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Abstract: Drosophila obscura is a very common fruit fly inhabiting European forests. This species has
a large number of mitochondrial haplotypes of Cyt b gene. We used experimental lines of D. obscura
to test the adaptive significance of intra-population variability of the mitochondrial genome
(mtDNA) and selective forces that maintain it. We chose three isofemale lines with distinct mito-
chondrial haplotypes of Cyt b gene from each of the two populations sampled in Serbia. Using back-
crossing, we created nine experimental lines for each population with all combinations of mtDNA
haplotypes and nuclear genetic backgrounds (nuDNA). Individuals of both sexes were tested sepa-
rately for desiccation resistance at two temperatures. Cox proportional hazards model, with four
factors: mtDNA, nuDNA, sex and temperature was used to analyze the survival data. In some com-
parisons we noticed significant effect of mtDNA on desiccation resistance, while all of them showed
significant effect of interaction between mitochondrial and nuclear genome. Temperature in inter-
action with mtDNA or mito-nuclear genotype more frequently showed significant effect on desic-
cation resistance compared to sex in interaction with mtDNA or mito-nuclear genotype. Our result
show adaptive significance of intra-population variation of mtDNA and importance of interactions
between mitochondrial and nuclear genome on fitness. Temperature specific mito-nuclear interac-
tion rather than sex-specific selection on mito-nuclear genotypes maintains mtDNA variability in
this model species.
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1. Introduction

Variation in the mtDNA has long been considered selectively neutral [1-2]. This view
was based solely on the properties of the mitochondrial genome (mtDNA), it is haploid,
there is no dominance and its inheritance is mostly uniparental. Although it generally
codes a small number of genes, their products are enrolled in very important processes
which enable eukaryotic cells their high energy efficiency. Hence, variation in mtDNA
that affects an organism’s fitness would swiftly be eliminated or fixed by natural selection.

However, the modern view of selective processes that act on mtDNA takes into con-
sideration functional interrelations between mitochondrial and nuclear genomes
(nuDNA) [3,4]. Interactions between the two genomes are complex and encompass sev-
eral important biological processes such as cellular respiration, mtDNA replication, tran-
scription, and translation. All of these processes require sequences coded from both ge-
nomes [5-8].
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The adaptive inter-population variability in mtDNA is easily explained with the dif-
ferent selective regimes in different populations. However, the existence of stable intra-
population variability is quite problematic to explain. While theoretical models predict
the action of either negative frequency-dependent selection [8-9] or sex-specific selection
on mito-nuclear genotypes [10], empirical research in this field lacks. Some data show that
spatial or temporal variation in the environment, through the action of selection on mito-
nuclear genotypes, could maintain intra-population variation in mtDNA [3,11]. We used
a set of experimental lines of D. obscura to test differences in desiccation resistance, which
is an important fitness component. We tested the influence of nuDNA, sex, and tempera-
ture on desiccation resistance for bearers of different mtDNA haplotypes.

2. Materials and Methods

We chose three isofemale lines with distinct mitochondrial haplotypes of the Cyt b
gene from each of the two populations sampled in Serbia (Figures 1 and 2) Those lines
were maintained in the laboratory on a standard corn-meal medium for multiple genera-
tions. Using 14 generations of backcrossing, we created nine experimental lines for each
population with all combinations of mtDNA haplotypes and nuclear genetic backgrounds
(nuDNA). Backcrossing procedure included mating of 10 virgin females of specific hap-
lotype with twice as many virgin males with the desired nuclear genetic background. For
each specific genotype, more than 30 individuals of both sexes were tested separately for
desiccation resistance at two temperatures (16 °C and 19 °C). Flies were inspected in small
plastic tubes hourly after the experiment was set. Cox proportional hazards model, with
four factors: mtDNA, nuDNA, sex, and temperature was used to analyze the survival
data. Starting from the full model with all the interactions of the four factors, we sub-
tracted term by term, in order to identify the minimal adequate model, having the lowest
Akaike information criterion (AIC) score, in both populations and all genotype interac-
tions.

