results are presented. The
“Sex X mt line X background” interaction did not resolve
in block 2 because the term “background” was unbalanced
in the subject stratum (due to missing data in block 2; see
MATERIALS AND METHODS)

nuclear genes involved are X-linked and consequently
under sex-specific viability selection.

In this study, we used a different approach to assess
the potential for intrapopulation cytonuclear fitness
interactions and addressed whether such interac-
tions are more ubiquitous and stronger than currently
assumed. First, we studied a more comprehensive mea-
sure of fitness (adult fitness instead of segregation
and viability, ¢.e., juvenile fitness). Estimates suggest that
the adult stage accounts for more than five times the
amount of genetic variation for fitness than does the
juvenile stage in D. melanogaster (GIBSON et al. 2002).
Furthermore, there is no detectable ontogenetic sexual
conflict involving the X chromosome at the juvenile
stage, but there is a clear conflict at the adult stage [the
X chromosome accounts for 97% of genomewide
sexually antagonistic variation (CHIPPINDALE ef al.
2001; GiBsoN et al. 2002)]. Thus, our approach should
have provided higher power in terms of detecting
cytonuclear fitness interactions in general. Second,
our method of using distinct haploid genomes as
genetic backgrounds provided increased power over
previous studies, because genetic interactions were
assessed over the whole genome compared to only a
particular autosome or X chromosome (¢f. CLARK and
LyckeEGAARD 1988; RAND et al. 2001). Furthermore, we
avoided the usage of inbred chromosomes and thus
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tested for cytonuclear interactions across cytonuclear
variants that actually occur “naturally” within our lab-
oratory population. Our approach also avoided prob-
lems associated with using cytogenetic constructs, like
balancer chromosomes, in the flies scored for fitness.
The main limitation of our approach, of course, is that
we were unable to identify the location(s) of nuclear
genes involved in these interactions (i.e., autosomal or
X-linked).

Our results also revealed that the relative fitness of a
joint cytonuclear genotype is dependent upon the en-
vironment in which it is expressed, as shown by differ-
ences in cytonuclear fitness ranks across the three
blocks. The D. melanogaster population (LHy;) that we
studied has been cultured under controlled environ-
mental conditions for >10 years. Laboratory conditions
were also controlled during our experiments and aver-
age adult female fitness was indeed similar across the
three blocks. Nonetheless, the minor environmental
heterogeneity that always occurs across blocks in terms
of temperature, humidity, and/or food quality was ap-
parently sufficient to generate differences in the relative
fitness ranks of the 75 cytonuclear genotypes studied
here. Genotype by environment interactions for fitness
are common (ReMoLD and LEnsk1 2001), but their gen-
eral ability to maintain genetic variation when variation
is temporal is disputed (reviewed in HEDRICK 1986).
Theory predicts that a temporally fluctuating environ-
ment can maintain genetic variation only under special
conditions and that these conditions are particularly
unlikely when generations are nonoverlapping (see
Rorr 1997), such as in the LHy; population studied
here. A possible exception is when expression of the
genes in question is sex limited (SAsAKI and ELLNER
1997; RemnHOLD 2000). In contrast to temporal var-
iation, spatial variation in selection and division of
populations into linked subgroups may play a more
important role for the maintenance of genetic variation
when migration between demes is limited (see HEDRICK
1986), although we are unaware of any theory directly
addressing the maintenance of mitochondrial genetic
variation in fitness by cytonuclear interactions under
spatially varying selection. Because the LH); population
is subdivided during both larval and adult competition
(see above), it is possible that spatial variation in selec-
tion may have contributed atleast to the maintenance of
the cytonuclear interactions seen in our assays. How-
ever, the fact that environmental differences across com-
petition vials should be relatively minor, combined with
the fact that mixing of individuals between “competitive
demes” is extensive between generations (i.e., very high
“migration” between vials), casts doubt on this possibility.

We also assessed whether the cytonuclear fitness
effects documented in this study may be upheld by sex-
specific selection and found some evidence of sex-
specific viability attributable to mt line or the mt line X
nuclear background interaction in two of three blocks.

Thus, cytonuclear effects were seemingly sex specific in
two of three blocks. This is consistent with the theory
postulating that sex-specific viability selection is a key
mechanism behind cytonuclear fitness interactions. It is
important to note that our test for sex specificity was
conservative and not ideal for two reasons. First, we did
not test for sex-specific interactions in adult flies and,
second, the cytonuclear genotype of the offspring
(being tested for sex-specific viability) differed partially
from that of their mother’s (the focal female’s) geno-
type. The offspring (both sons and daughters) had
inherited their mother’s mt haplotype, but only half of
the controlled haploid genome derived from their
maternal grandfather. There was thus a 50% reduction
in controlled nuclear background in the offspring com-
pared to the focal females. Although this should not
create any directional biases among crosses, it will re-
duce the power by which sex-specific cytonuclear inter-
actions for viability can be detected. Thus, although the
sex-specific effects that we found were inconsistent, they
suggest that the X chromosome may be more likely to be
involved in these cytonuclear interactions than the
autosomes, and this is consistent with recent theory
and empirical research (RAND et al. 2001).

