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ABSTRACT Most previous data suggesting maternal inher-
itance of mtDNA have come from single-generation mating ex-
periments, and most of the analytical techniques utilized would
not have detected paternal mtDNA molecules in progeny at lev-
els less than about 5%. Long-term mating experiments, in which
a fertile female lineage derived from hybridization of two spe-
cies with distinguishable mtDNAs is backcrossed recurrently to
the male parental species, provide an ideal opportunity to assess
possible low-level paternal leakage. We have analyzed the 45-
and 91-generation backcross progeny of such matings between
two species of lepidopteran insects [Heliothis (Noctuidae)], using
autoradiographic techniques that can detect rare mtDNA mol-
ecules in <1 part per 500. The analysis failed to detect any pa-
ternal mtDNA and sets an upper limit of paternal leakage at about
1 molecule per 25,000 per generation in this system.

In higher eukaryotes, the majority of mtDNA is known to be
transmitted to progeny through egg cytoplasm (1-9). How-
ever, sperm also carry small numbers of mtDNA molecules,
and the possibility of a low-level paternal contribution of
mtDNA to progeny (paternal leakage) has seldom been ad-
dressed.

This study was motivated by the recent findings of exten-
sive mtDNA sequence variation and divergence in higher eukary-
otes and by the evolutionary interpretations placed upon these
findings (5, 10-16). For example, because mitochondria are
generally thought to be maternally inherited, variation in
mtDNA has been used to estimate matriarchal phylogenies
within and among species (10, 12) and to determine the fe-
male parental species of parthenogenetic hybrids (13). Such
interpretations could be compromised if sperm commonly
contribute small numbers of mtDNA molecules to zygotes.
The possible consequences of paternal leakage have been
modeled mathematically (17, 18), and results demonstrate that
even small amounts of paternal input can be significant, act-
ing as a "gene-flow bridge" between otherwise isolated female
lineages and importantly influencing the evolutionary dynam-
ics of mtDNA variation. The purpose of this report is to em-
pirically reexamine the possibility of low-level paternal leak-
age of mtDNA.

MATERIALS AND METHODS
Male Heliothis virescens (F.), the tobacco budworm, hybrid-
ized with females of a related species, H. subflexa .Guenee,
produce fertile female and sterile male progeny (19, 20). Male
sterility is perpetuated through recurrent backcrossing to H.
virescens males and forms the basis of a control strategy for
this major agricultural pest (21-23). Two independent male-

sterile strains were used in our experiments: BC-91 had been
continuously backcrossed for 91 generations and BC-45, for 45
generations. Both strains are maintained in Stoneville, MS,
and colonies derived from them were reared for several gen-
erations in one of our laboratories prior to this study. The
number of females mated in each generation has usually ex-
ceeded 100 and, in the case of BC-45, has been as high as
several thousand.

Mitochondria from 70-110 fourth and fifth instar larvae were
isolated by differential centrifugation (24). Covalently closed
circular mtDNA was prepared by two rounds of ethidium bro-
mide/CsCl density gradient centrifugation. Samples were di-
gested with several restriction endonucleases and then were
labeled with [a-32P]dATP, in the presence of unlabeled dCTP,
dGTP, and dTTP, by using the large fragment of Escherichia
coli DNA polymerase I (15). After electrophoresis in 1.1%
agarose gels, the labeled fragments were detected by autora-
diography.

RESULTS
One of the restriction enzymes, Xba I, produced digestion
fragments that readily distinguished H. virescens and H.
subflexa. The results of an analysis of BC-91 and the two pa-
rental species, with this endonuclease, are shown in Fig. 1.
The digest of H. virescens mtDNA contained a 5.8-kilobase
fragment (Fig. 1, lane B) that was apparently cleaved into two
2.9-kilobase fragments in mtDNA from H. subflexa (Fig. 1,
lane D). The BC-91 mtDNA (Fig. 1, lane C) shows the H.
subflexa pattern. Dilution studies (Fig. 1, lanes E and F)
demonstrate that if BC-91 mtDNA contained as much as 0.2%
H. virescens mtDNA molecules, the 5.8-kilobase Xba I band
would have been detected. Identical results have been ob-
tained by using the BC45 strain. If larvae from either back-
cross strain contained any H. virescens mtDNA molecules, they
were present in <1 part in 500.

