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Mitochondrial heteroplasmy is shown to be extensive
when amplification products from the mitochondrial
control region are cloned and sequenced from a
European bat species. In contrast, a mitochondrial ri-
bosomal RNA gene does not exhibit substantial levels
of heteroplasmy when analyzed in an identical way. In
the bat, heteroplasmy with respect to length as well as
sequence seems to be transmitted from mother to
offspring. Thus, the intra-individual sequence diver-
sity seems to accumulate within the female germ line
and its extent to be controlled primarily by purifying
selection. Similar experiments in humans and a mar-
supial suggest that heteroplasmy may not be as un-
commoh among mammals as hitherto thought.
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Infroduction

Mitochondrial heteroplasmy, i.e. the coexistence within
one individual of two or more mitoechondrial genomes
(mtDNA) that differ in primary structure, has been ob-
served in anumber of species, including eutherian mammals
such as rabbit {Mignotte et al., 1990; Biju-Duval et al.,
1991), monkey (Hayasaka et af., 1991), American evening
bat (Wilkinson and Chapman, 1991}, pig (Ghivizzaniet al,
1993), elephant seal {Hoelzel et al., 1993), and shrew
{(Stewart and Baker, 1994} as well as marsupials (Janke et
al., 1994) and monotremes (Janke et al., 19986). In all these
cases, the mitochondrial genomes within an individual dif-
fer in size due to variable copy number of repeated se-
quences located in the control region, which encodes no
structural genes but contains sequences necessary for
the replication and transcription of the mitochondrial ge-
nome. In contrast, heteroplasmy involving genomes that
differ by base substitutions has been reported to be vir-
tually absent in humans (Monnat and Loeb, 1985) except
in diseases caused by mitochondrial mutations (see
Wallace, 1993, for a review). However, recently, a number
of cases have been reported where heteroplasmy occurs
in healthy humans (Gill et a/., 1984; Comas et al., 1995;
Ivanov et al., 1996; Howell et al., 1996). Similarly, substitu-

tional differences between genomes within a lineage of
cows have been shown to occur (Olivo et al., 1983; Laipis
et al., 1988; Ashley et al., 1989). Furthermore, in some non-
mammalian species, e.g. mussel (Hoeh ef af., 1981) and
anchovy (Magoulas and Zouros, 1993), heteroplasmy with
high levels of within-individual sequence divergence
exists, and in those cases biparental inheritance of mito-
chondrial DNA has been inferred (Magoulas and Zouros,
1993) or shown {Skibinski et al., 1994; Zouros et af., 1994)
to be the functional origin of the heteroplasmy. Here, we
show that the coexistence within an individual of several
different mitochondrial genomes, carrying many substitu-
tional differences, is notthe exception but the rule in bats.
In other mammals, including humans, a similar situation,
albeit to a lesser extent, may exist.

Results

The Mitochondrial Control Region of Myotis myolis

The nuclectide sequence of the mitochondrial control re-
gion from one individual of the European Vespettilonid bat
Myotis myotis was determined and found to be 1548 bp
long (Figure 1). Three conserved sequance blocks (CSBs),
which have been observed in other mammals (Walberg
and Clayton, 1981) are also found in M. myotis. Arepeated
element of 82 bp with the consensus sequence 5-AAAT-
TATTTACCACATGAATATTAAACAAGTACATCAGGAATAT-
TAATAT TACATAATACATACTATGTATAATTGTACATT-3" was
identified between the gene for the tRNA for proline and
the CSBs. Furthermore, a motif of six nucleotides
(GTATAC) repeated 31 times inthe sequenced sample was
found between CSB | and CSB |1 In order to study the va-
riation in length, as well as primary sequence, within and
between individuals in the region containing the 82-bp
motifs, primers flanking the repeat array were designed
(Figure 1) and used for enzymatic amplifications.

Length Variation and Heteroplasmy

Enzymatic amplifications were performed frommorethan
200 bats, and amplification products were found to vary in
length between approximately 400 bp and 800 bp among
individuals. Directsequencing showed that the variation in
size was due to the 82-bp-repeat unit which varied in copy
number between three and eight. Furthermore, approxi-
mately 40% of the animals disptayed amplification prod-
ucts of two sizes.

Sequence Heteroplasmy

From six bats exhibiting size heteroplasmy, the two length
variants were isolated frorn agarose gels and cloned. In
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Fig.1 Nucleotide Sequence of the Mitochondrial Gontrol Region of Myotis myotis.

