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Abstract

Biological variation exists across a nested set of hierarchical levels from nucleotides within genes
to populations within species to lineages within the tree of life. How selection acts across this
hierarchy is a long-standing question in evolutionary biology. Recent studies have suggested that
genome size is influenced largely by the balance of selection, mutation and drift in lineages with
different population sizes. Here we use population cage and maternal transmission experiments to
identify the relative strength of selection at an individual and cytoplasmic level. No significant
trends were observed in the frequency of large (L) and small (S) mtDNAs across 14 generations in
population cages. In all replicate cages, new length variants were observed in heteroplasmic states
indicating that spontaneous length mutations occurred in these experimental populations.
Heteroplasmic flies carrying L genomes were more frequent than those carrying S genomes
suggesting an asymmetric mutation dynamic from larger to smaller mtDNAs. Mother-offspring
transmission of heteroplasmy showed that the L mtDNA increased in frequency within flies both
between and within generations despite sampling drift of the same intensity as occurred in
population cages. These results suggest that selection for mtDNA size is stronger at the
cytoplasmic than at the organismal level. The fixation of novel mtDNAs within and between
species requires a transient intracellular heteroplasmic stage. The balance of population genetic
forces at the cytoplasmic and individual levels governs the units of selection on mtDNA, and has
implications for evolutionary inference as well as for the effects of mtDNA mutations on fitness,
disease and aging.
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Introduction

Life is organized into a hierarchy of populations. Nucleotides exist within genes, genes
within chromosomes, chromosomes within individuals, individuals within populations, all of
which are nested within species and higher units of biodiversity. How the forces of
population genetics act across this hierarchy to produce patterns of variation in nature is an
old and thorny problem in evolutionary biology (Wynne-Edwards 1962; Williams 1966;
Dawkins 1976). When nonrandom distributions of molecular polymorphisms are observed

in natural populations, natural selection is often invoked to account for the pattern. In many
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cases, however, unequal mutation pressures or genetic drift could have generated an
identical pattern of variation. In some cases it may be unclear whether selection is acting at
the level of the gene, the individual or the population (Lewontin and Dunn 1960). As the
power of genomic analysis continues to increase, large scale surveys of molecular variation
promise to resolve many issues in population and evolutionary genetics. However, we
ultimately want to associate molecular variation in nature with some mechanistic
explanations for static patterns, so there is a growing interest in coupling functional studies
with patterns of static variation to broaden inference on how selection can act.

Several studies have shown that distribution of mitochondrial DNA (mtDNA) length
variants in natural populations is skewed towards smaller genomes (see Fig. 1a; Hale and
Singh 1986; Hale and Singh 1991; Rand and Harrison 1989; Brown et al. 1992; Arnason and
Rand 1992; Rand 1993; Townsend and Rand 2004). The shapes of these distributions have
implicated selection for small mitochondrial genomes in a race for replication in the
germline cytoplasm (see Fig. 1b; ops. cit.). Support for this notion comes from genetic
transmission studies that show an increase of the small mtDNA genomes from mother to
offspring (Solignac et al. 1984; Rand and Harrison 1986; Solignac et al. 1987). Following
the transition from RFLP to PCR based analyses of mtDNA polymorphism, mtDNA length
variation has been largely ignored in studies of variation because individual genes are
targeted by PCR. At the same time, there has been a growing interest in the population
genetic phenomena in the germ line cytoplasm motivated by studies of the inheritance of
mitochondrial disease (Cree et al. 2008; Van Leeuwen et al. 2008; Wai et al. 2008). Because
the mtDNAs in the germ line are inherited as a population of molecules, the fundamental
forces of population genetics (mutation, section and genetic drift) are primary determinants
of how novel mtDNA variants are transmitted from one generation to the next. Indeed, all of
the mtDNA sequence variants that are used to quantify population variation, differentiation
and phylogenetic affiliation must first pass through a polymorphic phase in the germ line
cytoplasm (heteroplasmy). For this reason, studies quantifying the fate of mtDNA variants
in the germline could uncover a microcosm of population genetic forces that have
implications for the use of mtDNA as a marker in population and evolutionary genetics, as
well as contributing understanding to the impact of cytoplasmic drift on the etiology of
mitochondrial disease and aging.

