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Paternal transmission of mitochondrial DNA as an integral
part of mitochondrial inheritance in metapopulations

of Drosophila simulans

JN Wolff!2, M Nafisinial*%, P Sutovsky3 and JWO Ballard!2

Maternal inheritance is one of the hallmarks of animal mitochondrial DNA (mtDNA) and central to its success as a molecular
marker. This mode of inheritance and subsequent lack of heterologous recombination allows us to retrace evolutionary
relationships unambiguously down the matriline and without the confounding effects of recombinant genetic information.
Accumulating evidence of biparental inheritance of mtDNA (paternal leakage), however, challenges our current understanding
of how this molecule is inherited. Here, using Drosophila simulans collected from an East African metapopulation exhibiting
recurring mitochondrial heteroplasmy, we conducted single fly matings and screened F1 offspring for the presence of paternal
mtDNA using allele-specific PCR assays (AS-PCR). In all, 27 out of 4092 offspring were identified as harboring paternal
mtDNA, suggesting a frequency of 0.66% paternal leakage in this species. Our findings strongly suggest that recurring mtDNA
heteroplasmy as observed in natural populations of Drosophila simulans is most likely caused by repeated paternal leakage. Our
findings further suggest that this phenomenon to potentially be an integral part of mtDNA inheritance in these populations and

consequently of significance for mtDNA as a molecular marker.
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INTRODUCTION

Two main hypotheses have been put forward to explain uniparental
inheritance of mtDNA: The first hypothesis argues that this system
has evolved to exclude sperm mtDNA from transmission because it is
more likely to carry deleterious mutations (Rand, 1994; Allen, 1996).
The increased mutational load of sperm mtDNA is thought to
accumulate due to its exposure to reactive oxygen species during
mitochondrial activity necessary to reach and fertilize the egg (Rand,
1994; Allen, 1996). In contrast, the egg retains a quiescent metabolism
with its mtDNA presumably remaining in a pristine state until after
fertilization. The second hypothesis argues that the presence of
genetically distinct mtDNA haplotypes within single zygotes may be
unfavorable as it allows for natural selection and might occur at the
expense of single individuals and subsequently of whole populations
(Hastings, 1992; Hurst, 1996).

Contrary to the long prevailing, but finally discredited hypothesis
that paternal mtDNA is excluded from the animal zygote by the
exclusion of the sperm tail containing the mitochondria, we now
know that it is rather the interplay of several stochastic and molecular
mechanisms that inhibits the transmission of paternal mtDNA
(Pitnick and Karr, 1998; White et al, 2008; DeLuca and O’Farrell,
2012). These mechanisms include: (i) the dilution of paternal by
maternal mtDNA in the zygote, that is, paternal mtDNA is vastly
outnumbered by maternal mtDNA, (ii) the selective tagging

(ubiquitination) and subsequent destruction of paternal sperm
mitochondria upon fertilization in mammals (Sutovsky et al., 1999,
2000) and (iii) the presence of a genetic bottleneck during early
developmental stages that is likely to exclude minor allele contribu-
tions, for example, paternal mtDNA (Bergstrom and Pritchard, 1998;
White et al., 2008). What is more, DeLuca and O’Farrell (2012)
suggested that mtDNA is removed from Drosophila sperm mitochon-
dria during spermatogenesis leading to gametes maintaining mito-
chondrial structures seemingly devoid of mtDNA.

Despite these mechanisms in place, there is increasing evidence for
paternal leakage of mtDNA during recent years, covering invertebrates
to vertebrates including at least one documented case in humans
(Schwartz and Vissing, 2002). In some cases, only single individuals
are affected whereas in others the introgression and replacement of
mtDNA haplotypes affects entire populations or species (Goodman
et al., 1999; Alves et al., 2008; Oliveira et al., 2008; Zakharov et al., 2009).