DISCUSSION
The rationale for our study design is simple. If H. virescens
males contribute even small proportions of mtDNA molecules
to progeny, the repeated backerossing regimen should have
enriched the total paternal mtDNA present in backcross hy-
brids. When paternal leakage ((, the proportion of progeny
mtDNAs inherited from the immediate father) is roughly con-
stant across generations, we can estimate the total accumu-
lated proportion (P) of paternal mtDNA molecules expected
in backcross generation i:

Pi = 1 - (1 - e)i+'. [1]
t Present address: Genetica, 160 Quai de Polangis, 94340 Joinville-le-
Pont, Paris, France.
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FIG. 1. Xba I digests of Heliothis mtDNA samples. Digests were

labeled as described and aliquots were electrophoresed in 1.1% agarose

gels. Lanes: A, phage A DNA digested with HindliI; B, H. virescens; C,

BC-91; D, H. subflexa; E, H. subflexa, 20,000 incorporated Cerenkov
cpm, and H. virescens, 200 cpm; F, H. subflexa, 20,000 cpm, and H. vi-
rescens, 40 cpm. The 5.8-kilobase fragment diagnostic of H. virescens
mtDNA is clearly visible in lanes E and F (arrow) but not in-lane C,
even in longer exposures.

For example, if f = 0.0002, in BC-45 the accumulated pro-

portion of H. virescens mtDNA would be P = 0.-00916, a level
detectable by our method. By similar reasoning, in BC-91 we

would have detected the presence of male mtDNA for f as

low as 0.00003. This represents well more than a two-order-
of-magnitude increase in resolving power over most previous
attempts to detect low-level paternal leakage.
The use of Eq. 1 is based on. the assumption that mixtures

of mtDNA molecules present in a female zygote will be trans-
mitted in the same proportions to eggs produced by that fe-
male. Heteroplasmic individuals (those containing a mixture
of two or more different mtDNA molecules) have, in fact, not
been detected in nature. We have suggested elsewhere that
when heteroplasmy arises, either by mutation or paternal
leakage, it may be quickly lost by fixation of one of the se-

quences, perhaps within a single generation (18). The prob-
ability that a selectively neutral paternal sequence will be fixed
should be equal to the proportion of paternal mtDNA mol-
ecules in the zygote. In amphibia, the egg contains enormous

amounts of mtDNA and thus the paternal/maternal mtDNA
ratio in the zygote is expected to be 1:1,000,000 (2). The
mtDNA content of insect sperm and eggs has not been de-
termined. If that ratio is >1:10,000, as it is in the other in-
vertebrates which have been examined, we would expect that
individuals fixed for the H. viresoens mtDNA sequence would
appear with a frequency greater than 1/10,000 during the
backcross regimen. This mode of paternal leakage cannot be
ruled out entirely by our study because of the uncertainties
both in the gamete DNA contents and in the number of, back-
crossed females that were ancestral to the set of larvae used
in the experiment. We can only say that fixation of the pa-
ternal sequence has not occurred in any of those females.
The simplest explanation that has been offered (2) for ma-

ternal inheritance is based on the observation that, in some

animals, mitochondria carried in the sperm midpiece do not

penetrate the egg at fertilization (25). However, mitochondrial
derivatives-of sperm have been observed within the egg of at
least one insect species, Chrysopa carnea, and complete pen-
etration of the egg by sperm may be a general feature of in-
sect reproduction (26). If there exists a physical barrier to
transmission of paternal mtDNA, it must involve an alteration
of sperm mitochondria or mtDNA molecules that prevents
their utilization within the egg.

Gillham (9), in his interpretation of the work of Dawid and
Blackler (2), has raised the possibility that maternal inheri-
tance in a single generation cross would be determined by in-
teractions between nuclear and mitochondrial genes: "II could
be imagined that in F1 hybrids nuclear genes present in
one or the other parent could control the species of mtDNA
transmitted to the ovaries." An analogous explanation has been
offered for the observation that, in interspecific hybrids formed
by fusing cultured somatic cells, mtDNA of only one species
is stably maintained. In these hybrids, chromosomes from one
parental species are usually lost and the mtDNA from the same
parent is also lost (27). Furthermore, increased viability of in-
terspecific cell hybrids has been obtained by poisoning the
mitochondrial population of one species prior to fusion (28).
These results indicate that there is selection against mtDNA
molecules which are somehow incompatible with heterologous
nuclear genes and suggest that we might also expect to see
selection acting to favor paternally contributed H. virescens
mtDNA in our backcross strains in which far more than 99%
of the nuclear genome is derived from H. virescens. The-main-
tenance of H. sulbflexa mtDNA in the face of this selection
provides further support for the conclusion that paternal mtDNA
molecules cannot be functionally incorporated into the lepi-
dopteran zygote. Indeed, an incompatibility of nuclear and
mitochondrial genes provides a simple hypothesis for the per-
sistent sterility in backcross males.
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