Figure 1. Haplotypes L II and III from the first population. Small black circles are mutations, N-
nonsynonymous; S-synonymous.

Figure 2. Haplotypes IV, V and VI from the second population. Small black circles are mutations,
N-nonsynonymous; S-synonymous.
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3. Results

Due to the proportional hazards assumption being violated, in the first population,
we had to stratify the data by both temperature and nuDNA factors, while in the second
population all the variables satisfied the proportional hazards assumption, and stratifica-
tion was not necessary. In both populations, females generally survived longer than their
counterpart males. Flies of both sexes survived longer on the lower temperature in both
populations, as was expected.

In the first population, we noticed a significant effect of mtDNA genotype on desic-
cation resistance in two out of three pairwise comparisons, not being significant in com-
parison II vs III which differ by six mutations although all synonymous. The mtDNA x
nuDNA interaction significantly influenced the survival time in all three comparisons.
While sex was a significant factor for survival under desiccation stress in all three com-
parisons, mtDNA x sex was significant in two comparisons, and for the combination of
mtDNA x nuDNA x sex significance was not observed. Both Genotype by temperature
interactions (mtDNA x temp and mtDNA x nuDNA x temp) were statistically significant
in two out of three comparisons in the first population. Interaction between mtDNA, sex,
and temperature was highly significant in all comparisons. Results of the Cox propor-
tional hazards model factors and their significance for the three pairwise comparisons in
the first population are given in Table 1.

Table 1. The effect of mitochondrial haplotype (mt), nuclear genetic background (nu), sex, temperature and their interac-
tion on desiccation resistance for the first population of D. obscura.

Compari-

Ivs. II Ivs. III II vs. III
sons

loglik  Shisq df p loglik  Shisq df p loglik  Shisq df p
mt —2531.4  9.2404 1 ** —-2536.2  19.5678 1 o -2566.1  0.3299 1 ns
nu strata strata - - strata strata - - strata strata - -
temp strata strata - - strata strata - - strata strata - -
sex -2521.6  19.5695 1 o -2530.5 11.5509 1 o -2563.9  4.3986 1 *
mt*nu  -2506.3  30.534 1 B -2521.5 17.9675 1 B -2562  3.8502 1 *
mt*sex —2505.4  1.8009 1 ns -2516.2  10.6697 1 ** —-2556.4 11.1001 1 e
mt*t  -2503.6  3.7593 1 —2513.9  4.5404 1 * -2551.5  9.806 1 **
mt*r;u*se -2503.4 02691 2 ns  -2513.6 05384 2 ns  -2551.1 08387 2 ns
mt*nu*t -2484.3 38.1587 1 o —-2513 1.2665 1 ns —2548.7  4.8792 1 *
mt*sex*t -2476.7 15.2555 2 ok -2505  15.9898 2 ok -2534  29.3755 2 ok

Loglik - log likelihood; Shisq - shisquared value; df - degrees of freedom; ns - non-significant; . -p<0.06; * - p<0.05; ** -
p<0.01; *** - p<0.001; strata - variable is stratified.

In the second population, there was no need for stratification in our models. Both
nuDNA and temperature were highly significant in all three comparisons. Mitochondrial
haplotype significantly influenced survival in only one pairwise comparison, while the
genotype interaction (mtDNA x nuDNA) significantly influenced resistance to desiccation
stress in all comparisons. Interestingly, in the second population both sex and mtDNA x
sex had a significant effect on desiccation resistance only in one pairwise comparison,
while the combination of mtDNA x nuDNA x sex, was conversely significant in two of
the three pairs. The second population showed a significant influence of genotype by tem-
perature interaction (mtDNA x Temp as well as mtDNA x nuDNA x Temp) in all three
comparisons. Sex x temp x mtDNA interaction term was highly significant in two com-
parisons. Full results of the Cox models’ factors and their significance for the three pair-
wise comparisons in the second population are given in Table 2.
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Table 2. The effect of mitochondrial haplotype (mt), nuclear genetic background (nu), sex, temperature and their interac-
tion on desiccation resistance for the second population of D. obscura.