If paternal leakage occurs frequently, then it might have far-
reaching consequences. First, mitochondrial genomes co-evolve
alongside nuclear genomes and mitochondrial function relies on a
concerted interplay of both genomes (Puslednik et al., 2012). Paternal
leakage might lead to the introgression of new haplotypes into
populations disrupting these mitonuclear interactions, reducing
organismal and/or population fitness (Sackton et al., 2003; Ballard
et al., 2007; Ellison and Burton, 2008). Second, due to its maternal
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mode of inheritance, mitochondrial genomes most often respond
to selection in the female line (Wade and Brandvain, 2009). This
process is assumed to lead to the accumulation of mtDNA muta-
tions deleterious to male-specific traits (Innocenti et al, 2011).
The introgression of paternal haplotypes could potentially counter-
balance such sex-specific selective sieve. Third, paternal leakage
introduces additional haplotypes into populations, potentially leading
to erroneous reconstruction of population or species histories in
mtDNA analyses, and generally also creates individuals with more
than one type of mtDNA (heteroplasmy), resulting in ambiguities in
sequence interpretation. Furthermore, heteroplasmy might also allow
for heterologous mtDNA recombination to occur, a process that has
been documented in a several animal species (White et al., 2008).
Such process has the potential to significantly impact on the evolution
of the molecule if newly arisen haplotypes propagate. It is hence of
utmost importance that we aim to determine whether observed cases
of biparental inheritance are an integrated facet of mtDNA evolution
rather than only exceptions to the general rule or, alternatively,
peculiarities in the mode of inheritance of single species (for example,
doubly uniparental inheritance in some bivalves; Breton et al., 2007).

In this study, we aimed to reveal the source of recurring
heteroplasmy in natural populations of D. simulans. This species
has three distinct mitochondrial haplogroups, sil, -II and -III, that
differ by 3% (Baba-Aissa et al., 1988; Ballard, 2000). The sil
haplogroup occurs on Indian/Pacific islands. The siII harboring flies
are globally distributed but do not occur in sympatry with siI flies.
Flies with silll mtDNA live alongside sill flies in East Africa and
Reunion (Ballard et al, 2007). Despite recent findings by DeLuca and
O’Farrell (2012), suggesting that drosophilid sperm mitochondria are
devoid of mtDNA, genetic surveys have repeatedly revealed the
presence of heteroplasmy (6-12%) for siII and silll among individuals
collected from natural populations in East Africa and Reunion island,
indicating recurring paternal leakage of mtDNA (Satta et al., 1988;
Matsuura et al., 1991; Dean et al., 2003). Maintenance of hetero-
plasmy in 2 isofemale lines (out of 17) of D. simulans from Reunion
island for 6 years suggests the frequent occurrence of heteroplasmy
and/or presence of large copy number of variants in these flies (Satta
et al., 1988). Similarly, in East Africa, Dean et al. (2003) reported that
15% of siII flies also harbored sill mtDNA using an allele-specific
PCR assay (AS-PCR) and in 2011 we identified 9% (19 out of 203
individuals) as heteroplasmic for both haplotypes in Kenya (data
unpublished).

D. simulans is an ideal model in which to investigate the
mechanism of mitochondrial inheritance because of the recurrence
and persistence of mtDNA heteroplasmy and because paternal leakage
has previously been documented in this species (Kondo et al., 1990,
1992; Sherengul et al, 2006). The occurrence of two distinct
haplotypes within East African populations facilitates the detection
of paternal leakage and heteroplasmy which in other models may
remain unnoticed due to missing or lesser haplotypic variety. In
contrast to our experimental approach, earlier studies were greatly
influenced by backcrossing and hybridization, breeding regimes
hypothesized to promote paternal leakage in insects and mammals
(Kaneda et al., 1995; Sutovsky et al., 2000; Sherengul et al., 2006).
Conducting single fly matings and subsequent haplotyping of the F1
generation without the confounding factors of backcrossing and
hybridization, we aimed to provide direct evidence for paternal
leakage as potential cause for observed heteroplasmy in natural
populations of D. simulans. We further aimed to determine the
frequency at which this phenomenon occurs. To conduct these
experiments on flies maintained in the laboratory and not on
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individuals collected in the wild is of significance for this approach
because Drosophila are known to mate multiple times, rendering
attempts to accurately type the paternal parent impossible (Scott and
Richmond, 1990).