The tRNA genes for prolin and phenylalanine, which flank the control region, are underlined as well as the conserved sequence blocks
(CSBs) (Walberg and Glayton, 1981). The arrays of repsated sequences and the primers used in this study are indicated. The 82-bp-repeat
has been shown to occurin 1 -8 copies per molecule. Dots indicate positions that are affected by substitutions in the region flanking the

repeat {¢.f. Figure 2, below).

addition, the single amplification product from one bat ho-
moplasmic with respect to length was similarly isolated
and cloned. Finally, the longer product from the offgpring
of one of the heteroplasmic individuals was similarly
analyzed. One to ten clones of each size variant were se-
quenced. In total, 211 82-bp-repeats were compared.
Fourthyeight sequence positions were variable, which to-
gether defined 58 repeat types (Figure 2). Thirteenrepeats
were observed morethan once, the most comman one 52
times.

In nine cases, two to ten clones were sequenced from
the molecules of one and the same size and, surprisingly,
clones differed by up to 8 substitutions in the repeat ar-
rays. From the individuals B and H, which were maternally
related, ten clones of the same size were sequenced from
each anima! and three and five, respectively, were found
to be identical within and between the two animals in the

repeat arrays whereas the others differed from each other.

The 150-bp-long single copy sequences that flank the
repeat units also varied among clones representing mole-
cules of the same as well as different size classes within
and between individuals (Figure 2). Up to thres substitu-
tions and two insertion/deletions were found between clo-
nes of one and the same size class within an individual.
Differences among molecules of different size classes
within one individual ranged up to 4 substitutions and two
insertion/deletions. Thus, the primary sequence variation
is extensive among molecules ofthe same as well as differ-
ent sizes. This is the case in individuals that are hetero-
plasmic as well as homoplasmic in terms of numbers of
repeats. The variation in the repeats is apparently not
generated by recombinational shuffling of repeats within
the amrays since the variation also oceurs in the regions
flanking the repeats.

-

Fig.2 MIDNA Repeat Types and Arrays in Myotis myotis.

Above, the sequences of the 82-bp-repeats determined from eight bats are shown as well as the frequencies with which they were found
in the bats. Belaw, the sequence of repeats in clones from the animals are shown, numbered as above, as well as substitutions in the

flanking sequences at positions indicated by dots in Figure 1.
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Sequence Diversity within vs. among Individuals

To test whether the different molecules found within one
individual are more similar to sach other than to those of
randomly chosen individuals from the population, pair-
wise alignments were computed for all pairs of the cloned
repeat arrays, aliowing for as many insertion/dsletions of
repeat units as necessary to maximize the similarity be-
tween molecules. For molecules of the same length the
mean pairwise sequence differences of the aligned mole-
cules ranged from 0.5 to 2.4 percent within one individual,
from0.6102.3, and 0.3 10 3.4 percent among individuals in
the German and Portugese nursery colonies, respectively,
and from 0.3 to 3.4 percent among individuals from the
pooled sample of the colonies. For pairwise comparisons
between molecules of different size classes, the mean se-
guence differences {ignoring repeats that were aligned
with gaps) varied between 0.5 and 3.0 percent within anin-
dividual, and 0.6 and 2.8 percent among all the animals
analyzed. Thus, divergences between molecules within
one individual were of the same magnitude as the diver-
gences between molecules from any two animals in differ-
ent Eurcpean populations.

Maternal Inheritance of Heteroplasmy

In order to investigate whether the length variation is in-
herited from mother to offspring, 17 homoplasmic and 6
heteroplasmic mother/pup pairs were analyzed. The results
showed that alt pups had inherited homoplasmy or het-
eroplasmy from their mothers (Figure 3). Furthermore, in
four of the heteroplasmic pairs, the approximate propor-
tions of the two sizes in the heteroplasmic pups were simi-
lar to those of their mothers whereas in two cases
offspring appeared to differ in the proportions of the mole-
cules compared to their mothers. Further quantitative stud-
ies are necessary to clarify how much the heteraplasmy
varies between different tissues within an individual and
between generations. However, itis clear from these data
that femnale animals generally transmit the state of being
either homoplasmic or heteroplasmic with respect to re-
peat length to their offspring.

Fig. 3 Amplifications of the Repeat Array from Three Repre-
sentative Mother (M)-Pup (P) Pairs, the First Two Heteroplasmic
and the Last Homoplasmic.

In the first pair, tha relative amounis of the two length variants
differ between mother and offspring.

Toinvestigate whether sequence heteroplasmy with re-
spect to substitutions may be transmitted from mother to
offspring, ten clones were isolated and sequenced from
the offspring ofindividual B in which three out of ten clones
were identical to each other in the repeat array (Figure 2) as
well as the flanking region. In the offspring (individual H},
three clones were identical to the three clones that were
identical to each other in the mother whereas two differed
from these by one substitution in the flanking sequence.
Theremaining five clonesin the offspring differed by one to
six substitutions from each other as well as from the clo-
nes derived from the mother. Thus, heteroplasmy with re-
spect to as from the clones derived from the mother. Thus,
heteroplasmy with respect to numbers of repeat units as
well as sequence types seems to be transmitted from
mother to offspring.