It is now widely recognized that mtDNA is not necessarily a neutral genetic marker that
provides an accurate tracer of population and evolutionary history (Whittam et al. 1986;
Clark and Lyckegaard 1988; Ballard and Kreitman 1994; Rand et al. 1994; Rand 1994;
Ballard and Rand 2005; Bazin et al. 2006; Nabholz et al. 2008; Meiklejohn et al. 2007;
Dowling et al. 2008). Functional studies from population cages (MacRae and Anderson
1988; Fos et al. 1990; Hutter and Rand 1995; Kilpatrick and Rand 1995a; Ballard and James
2004) and direct measurements of fitness traits among mtDNA haplotypes have
demonstrated phenotypic effects (Clark and Lyckegaard 1988; Rand et al. 2001; James and
Ballard 2003). None of these studies, however, were designed in a manner that would allow
mitochondrial genome size to be isolated as an independent experimental variable.
Considering the observation that smaller mtDNAs can be favored in the cytoplasm during
transmission from mother to offspring (Rand and Harrison 1986) but see (Solignac et al.
1987), and that mtDNA D-loop variants have been associated with longevity in humans
(Michikawa et al. 1999; Coskun et al. 2004), mtDNA length variation provides a simple
system with which to address questions regarding the units of selection (Lewontin 1970;
Rand 2001; Taylor et al. 2002).

Here | report the results of a population cage study using Drosophila melanogaster where

mtDNAs of two different lengths (the S and L genomes) were competed against one another
to determine fitness effects at the organismal level. The S and L mtDNAs were collected
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from the same Texas locality and were identical in restriction patterns for 10 restriction
enzymes, but differed in length by 1.4 kilobases (kb; 7.5% of genome length; details in
Methods). These mtDNAs were chosen for fitness studies because they provided an
opportunity to separate coding sequence variation from mtDNA length variation. No
significant fitness effects were observed in the population cage experiments, but
spontaneous length mutations generating heteroplasmic flies were detected in replicate
cages. Analyses of mother-offspring transmission of heteroplasmy for these novel length
variants showed that the L variant increased in frequency within individuals. Because
mtDNA length variants do not maintain their size long enough for selection to act on them at
the level of the individual, mtDNA size variation can be considered effectively neutral at the
organismal level, but not neutral in the germ line cytoplasm in D. melanogaster.

Materials and methods

Fly strains

Two lines of Drosophila melanogaster collected in Brownsville, Texas were obtained from
Dr. Larry Hale. The lines had mtDNAs with identical restriction patterns for 10 enzymes: 4
cutters (Ddel, Haelll, Hinfl, Hpall, Mbol, Taql); 4.5 cutter (Avall); 6 cutters (EcoRl,
Hindlll, Xbal) as described in Hale and Singh (1991). The only known difference in the
mtDNAs of these two lines was the presence of an additional 1.4 kilobases (kb) of DNA
inserted in the A + T-rich region of the longer molecule (20.0 kb Hale and Singh 1986; Hale
and Singh 1991; hereafter the L genome). The smaller genome (hereafter S) was 18.6 kb in
length and is the most frequent length variant found in natural populations. The Brownsville
S line was identical to nine lines from California for >1,500 bp of the ND5 gene (Rand et al.
1994), consistent with low levels of mtDNA polymorphism in North American D.
melanogaster. While complete sequencing would be required to establish the identity of the
coding region of the L and S mtDNAs, we assumed that they were similar, if not identical, at
the nucleotide level in the 13 protein coding genes, the 22 transfer RNA (tRNA) genes and
the two ribosomal RNA (rRNA) genes of the mitochondrial genome. The A + T-rich region
of D. melanogaster mtDNA is about 4 kb in length, is at least 95% A + T in nucleotide
composition and contains the origin of replication (Fauron and Wolstenholme 1976, 1980;
Lewis et al. 1994). Restriction map studies of the A + T region in the melanogaster
subgroup of species indicate that this region is composed of tandemly repeated sequences
(Solignac et al. 1986), and this has been confirmed from direct sequencing in D.
melanogaster (Lewis et al. 1994). Prior to initiation of the population cages, the size of the
mtDNA was confirmed using the molecular analyses described below.