MATERIALS AND METHODS

Samples

The isofemale lines 2-KY0418 (GenBank JQ691660) and 3-KY0410 (GenBank
JQ691661) of D. simulans were collected in Nairobi (Kenya) in November
2004. Lines are labeled according to mtDNA haplotype (2: sill, 3: silll), locality
(KY: Kenya), year of collection (2004) and the last two numbers indicate
specific line numbers. A test for infection with Wolbachia revealed these lines
to be free of the parasite. Virgin females were collected from both lines and
mated individually to individual males from each of the two lines: 2-KY0418
females x 3-KY0410 males (mating experiment 1, hereafter MEIL) and
2-KY0418 males x 3-KY0410 females (mating experiment 2, hereafter ME2).
To control for haplotype- and gender-specific effects, experiments were
conducted bidirectionally. A total of 200 pairs were placed in individual vials
for each mating direction. Each pair was allowed 5 days for mating and egg
laying followed by preservation at —20 °C. In all, 33 offspring from 62 pairs
per mating experiment (ME) were collected and tested for the presence of
paternal mtDNA.

Molecular methods

DNA was extracted in 96-well plate format using the Gentra Puregene Cell Kit
(Qiagen Sciences, Germantown, MD, USA) as previously described (Holleley,
2007). Two AS-PCR assays were used: AS-PCR1 was specifically designed for
this study (Supplementary Figure 1A) and AS-PCR2 followed methods as
outlined in Dean et al. (2003) (Supplementary Figure 1B). AS-PCR1 consists
of two allele-specific reverse primers and one common forward primer
(Supplementary Figure 1A; Supplementary Table 1). To examine whether the
primers were amplifying the mitochondrial COI region and not non-
functional nuclear copies of mitochondrial genes (NUMTs), the paternal and
maternal mtDNA representative sequences from intraspecific crosses were
blasted against the D. simulans autosomal sequence. All of the sequences
corresponded to the COI region of mtDNA and none matched with any
sequence in the nuclear genome.

PCRs were carried out according to Dean et al. (2003) for AS-PCR2 and with
10 pmol of primer 1432+, 10 pmol of primer 1793 —, and 3 pmol of primer
2314 —, 2mm MgCly, 5pl 5x Crimson PCR buffer (New England BioLabs
Inc., Ipswich, MA, USA), 0.2 mm dNTPs (Bioline, London, UK) and 0.5 U Taq
DNA polymerase (New England BioLabs Inc.) for AS-PCRI1. Thermal profile
for AS-PCR1: initial denaturation at 95 °C for 2 min followed by 95 °C for 20,
57 °C for 20s and 68 °C for 60s for 35 cycles. Both AS-PCR1 and AS-PCR2
were carried out in 25 pl reactions and with 30 ng genomic DNA.

The sensitivity of AS-PCR1 for siIII in a mix of both haplotypes is 1:1000
(3-KY0410:2-KY0418, Supplementary Figure 1C) and for the reverse direction
1:10 (2-KY0418:3-KY0410; hereafter AS-PCR1-R; Supplementary Figure 1E).
The sensitivity of AS-PCR2 for sill in a mix of both haplotypes is 1:100
(2-KY0418:3-KY0410; Supplementary Figure 1D) and for the reverse direction
1:100 (3-KY0410:2-KY0418; hereafter AS-PCR2-R; Supplementary Figure 1F).

For Sanger sequencing, PCR products were purified using ExoSAP-IT
according to manufacturer’s instructions (USB Amersham, Buckinghamshire,
UK) and sequenced using the Big Dye terminator chemistry (Applied
Biosystems, Foster City, CA, USA). The volume of the reaction was 10pl
containing 2 pl purified PCR product and 3 pmol primer. Samples were
analyzed at the Ramaciotti Centre for Gene Function Analysis (University of
New South Wales, Sydney, Australia) on an ABI-3730 DNA sequencer (Applied
Biosystems Inc.). All samples suggestive of paternal leakage in ME1 and ME2
were sequenced using the common primer of AS-PCR2. A subset of positive
samples, failing to reveal the paternal signal using the common primer, was
sequenced using the respective paternal-specific primer.

The stability of mtDNA heteroplasmy induced by paternal leakage was
evaluated in two single parent populations (crosses #72 and #85) maintained as
mixed-generation populations after 10 months (that is, these populations
have been maintained without separating generations for ~20 generations).



For each cross, 12 offspring were collected and tested for the presence of the
founder parents’ maternal and paternal mtDNA.