PCR and Cloning Artifacts

To rule out the possibility that variation wolld be genera-
ted by mutations during PCR and ¢loning, 360 bp of the
125 rBNA gene from two bats {individuals A and D) were
amplified via PCR and cloned under conditions identical
to those used for the control region. Four and two clones
were sequenced from each of the two individuals, respec-
tively, and no within- or between-individual sequence dif-
ferences were observed among these six clones {data not
shown).

In other experiments, a cloned copy of the human con-
trof region was amplified from approximately 10 000 co-
pies and the amplification product was cloned in afashion
identical to the one used above. Eight clones were se-
quenced and only one substitution was found (C. Kilger,
S. Germer, and H. Zischler, unpublished). Thus, neitherthe
amplification process itsalf nor any particular property of
the control region sequences per se are responsible for
the high level of variation observed. Furthermore, when a
mother and her pup were studied, sequence variants that
differed from all cther individuals studied, but were identi-
cal between the two related animals, were retrieved (Fig-
ure 2). Thus, although the mtDNA from the bats have not
been cloned directly in order to exclude that the PCR ge-
nerates the sequence variation observed, we feel that the
results canbe interpreted as largely reflecting the variation
among molecules in vivo.

Discussion

Thefinding of extrerne sequence heteroplasmy inbatsis in
apparent contradiction to the observation that upon direct
sequencing of mitochondrial control regions from rmam-
mals, where a consensus sequence of the entire amplifi-
cation product is determined, one sequence is generally
observed. However, the extent of sequence variation is 50
great that only rarely will any particular sequence variant
reach frequencies in an individual {approx. 10 - 20%) that
aliow it to he clearly seen indirect sequencing reactions. In
the rare cases when this happens, it may often be overloo-



ked or regarded as a technical problem (Comas et al.,
1895). Furthermore, the level of heteroplasmy observedis
in apparent contradiction to the observation of Monnat
and Loeb (1985), who examined 248 clones of mitochon-
drial DNA from five humans and found only one intra-
individuat sequence difference in 49000 base pairs.
Similarly, in human leuketnic cells, these authors failed to
find evidence of sequence variation (Monnat et a/., 1985).
Since the majority of the data presented in those studies
referto protein- and tRNA-encoding genes and the clones
from the 128 rDNA sequences did not vary within indivi-
dual bats, it may be that the sequence variation within an
individual is subject to purifying selection. Inthat case, pri-
marily positions that are under little functional constraint
might vary in an individual and regions of the mitochon-
drial genome which evolve rapidly within aspecies, as well
as betwaeen species, would be expected to show the most
variation within individuals. Howsever, since silent posi-
tions in protein-coding genes would still be expected to
show variation under suchascenario, it is possible thatthe
discrepancy between these results could reflect a differ-
ence in the inherent mutation rate of the control region as
opposed to other parts of the mitochondrial genome.
Furthermore, the data could point to a substantial differ-
ence betwsen bats and other mammals, including hu-
mans, in the lave! of sequence heteroplasmy.

in order to investigate whether sequence hetercplasmy
is limited to bats or if it is & general feature of mammalian
mtDNA, and if so, whether it is relatad to the presence of
variable numbers of repeated sequences in the control re-
gion, amplifications were peformed from an opossum
{Didelphis virginiana), a marsupial mammal, and a human,
While the mtDNA, of the former animal exhibits length he-
teroplasmy due to repeated sequences in the control re-
gion {Janke et al., 1994), neither obviously repeated se-
quences (Anderson et al., 1981) nor length heteroplasmy
have been observed in humans except in association with
rare neuromuscular diseases (see e.g. Wallace, 1993) and
in the case of a homopolymeric tract of cytosine residues
{Bendall and Sykes, 1995). From the opossum, 528 bp of
the mitochondrial control region were sequenced from se-
ven clones. All clones differed from each other by one 1o
four substitutions (data not shown). From the hypervaria-
ble region | of the human control region, 21 clones, each
containing 286 bp, were sequenced. Of these, 13 clones
were identical while eight differed by one to three substitu-
tions {data not shown). Thus, these observations support
the recent observations of heteroplasmy in humans
{lvanov et al., 1996; Howell et al., 1998) and indicate that
substantial levels of mitochondrial heteroplasmy can
exists alsc in other mammals, albeit at lower levels than
in bats. Further work is needed to clarify to what extent
heteroplasmy exist in other species, including humans.