Initiation and maintenance of population cages

The experimental population cages were initiated by isolating virgin females from the S and
L lines and mating 250 of these virgins to an equal number of males from the opposite line.
These flies were allowed to mate for 24 h in bottles after which they were transferred to two
different laying cages: one with S females mated to L males and a second cage with L
females mated to S males. Each laying cage was provided with 12 plastic laying cups
containing instant Drosophila food (10 grams of 4-24 medium, Carolina Biological Supply
Company, plus 30 milliliters of distilled water). After each 24-h laying period in the cages,
three laying cups were moved from each of the laying cages to each replicate experimental
cage. This was done for five successive days so that each cage contained five sets of three
cups carrying F1 eggs from the forced crosses between S and L flies. This established a
continuous population of flies that were maintained at 24°C in overlapping generations by
adding three fresh cups every 3 days, thus imposing a generation time of a maximum of 15
days. Six population cages were initiated: three cages at high frequency of L (~90 L%;
originally called cages 1-3 and hereafter referred to as Lhighl, Lhigh2, Lhigh3) and three
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cages at intermediate frequencies (~50 L%; originally called cages 4-6 and hereafter
referred to as Lmid1, Lmid2, Lmid3). These frequencies were manipulated by allowing
different number of adults to lay eggs in the laying cups that were transferred to the initial
cages.

Sampling and estimates of frequencies

The starting frequencies of the L and S mtDNASs in each cage were estimated from the eggs
laid by the F1 adults that emerged from the original laying cages. A second sample was
taken for each cage one generation (15 days) later. Subsequent estimates of L and S mtDNA
frequencies were made approximately once each month. One day after a fresh set of three
cups was placed in each cage, a small spoon was used to scoop out a sample of the new food
approximately 2 cm in diameter that was covered with eggs. Each sample was placed in a
separate half-pint Drosophila culture bottle with 30 mL of standard cornmeal and molasses
medium. All of the adults that hatched from these egg samples were frozen at —80°C for
later DNA analysis. Frequencies of the L and S genomes in each cage were estimated from a
sample of 64 flies using restriction digests and Southern blots.

DNA preparations

Total genomic DNA was prepared by grinding either one or two adult flies in 25 pl of Lifton
Buffer (0.1 M Tris, 50 mM EDTA, 0.2 M Sucrose, 0.5% SDS, ph 9.0; (Bender et al. 1983)
with 0.5 pl of DEPC using a plexiglass pestle shaped to fit the inside of a 1.5 milliliter
microcentrifuge tube. After grinding, an additional 25 pl of Lifton buffer was added to the
homogenate and the tube placed at 65°C for 20—30 min. Seven pl of 8.0 M potassium
acetate was then added and the tubes incubated on ice for 15-30 min. The samples were
spun in a microcentrifuge for 10 min, the supernatant recovered and precipitated with two
volumes of cold ethanol at —80°C for 10 min. Crude nucleic acids were recovered by
centrifugation in a microcentrifuge for 10 min, resuspended in 100 pl TE (10 mM Tris, 1
mM EDTA) and extracted once with a 25:24:1 mixture of Phenol:Chloroform:Isoamyl
alcohol. The aqueous phase was precipitated with 1/10 volume of 3 M Sodium Acetate and
two volumes of cold ethanol at —80°C for 10 min. Total nucleic acids were pelleted by
centrifugation for 10 min, rinsed once with 70% EtOH and dried in a vacuum desiccator.
The dried pellet was resuspended in 20 ul TE for single fly preps and 50 pl for two-fly

preps.

Southern blot analysis

MtDNA haplotype frequencies were scored from autoradiographs of Southern blots of total
genomic DNA. An aliquot of one third to one half of the total genomic DNA (prepared as
described above) was digested with Hae 111 or its less expensive isoschizimer Pal I,
according to the manufacturers specifications (New England Biolabs for Hae 111; Stratagene
for Pal I). The digested DNA was electrophoresed in 0.7% Agarose gels using Tris Acetate
buffer. The resulting gels were blotted to nitrocellulose membranes by capillary transfer or a
pressure blotter (Stratagene). Membranes were prehybridized in 5x SSPE with 0.1% SDS
for a minimum of 30 min at 65°C. Hybridization to probes was performed in the same
solution for a minimum of 8 h at 65°C.

As a probe, a clone of the 4.8 kb Hind 111 fragment of Drosophila melanogaster mtDNA
was used because it hybridizes to the large Hae |11 fragment containing the L-S length
variation, and to the adjacent 6.2 kb Hae 111 fragment which provides an internal size
standard for comparison to the length-variable band (see Fig. 2).