In silico analysis followed using the Sequencher version 5.0 sequence analysis
software (Gene Codes Corp., Ann Arbor, MI, USA). Randomization tests
(20000 iterations per test) for both MEs using MATLAB (MathWorks, Natick,
MA, USA) were conducted to evaluate whether observed paternal inheritance
of mtDNA is distributed randomly among all offspring of single MEs or if the
distribution is pair specific. Pair-specific distribution indicates differences
between single pairs on the level of mtDNA inheritance whereas a random
distribution suggests homogeneity among pairs.

RESULTS

DNA from 2046 offspring (33 offspring x 62 independent mating
pairs) was extracted from ME] and screened for the presence of
paternal mtDNA using AS-PCRI. This assay identified six offspring
from two independent mating pairs suggestive of paternal leakage.
Four of these offspring belonged to pair #4 and two to pair #21. Of
these six offspring, one individual per pair revealed two bands
indicative of the presence of both maternal and paternal mtDNA
(that is, heteroplasmy), whereas the remainder revealed only one
amplicon, indicating a potential turnover from maternal to paternal
mtDNA (Figure 1). A second screen of all individuals suggestive for
paternal leakage with AS-PCR2 confirmed this result (data not
shown).

In ME2, applying AS-PCR2 during the initial screen, two inde-
pendent mating pairs revealed the presence of paternal mtDNA
among 2046 offspring. Two offspring of pair #85 and 19 offspring of
pair #72 revealed two bands, indicative of heteroplasmy. A second
screen of all individuals suggestive for paternal leakage with AS-PCR1
confirmed this result (data not shown).

To further validate this result, we sequenced the founder parents
and offspring positive for paternal mtDNA to confirm respective
haplotypes (Table 1; Supplementary Table 2). The region amplified
using AS-PCR2 harbors a total of 29 diagnostic single-nucleotide
polymorphisms (SNPs) between the two haplotypes allowing for
unambiguous assignment of haplotypes to single samples (Table 1).
We first sequenced both parents from pairs #4 and #21 from ME1
along with their offspring revealing paternal leakage (Table 1).
As observed with both AS-PCRs, sequences of four positive cases
(pair #4, offspring 1-3; pair #21, offspring 1) showed the same pattern
as the founder males confirming the occurrence of paternal leakage.
The lack of a heteroplasmic signal is suggestive of a replacement of the
maternal 2-KY0418 haplotype by the paternal 3-KY0410 haplotype
(Table 1). Though a very weak secondary signal, the remaining two
positive cases of pairs #4 and #21 revealed a mixed signal of both
haplotypes (heteroplasmy), reflective of the two bands observed
during the AS-PCR screens (Table 1). After completing the screening
of ME2, we also sequenced the parental generation of pairs #72 and
#85, all offspring of pair #85 and 11 offspring of pair #72 suggestive of
paternal leakage (see Supplementary Table 2 and Supplementary
Figure 2). The parental haplotype and the presence of paternal

M 12 3 4

kb
0.5kb——s

Figure 1 Subset of samples revealing paternal mtDNA using AS-PCRI1.
M: 100bp ladder; 1 and 2: two positive cases from pair #4; 3 and 4: two
positive cases pair from #21; 5 and 6: two positive cases from pair #72;
7 and 8: two positive cases from pair #85; 9: no template control; 10:
positive control for 2-KY0418; 11: positive control for 3-KYO410. Gender
of offspring: 1, 2, 5-7: female; 3, 4, 8: male.
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mtDNA in all offspring examined were confirmed. Two offspring of
pair #72 revealed a weak heteroplasmic signal (Supplementary
Figure 2).

To determine whether the observed cases of paternal leakage were
random events, we conducted randomization tests for both MEs. As
expected, these tests revealed the distribution of offspring carrying
paternal mtDNA to be non-random (P=0 for ME1; P=0 for ME2).

The frequency of paternal leakage in this study was estimated at
12% (pair #4: 4 offspring) and 6% (pair #21, 2 offspring) within two
mating pairs and at 0.29% among 2046 offspring of ME1. For the
reciprocal experiment ME2, the frequency of biparental inheritance
was estimated at 58% for mating pair #72 (19 offspring) and 6% for
mating pair #85 (two offspring), resulting in an overall frequency of
1.03% for this mating direction. Combined, the frequency of paternal
leakage was estimated at 0.66% for 4092 offspring and at 3.23% per
cross (4 out of 124 crosses).