The amount of sequence diversity among molecules
within an individua! bat matches that among the homolo-
gous sequences in the population of bats. Two possibili-
ties, which are not necessarily mutually exclusive, are con-
ceivable to explain the generation of the intra-individual
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diversity. First, the diversity could accumulate in female
lines over time; second, the mitochondrial diversity which
existsin the 'population could penetrate the female line by
the contribution of male mitochondrial genomes at ferti-
lization. Our results indicate that the former possibility is
sufficient to explain the observed heteroplasmy. Size
homoplasmy and heteroplasmy were transmitted from
mother to pup in all mother/offspring pairs analyzed, and
in ohe case where numerous clones in a mether contained
one particular sequence, the same sequence was also
found in a similar proportion in the offspring. These obser-
vations call into question the existence of a dramatic bot-
tleneckin population size of mitochondrial DNA molecules
in the female germ line. Additional support for this comes
from studies of human families, where mitochondrial
heteroplasmy persists in severat matemnally refated indivi-
duals {(Howeli et al., 1992; Ivanov et al., 1996; Howell ef al.,
1996). Thus, substitutions can be expected to accumulate
in the female germ line over a time span of many organis-
mal generations. The other possible source of hetero-
plasmy, paternal contribution, has been demonstrated in
mussels. However, in mammals paternal mitochondrial
contribution is at best very low (Gyllensten et al., 1991,
Kaneda et al., 1995). In humans, less than one out of
10 000 mitochondrial DNA molecules stems from a puta-
tive paternal contribution (C. Kiiger, unpublished). Thus,
no effective homogenizing mechanism between genera-
tions seems to exist inthe female germline. Consequently,
mitochondrial sequence diversity can accumulate over
generations. Furthermore, the fact that regions of the
mtDMA that evolve more slowly than the control region,
e.g. ribosomal RNA genes and protein coding genes con-
tain littde intra-individual sequence diversity (Monnat and
Loeh, 1985), indicates that purifying setection acts onthe
molecules in the fernale germ line.

The fact that as much sequence diversity exists within
an individual as in the entire population of bats indicates
that the effective population size of mitochondrial DNA
molecules of the female germ line in Myotis myotis is as
large as, or larger than, the effective population size of fe-
male animals. This allows the coalescent of within-indvi-
dual sequences to be as deep as that of the consensus se-
quences determined forindividuals in the population. The
relationship between the intra-individual and inter-indivi-
duat sequence diversity obviously depends on the popu-
lation history of the species under study as well as the
mechanisms of mitochondrial DNA replication and trans-
mission in the female germ line. It will be interesting to
determine how the relative coalescent of intra- and inter-
individuat sequences differs in various species and popu-
lations.

Materials and Methods

Samples, DNA Isolation, PCR, Cloning and Sequencing

Tissue samples of 3 mm? were remaved from the tail membranes
of B0 Myotis myotis individuals from two nursery colonies in
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Bavaria, Germany (Au Church and Beyharting Church) and of 21
individuals from one nursery colony in Portugal (Mina Lousal
Cave). Mother/pup pairs were sampled when pups were still at-
tached to their mothers’ nipples. DNA was either phenol or salt
extracted (Maniatis ef al., 1982), vields being approximately
15 ng per sample. The mitochondrial control region from Myotis
myotis was amplified and sequenced using primers L15926,
L16007 and HOC651 (Kocheret af., 1989). Two primers (5-GAAC-
TTATGCAAAGCTTCCA-3" and 5-GGGTTGGTTTCACGGAG-
GTA-3") were designed and used to amplify a region exhibiting
length variation. Primers L1091 and H1478 (Kocher et al., 1985}
were used to amplify the 125 RNA gene. Opessum control region
sequences were amplified using primers L 16652 (5-CCTTACC-
CCCTAAACAAGAA-3) and H17079 {5-TTAAGCTACATTAAC-
TTTGTG-37} (Janke st al., 1994), whereas human control region
sequences were amplified with primers L16078 (5-AGTATTGA-
CTCACCCATCAA-3) and H16410 {(5-GCGGGATATTGATTTC-
ACGG-3) (Anderson ef al, 1381). L and H in the primer designa-
tions refer to the light and heavy strands and the numbers to the
nucleotide at the 3-end of the primer in the respective mitochon-
drial sequence. PCR products were either directly sequenced
{Bachmann et af., 1980} with the primers used for amplifications,
orcloned. In the latter case, thebands were excised fromagarose
gels, purified by glassmilk {Geneclean, Bic 101, La Jolla, Ca.), li-
gated into a plasmid vector (TA Cloning, Invitrogen, San Diego,
Ga) and transformed into the Escherichia coli Sure™ strain
{Stratagene, La Jolla, Ca.). ARernativaly, 5 ul of the total PCR am-
plification were used for ligation. Clones were sequenced from
both directions using primers in the vector and in the amplification
product.

Sequence Analysis

Aignment of the repeat region was performed with a modified
Needleman-Wunsch procedure (Needleman and Wunsch, 1970)
where the similarity between two repeats defined the scorning
function with no penalty for insertions and deletions of repeai
units. Pairwise comparisons were carried out using the PAUP
{Swofford, 1993) program package.
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