Initially, gels were scored using two-fly DNA preps since two data points were obtained
from each lane of a gel: a single large band indicated both flies carried L mtDNA, a large
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and a small band indicated that one L and one S fly was present and a single small band
indicated that both flies carried S mtDNA. Since novel length variants were detected during
the course of the experiment, single-fly preps were used to repeat the first samples showing
novel length variants, and all samples thereafter, to allow for precise identification of
heteroplasmic individuals.

Transmission of L-S heteroplasmy

The transmission of the heteroplasmic mtDNA population through the female germ line was
analyzed by comparing the frequency of L and S mtDNAs in a focal heteroplasmic mother
to the frequency of these variants in a sample of individual offspring from each mother. The
heteroplasmic mothers for these analyses were derived from the spontaneous heteroplasmic
lines that emerged in the cage experiment. Analyses of heteroplasmic transmission were
done manipulating two conditions: (1) the age of the mother (early vs. late broods of
offspring), and (2) the culture temperatures (18C vs. 25C). The maternal age effect was
motivated by the findings of (Solignac et al. 1987) who showed an effect of maternal age on
mean and variance of offspring heteroplasmies. Temperature was manipulated to determine
if the delayed development at 18C would alter heteroplasmic transmission.

Mother—offspring transmission was scored in independent heteroplasmic lines with
samples of offspring taken from early broods (eggs collected 1-3 days after mating) and late
broods (eggs collected 11-20 days after mating). These early and late broods were each
collected from cultures maintained at two temperatures (18 and 25°C). By necessity,
collection of early and late broods from heteroplasmic mothers maintained at different
temperatures could not be the same individuals. To minimize the effects of different L and S
frequencies in heteroplasmic mothers allowed to lay eggs at 18 and 25°C, sibling females
from the same heteroplasmic culture were split between the two temperatures for collection
of early and late broods. As such, the sets of offspring emerging from early vs. late broods,
or 18 vs. 25C were descended from the same grandmother, and had sibling mothers for each
condition. Nine mother-offspring families were quantified for early- and late-brood mtDNA
frequencies from an average of 13 offspring per mother per time point (total of 470
individuals). The goal of this experiment was to determine the effect of female age and
temperature on the transmission dynamics of heteroplasmy through the female germline.

The frequency of L and S mtDNA within each fly was quantified using densitometry of
autoradiographs from Southern blots where the frequency of the two length variants was
estimated from the intensity of signal corresponding to each band. The densitometer trace
generates peaks of varying height and breadth, and the area under the trace for each band
was taken as an estimate for frequency, following removal of autoradiograph background.
Replicate gel runs and autoradiographs were scored for each mother-offspring sample, and
the average value across these replicates was taken as the frequency of L or S mtDNA
within an entire fly. Saturation of autoradiographs was avoided by ignoring densitometer
traces that had flat peaks, suggesting over-exposure of the film in the middle of a band.
Details of this procedure are reported in Kann et al. (1998).

Estimates of selection coefficients and effective population sizes

Selection coefficients were estimated for haploid alleles from the slope of the regression of
natural logarithm of the ratio of the frequencies of alternative alleles on time, as described
by Dykhuisen and Hartl (1980, 1983):

In[ XL arge (t)/Xg, (D]=In [)(Lm_gc (0)/Xg,,.; (0)]+st (1)
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where X arge and Xsmay are the frequencies (or counts) of the L and S mtDNA, s is the
selection coefficient and t is time. Because the population cages were maintained with
continuous overlapping generations, time is measured in days but the cycle of food forced a
generation time of 15 days. The significance of this regression is tested by analysis of
variance. This was done for each cage individually and, where appropriate, for data pooled
among replicate cages. For comparison, selection can be inferred from the change in
frequency of mtDNAs and the product of the frequencies of the alternative haplotypes at
generation t + 1 and t (Ap = Sp+10y)-

Allele frequency changes are also caused by genetic drift, and since effective neutrality
occurs when s <1/Ng, the estimates of selection above need to be put in context with the
strength of genetic drift. The population cage data are samples of mtDNA frequencies over
multiple generations, and the change in these frequencies within each population can be
used to estimate effective population size (Ng) based on the principle that the change in
frequency across generations should be inversely proportional to N, under neutrality. To
arrive at an estimate of Ne, we compared two methods using population cage data: (1)
estimates from allele frequencies across time in individual cages, and (2) estimates from the
variance in allele frequency among replicate population cages. Approaches for estimating Ne
from samples takes across time points have been described previously (Waples 1989; Nei
and Tajima 1981). The simplest approach is to estimate the standardized variance (F) in
allele frequency (P) between time points 0 and t, as