The stability of heteroplasmy induced by paternal leakage was
tested after 20 generations for crosses #72 and #85. All offspring tested
for cross #72 revealed a strong heteroplasmic signal whereas all
offspring of cross #85 returned to homoplasmy of the maternal
mtDNA.

DISCUSSION

Despite the plenitude of mechanisms promoting maternal inheritance
of mtDNA, our study revealed paternal leakage at an overall rate of
0.66%. To exclude the potential impact of contamination or technical
errors that may have led to falsely identifying paternal mtDNA in
offspring, we have sequenced all positive cases and we also conducted
a similar screen after 20 generations to further validate the presence of
leaked paternal mtDNA. While in line with previous findings
documenting heteroplasmy between sill and siIII haplotypes in East
Africa and Reunion Island, this study would appear to contradict a
recent study suggesting that drosophilid sperm mitochondria are
devoid of mtDNA (DeLuca and O’Farrell, 2012). These authors,
however, conducted their work on D. melanogaster and it is possible
that deviations between findings may reflect species- or line-specific
differences in mtDNA inheritance. Further experiments on both
species are necessary to solve this discrepancy.

Conducting our experiments bidirectionally and observing bipar-
ental inheritance in two pairs per ME, a dominant gender- or line-
specific effect is unlikely the driving force of the observed occurrence
of paternal leakage. Due to the limited sensitivity of the AS-PCRs the
overall frequency of biparental inheritance in these experiments is
likely to be higher than what we have estimated because the
contribution of paternal mtDNA may lie in some cases well beyond
what we can detect using our experimental approach (1:1000 for siIII;
1:100 for siI). Our estimates of 0.29 and 1.03% for the frequency of
biparental inheritance of mtDNA for ME1 and ME2, respectively, may
hence have to be regarded as conservative estimate of biparental
inheritance within these crosses.

Overall, the three-fold higher rate of biparental inheritance in ME2
is in line with earlier studies of de Stordeur (1989) revealing a
competitive advantage of siIll over siII in micro-injection studies.
While we can confirm de Stordeur’s (1997) findings by observing a
higher rate of paternal leakage in ME2 (with siII as the introgressing
haplotype), our results are not in full agreement because the only
complete replacements of maternal mtDNA were found in MEIL.
Considering a competitive advantage of silT over silll in heteroplasmic
flies, we assumed complete replacement of maternal by paternal
mtDNA, if occurring at all, more likely in ME2 than in ME1. One
factor, potentially leading to the replacement of the maternal
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Table 1 Base identities observed at 17 diagnostic SNP positions among offspring revealing paternal leakage and their parents of ME1 (subset

of SNPs obtained via unidirectional sequencing)

Sample Diagnostic SNP?
5254 5269 5278 5305 5329 5387 5524 5528 5738 5759 5762 5796 5807 5849 5915 5918 5921

2-KY0418 reference A C C C A T A G C T T T T C T T C
Female parent pair #4 . ° . ° ° ° ° ° ° . . . . . ° ° .
Female parent pair #21 ° ° . . . ° ° ° ° ° . . . . . . .
3-KY0410 reference G

Male parent #4 . . . . . ° ° . . . . . . . . .
Male parent #21 ° ° . ° ° ° ° ° ° ° . ° o o ° ° °
Pair #4 offspring 1 . . . ° ° ° ° ° ° . . ° ° ° ° ° °
Pair #4 offspring 2 . . o ° ° ° ° ° ° . o . ° ° ° ° °
Pair #4 offspring 3 ° ° . ° ° ° ° ° ° . . ° ° ° ° ° °
Pair #4 offspring 4 R Y Y Y w Y R R Y W Y Y Y Y w Y Y
Pair #21 offspring 1 . ° o ° ° ° ° ° ° ° . ° ° ° ° ° °
Pair #21 offspring 2 R Y Y Y w Y R R Y W Y Y Y Y w Y Y

Abbreviation: SNP, single-nucleotide polymorphism.