Compari- IV vs. V IV vs. VI V vs. VI
sons
loglik  Shisq df p loglik  Shisq df p loglik  Shisq df p
mt 28731 20812 1 ns 32787 40711 1 * 27986 0.09 1 ns
nu__ 28534 39269 1 w319 1193312 1 w7806 361704 1
temp 27702 1665078 1 »% 31495 1389328 1 w7648 315955 1
sex 2769 24158 1 ns 31494 03154 1 ns 27612 7.0618 1 »
mtnu__ 27644 9.0753 1 » 31446 95929 1 w7568 87382 1 »
mt'sex 27644 00271 1 ns 31423 45495 1 * 27568 00614 1 ns
mtt 27574 140732 1 »% 31396 54025 1 * 754 56945 1 >
mt*r)‘(u*se 27543 60943 2 * 31328 135174 2 w975 39551 2 ns
mtnu't 27492 10.3658 2 » 31268 119788 2 » 07398 24443 2
mtsex*t 27488 07144 2 ns 3117197199 2 w7315 16576 2

loglik - log likelihood; Shisq — shi squared value; df - degrees of freedom; ns - non-significant; * - p<0.05; ** - p<0.01; *** -
p<0.001; strata - variable is stratified.

4. Discussion

Our results have several important findings. They show that mtDNA variants (on
their own) have a significant effect on fitness, which was measured by desiccation re-
sistance. The desiccation resistance is an important fithess component determining which
fruit flies cope with harsh environmental conditions of water deprivation in dry months
in natural habitats. This way our results support a body of growing evidence of non-neu-
trality of mtDNA variability [4,12,13], and more importantly they give evidence for the
adaptive significance of intra-population variation in mtDNA [14-16]. All pairwise com-
parisons showed a significant effect of interaction between mitochondrial and nuclear ge-
nome. This result is not surprising considering that the Cyt b gene is part of respiratory
complex III which also includes subunits coded by nuDNA. Therefore, subunits coded
from different genomes have to be co-adapted for the proper energy production in mito-
chondria. If one haplotype is combined with a non-matching nuclear genetic background,
a decrease in fitness is expected.

With females of D. obscura being generally bigger than males, it is expected that sex
is a significant factor in all comparisons, with larger females surviving longer in dry con-
ditions. In some of the isofemale lines from second population, sex ratio skewed towards
females was observed, consequently fewer males were available for the experiment. This
deviation from equal sex ratio could be the result of a mutation on the X chromosome,
that is lethal to all the male carriers, and in females it decreases their fitness, so in the
experiment we had only healthy males and some females with the mutation.

The sex to genotype interaction on fitness is observed in several pairwise compari-
sons. The significant interaction between mtDNA and sex is in line with the Mother’s
Course Hypothesis [17,18]. Due to maternal inheritance of mtDNA, mutations that are
harmful only in males, having no effect or being beneficial to females, cannot be elimi-
nated by natural selection. Interaction between sex and mito-nuclear genotype is observed
only in two cases, indicating a difference in direction or strength of selection on mito-
nuclear genotypes depending on the sex of the individual. This type of selection is marked
as one of the balancing mechanisms that maintain stable intra-population variation in
mtDNA [10], but there is limited evidence that empirically supports this theoretical
ground [19,20].

On the other hand, the temperature in interaction with mtDNA or mito-nuclear gen-
otype in almost all pairwise comparisons showed a significant effect on desiccation re-
sistance. Different haplotypes on their own or in interaction with nuclear genetic back-
ground have different fitness values depending on the environment. Previous studies
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have shown this sort of genotype by environment interactions [20-23]. The abundance of
this type of interaction in our data suggests that genotype-by-environment interactions
are important for maintaining stable intra-population mtDNA variability in nature.
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