_(Po—P)’
P(1 - P) ()
and estimate N, as
t
Ne~3p ®)

This holds for true allele frequencies, but when allele frequencies are estimated from
samples, F and N, should be estimated as follows (Nei and Tajima 1981):

D)
Fo=— _ Jv
K;(Xi = ¥i)/2 = Xiyi @

where K = number of alleles, x; = frequency of allele i at time 1 and y; = frequency of allele
i at time 2. N, can be estimated from F. after adjusting for the empirical sampling variance
(Waples 1989; Nei and Tajima 1981):

— t
Ne=—
2[Fc — 1/(2S0) — 1/(2Sy)] (5

where t = the time interval in generations, Sg and S; = the sample sizes of individuals scored
at generations 0 and t, respectively. Expression (3) assumes that N = N, and we know from
population cage studies that N, is roughly between 25 and 75% of N (Crow and Morton
1955; Hutter and Rand 1995; Kilpatrick and Rand 1995b). Waples (1989) offers a modified
expression using a correction factor of r = N/Ng, and suggests trying different values of r
that may give realistic estimates of Ne.
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l/\I\ _ -2
“ 21[F. - 1/(2S0) - 1/2S0)] (6)

In the current study, using a realistic value of r = N/Ng = 2 gave many estimates of N, that
were negative, indicating that the experimental sampling variance from Sy and S; can mask
the evolutionary sampling variance due to the true Ng (i.e., the sum of 1/2Sgy and 1/2S; is
greater than the estimate of F, in (4), giving an estimate of N, < 0). Since census sizes in
population cages were at least 2,000, estimates of N less than O were ignored, and values >
0 were retained for comparison, accepting that an order-of-magnitude error is possible.
Using expressions (3) or (6), estimates of N could be made by comparing the allele
frequency estimates at time 0 to estimates at each successive temporal sample, or across the
full 14-15 generation time interval that the population cages were maintained (see Table 1).

N, was also be estimated from the variance in allele frequency among replicate populations
descended from an initial founding population after g generations of drift, assuming the
variants are neutral (Wright 1968). This approach can be used for the experimental
populations, or for heteroplasmy transmitted through the female germline (Solignac et al.
1984; Rand and Harrison 1986):

1 g
Vo=p(l - )[l—(l——)}
PP N, )

In expression (7), Vg is the variance among populations, p is the frequency of the L mtDNA,
Ne is the haploid effective population size of mitochondria, and g is the number of
organismal generations. This same expression can be used to estimate the effective number
of mitochondria in the germ line cytoplasm, in which case Vg is the variance among
offspring in the frequency of L mtDNAsS, g expresses the number of cellular divisions in the
germ line cytoplasm from mother to offspring, assuming one organismal generation of
transmission. The population cage experiment and the transmission experiment both provide
empirical estimates of p and the variance of p at generation g (V), allowing the estimate of
the average effective population size across replicate cages, or the effective number of
sampled mitochondria in the female germline in the transmission study, as follows:

¢[p—p—Ve
=y (8)
Novel mtDNA length variants were observed in the cages and the change in frequency can

provide an estimation of mutation rates:

po=pee™* (9)

where pg = 1.0, p; = 0.90 or 0.80 assuming the novel length variant =0.1 or 0.2 and t = 15
generations. Solving for u gives

ln(po/p,)z
¢ (10)
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Results

Selection at the level of individuals

Two sets of replicate population cages were established at different initial frequencies: cages
LhighZl, Lhigh2, Lhigh3 at ~90% L mtDNA and cages Lmidl, Lmid2, Lmid3 at ~50% L
mtDNA. Cages Lhigh1-3 were maintained for 223 days and cages Lmid1-3 were
maintained for 213 days (approximately 15 and 14 generations, respectively, assuming 15
days per generation—see “Methods™). There was no apparent selective advantage of flies
carrying either the S or L mtDNA in either set of replicate cages (see Fig. 3). Selection
coefficients were estimated for each cage using expression (1; see “Methods”), and in each
case the confidence limits included zero (see Table 1). The two sets of cages with different
initial frequencies were intended to test the possibility that a stable frequency at one initial
frequency could be the result of frequency-dependent selection. The observation that both
sets of cages show no apparent change in frequency from the initial state does not support
this hypothesis. It remains possible that two separate frequency-dependent equilibria are
being maintained in these cages, but this seems unlikely and unparsimonious in light of the
evidence. The simplest conclusion is that mtDNA length variants are effectively neutral at
the level of the whole fly in these cages.