@Nucleotide position according to GenBank JQ691660, JQ691661; R=A/G; Y= C/T; W=A/T, This table consists of two sections with independent reference sequences.

haplotype is positive selection in favor of the paternal haplotype.
Increased cell respiration and adaptive advantage between the
introduced haplotype and the host’s nuclear background have been
put forward as potential driver of this process (de Stordeur, 1997).
A change in respiratory capacity would be in line with studies
revealing the disruption of mitonuclear interactions to negatively
impact on organismal fitness (Ellison and Burton, 2008; Sackton
et al., 2003). If this concept finds general applicability, then paternal
mtDNA should be selected against. A recent study comparing catalytic
properties of siII and siIII lines (identical to those used in our study),
however, reported that the mitochondrial respiratory potential was
not impaired by introgressing either haplotype into varying nuclear
backgrounds (Pichaud et al., 2012).

Alternatively, a replicative advantage or environmental factor may
impact on the inheritance and propagation of paternal mtDNA. One
factor with the capacity to cause selective transmission or propagation
of single haplotypes in Drosophila is temperature. This mechanism
depends on both temperature and nuclear background and can lead
to the selective transmission of certain haplotypes at specific
temperatures (Doi et al., 1999; Matsuura et al, 1993). We deem
temperature unlikely a major driving force in our study because
temperature was kept constant in our experiments and a temperature-
dependent effect, if occurring, should have been observable in both
mating directions. An uneven distribution of mtDNA haplotypes
could also be caused by a bottleneck effect or by random assortment
of large mitochondrial sperm derivates (assuming these contain
mtDNA) during early developmental stages (Bergstrom and
Pritchard, 1998; Pitnick and Karr, 1998). These are stochastic
processes, however, and are thus not in agreement with the observed
pair-specific distribution of paternal leakage here. Conducting a
similar study including additional haplotypes and/or changing the
nuclear background could support or refute the alternate hypotheses.
The high penetrance and stable state of heteroplasmy as observed in
cross #72 after 20 generations, however, is in disagreement with
purifying selection or a clear competitive advantage of one haplotype
over another. Instead, the loss of heteroplasmy in cross #85 may be
indicative of a minimum proportion of heteroplasmic individuals
necessary to propagate and maintain heteroplasmy within a popula-
tion (in F1, cross #72 revealed 58% and cross #85 only 6%
heteroplasmic offspring).
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The pair specificity of observed paternal leakage in our experiments
is in line with previous studies (Kondo et al., 1990; Kondo et al., 1992;
Sherengul et al., 2006). These studies, however, reveal paternal leakage
at frequencies as high as 0.86 per line, a finding most likely
attributable to the utilization of interspecific or backcrossed fly lines,
crossing regimes believed to promote paternal leakage (Kaneda ef al.,
1995; Sutovsky et al., 2000; White et al., 2008). We can only speculate
why mechanisms to prevent paternal leakage fail in single pairs. If it
was a purely stochastic phenomenon, then we would expect the
distribution of affected individuals carrying paternal mtDNA to be
even among all offspring and not pair specific (Bergstrom and
Pritchard, 1998; Wolff et al, 2011). Pair specificity instead requires
one or more mechanisms promoting maternal inheritance to
fail in single pairs, allowing for the repeated occurrence among a
pair’s offspring. We thus argue that it is more likely to be on a
molecular than on a stochastic level that the mechanistics promoting
maternal inheritance are affected to agree with such a pattern. Slight
differences between lines or pairs in the nuclear background have the
potential to play a major role in causing this effect. As progeny of
isofemale lines, all offspring analyzed in this study are in theory
genetically identical but newly arisen mutations (SNPs or chromoso-
mal rearrangements) or transposable element movement, may have
manifested in individual pairings during zygotic meiosis, germ line
development or early embryonic development, leading to genetic
heterogeneity.

There are at least two mechanisms that have, if affected, the
potential to cause pair- or line-specific patterns of paternal leakage.
First, the directed sequestration of mitochondrial sperm derivatives
into the midgut and subsequent defecation during early embryonic
development, a mechanism put forward to exclude paternal mtDNA
from inheritance in D. melanogaster and D. pachea (Pitnick and Karr,
1998). A failure of this mechanism could potentially lead to the
inclusion of paternal mtDNA within the developing embryo. Second,
from the mammalian system we know that paternal mitochondria are
selectively tagged (ubiquitinated) during spermatogenesis followed by
their degradation by the 26S proteasome when sperm mitochondria
enter the egg cytoplasm (Sutovsky et al, 1999). Assuming this
mechanism also applies to Drosophila and that the mitochondrial
remnants in Drosophila midgut are a rudiment of sperm mitochon-
drion degradation in the zygote, a distinct window of opportunity



presents itself during which such a mechanism could fail: a wide-
spread proteasomal degradation of proteins left from oogenesis occurs
in the Drosophila zygote at the onset of embryo development
(DeRenzo and Seydoux, 2004). If this process is compromised, then
some mitochondria could escape and propagate their DNA. Alter-
natively, a mismatch between paternal mitochondrial proteins and
ooplasmic ubiquitin ligases, the enzymes responsible for a substrate-
specific tagging of proteins recycled by the 26S proteasome, could be
due to polymorphisms in genes encoding some such enzymes in
different strains/haplogroups of the same Drosophila species.