Although 25 cytoplasms were sampled from the pop-
ulation, only three haploid nuclear genetic back-
grounds were used, which compose only a minute
fraction of all possible nuclear backgrounds. In addi-
tion, we controlled for only 50% of the nuclear genome
in the focal females. Consequently, it is difficult to esti-
mate the absolute magnitude of intergenomic fitness
interactions. Despite these limitations, the interaction
between mt line and nuclear background was signifi-
cant, accounting for at least 3-8% (lower 95% C.1.’s) of
total variation in fitness within blocks. Although these
values are highly relevant in terms of the genetic inter-
actions occurring in this population, it is important to
recognize that they do not provide exact quantitative
estimates of naturally occurring variation for fitness
explained by such interactions.

We found no difference in fitness among mt lines per
se. Moreover, no evidence was found for additive differ-
ences among the nuclear backgrounds, despite ex-
tensive testing of these haploid genomes (1460-1500
females were tested for each). This was somewhat
unexpected, because previous research has shown that
there is a substantial amount of additive genetic varia-
tion for female fitness in this population (GIBSON et al.
2002). One possibility for the apparent lack of additive
differences among the nuclear backgrounds is, of course,
that the set of three haploid genomes that we employed,
by chance, had similar breeding values for female fitness.

We acknowledge a possible alternative explanation
for these results. Although we have clearly identified
cytoplasmic effects, the cyto X nuclear interactions can
also be explained by cyto X grandparental age effects
interactions. However, we believe that it is unlikely that
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such grandparental effects confounded our interpreta-
tion of the results. As explained in MATERIALS AND
METHODS, the flies sampled from the mt and nuclear
backgrounds (inbred lines) at the outset of the exper-
iment had been propagated by parents of different ages
(the age of which covaried with the nuclear background
being tested). Notably, the parents propagating the
inbred lines were all relatively young (1-7 days old) and
those propagating the mt lines were all of moderate age
(7-13 days). Moreover, they were not the parents of the
focal females, but rather the grandparents. Although
HEercus and HorrMaNN (2000) provided evidence for
grandmaternal effects in Drosophila, their experiment
compared differences in egg hatching when the grand-
mothers differed in age by >20 days (compared to an
average of 4 days over the first to third nuclear back-
grounds and 4 days per set of mt lines over the three
nuclear backgrounds in our experiment). Furthermore,
if female fitness was to decrease with increasing grand-
parental age, we would expect both a general decrease
in fitness from nuclear backgrounds 1-3, as well as a
decrease in fitness per mt line over the three back-
grounds. Yet these effects were not observed over the
whole data set or within blocks. There was no consistent
tendency for fitness to decline over the three back-
grounds. In sum, we can confidently conclude that the
grandparental age is unlikely to have confounded the
results.

Although we cannot completely rule out the exis-
tence of some other factor varying among our mt lines,
there are very good reasons to assume that the effects
revealed here reflect variation in mitochondrial genes.
First, careful attempts were made to control for poten-
tial confounding effects of the nuclear genome by ex-
tensive backcrossing to the base population. Second,
screening via diagnostic PCR followed by precautionary
tetracycline treatment of all lines eliminated the possi-
bility of cytoplasmic bacteria, such as Wolbachia, con-
founding the results. Finally, although we sequenced
only ~14% of the total amount of coding mtDNA, we
found nucleotide variation with phenotypic effects
among the 25 mt lines, with no signs of heteroplasmy
[commonly found for length differences of the mtDNA
control region in laboratory populations of D. mela-
nogaster; (TOWNSEND and Ranp 2004)]. This confirms
the presence of mtDNA polymorphism in our popula-
tion, which is a prerequisite for mitochondrial genetic
effects. Nevertheless, the potential exists that the cyto-
nuclear fitness effects demonstrated in this study may be
caused or confounded by variation among lines in infec-
tion by a host of cytoplasmically transmitted but un-
known viruses, such as sigma and C viruses (CLARK
1985).

Opverall, this study provides some of the first evidence
that the maintenance of cytoplasmic (most likely mito-
chondrial) polymorphism within a panmictic popula-
tion is likely to be promoted by cytonuclear fitness

interactions. This result is especially notable, consid-
ering that North American populations of D. mela-
nogaster (and by implication, our study population)
apparently possess lower levels of polymorphism in
nucleotide diversity of mtDNA than populations from
other geographic regions (see SOLIGNAC 2004). Thus,
the tests presented here may actually be conservative,
with the implication that cytonuclear fitness inter-
actions may be both ubiquitous and sizable within
panmictic populations.
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