In this study, we have not quantified heritability of heteroplasmy.
However, if we follow a highly simplified inheritance model we can
begin to estimate the heritability necessary to sustain heteroplasmy
levels that are observed in natural populations as H=h x f+ h* x
f+ ... +h"x f; where h is the heritability and f the frequency of
paternal leakage where n approaches infinity. Considering an overall
frequency of 0.66% for paternal leakage and heteroplasmy levels of
6-15%, the heritability would need to lie within the range of about
0.9 and 0.96. Although this estimate finds some support in the high
percentage of heteroplasmy of cross #72 after 20 generations this
simple model makes a broad set of assumptions that need to be
tested, and the model refined, before its accuracy is known. It is likely
that the effective population size of D. simulans is very large in east
Africa (Lachaise ef al., 1988) and it is possible that flies harboring
distinct haplotypes randomly mate in nature (Ballard et al, 2002).
Bioenergetic differences conferred by the distinct haplotypes remain
in an introgressed background at 24 °C (Pichaud et al, 2012) and it is
assumed that the nuclear genome of D. simulans flies in East Africa is
effectively randomized with respect to the mtDNA (Melvin et al,
2008). In East Africa, the frequency of haplotypes is not equal and the
distinct strains of Wolbachia that infect D. simulans flies in the region
may plausibly influence the rates of heteroplasmy (Turelli et al., 1992;
Dean et al., 2003). In this study, flies were confirmed Wolbachia free so
the symbiont did not influence the observed rates of paternal leakage.
One assumption that may be violated is that mtDNA genomes have
equal potential to go to fixation in a heteroplasmic fly (de Stordeur
et al., 1989), although this potential may be temperature dependent
(Doi et al., 1999; Matsuura et al., 1993).

The broad scale consequences of high levels of heteroplasmy on the
evolutionary dynamics of mtDNA are unknown. It is reasonable to
assume, however, the inheritance of paternal mtDNA to be of
significance if the introgressing molecule propagates and replaces
the maternal mtDNA or if heterologous recombination takes place
and the resulting chimeric molecule manifests in populations
(Eyre-walker, 2000). Such processes would not only impact on the
evolution of the molecule but also may impact species or population
fitness and may counterbalance the female selective sieve acting on
mtDNA (Bromham et al., 2003; Gemmell et al., 2004; Innocenti et al.,
2011). Our study shows that a replacement of maternal by paternal
mtDNA is possible in single individuals but additional studies are
necessary to examine whether these novel mitonuclear lineages have
the capacity to propagate within entire populations in this species as
reported for other species (Alves et al., 2008; Zakharov et al., 2009).
Similarly, further research is needed to evaluate the potential impact
of impending heterologous recombination on dynamics of mitochon-
drial evolution and organismal or population fitness (Bromham et al.,
2003).

In conclusion, we have successfully demonstrated extensive paternal
leakage in D. simulans, strongly suggesting this phenomenon as the
cause for recurring heteroplasmy in natural population of this species
in East Africa and Reunion Island. Paternal leakage must thus be
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considered as integral component of mtDNA transmission in these
populations. This consideration is important, especially in light of
impending heterologous recombination between the two haplotypes,
as these phenomenon have the potential to introduce new haplotypes
into populations, and with that a potentially distorting effect on
mtDNA analyses. Accurate interpretation of mtDNA sequence data in
evolutionary contexts or attempts to predict probabilities of the
heritability of mitochondrial disease critically depend on a mechan-
istic understanding of mitochondrial inheritance. It is hence of
utmost importance to gain a better understanding of mechanisms
involved in shaping the evolution of mtDNA and those leading to the
leakage of paternal mtDNA.
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