Estimates of Ng in population cages

Effective neutrality occurs when the selection coefficient (s) < 1/Ne. The population cage
data can be used to estimate Ng in the cages, based on changes in haplotype frequency
between time points (Waples 1989). Several different variations on this methods were done,
and the results are presented in Table 1. First, each sample interval was considered and the
change in mtDNA haplotype frequency was taken as the true frequency without considering
sampling error (Ng = t/2F; using expression (3) above). Each point estimate between
adjacent samples was then averaged from the samples across the 15 generations of each cage
(‘Ne adjacent mean’ in Table 1). For comparison, the harmonic mean of these adjacent
values is also shown in Table 1 (‘Ne harmonic’). Next, the error variance due to population
sampling was incorporated (expressions 4-6), and N was estimated in successive
cumulative comparisons from the first sample to the nth sample (1 vs. 2, 1 vs. 3, 1 vs. 4,
etc.). Some of these comparisons produced negative estimates of N, because the sampling
variance was greater than F.. These cases were ignored, and only those intervals that gave
positive estimates of N were used, and then averaged across all time intervals (‘Ne
cumulative mean’ in Table 1). Finally, expression (8) was used to estimate N, from the
variance in haplotype frequency across the three final samples, separately for cages Lhighl-
3 and cages Lmid1-3 (‘Ne variance’ in Table 1). The initial frequency was taken as the
average of the three initial frequencies for each cage.

As expected, estimates of N, correspond roughly to the reciprocal of observed changes in
frequency, with some notable outliers (see Table S1). The values using the ‘cumulative’
method that incorporates sampling variance (expression 6) are N = 83-21 for cages
Lhigh1-3 and N = 88-2,589 for cages Lmid1-3. These individual estimates contrast those
based on the variance among individual cages at the final time point (Lhigh1l-3 Ne = 1,077,
Lmid1-3 = 87). Despite this noise, N, falls between ~100 and ~2,000. This means that a
selection coefficient on the order of 1/100-1/2,000 = 0.01 to 0.0005 will be neutral in these
experimental cages. These observations further support the effective neutrality of the
mtDNA length variants (see Table 1).

Novel mutations and heteroplasmy

In all six cages, samples taken after day 200 showed clear evidence of novel length variants
on Southern blots of two-fly samples (see “Methods”). Band sizes suggested that these
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length variants were also present in heteroplasmic states. To confirm heteroplasmy in
individual flies, replicate samples of single flies were prepared and Southern blots
hybridized as described. In each cage novel mtDNA length variants were detected as were
flies heteroplasmic for two different length variants. To confirm that the novel mtDNA
length variants were heritable, 30 female flies from cages Lmid1-3 were collected and
allowed to lay eggs singly in vials. After the offspring of these single females had hatched
and themselves laid eggs for the maintenance of new isofemale lines, DNA was extracted
from 5 adult offspring of the original females taken from the cages. These lines showed
clear evidence of novel mtDNA length variants and heteroplasmy (see Fig. 4). Subsequent
single-fly Southern blot analysis of later generation adults of the heteroplasmic lines (e.g.,
4-19, 5-27, Fig. 4) revealed flies heteroplasmic for the two mtDNA length variants that
were originally detected in the isofemale lines shown in Fig. 4 (within the size resolution of
these gels). Samples from the cages revealed that novel variants approach 10-20% in cages
4-6 (data not shown).

If mutation is the only force increasing the frequency of these variants, we can estimate that
mutation rate from the decrease in frequency of L mtDNA that is associated with an increase
in the novel length variant (see expressions 9, 10 in “Methods™). From cage frequency data,
po = 1.0, p; = 0.90 or 0.80 assuming the novel length variant = 0.1 or 0.2 and t = 15
generations. Solving for x (equation 7) gives: u = 0.007 when the novel length variants are at
10% and x = 0.015 when novel length variants are at 20%. These estimates indicate that the
mutation pressure changing the length of an mtDNA can be an order of magnitude stronger
than the selection acting on these variants at the level of the individual (see Table 1). These
findings underscore the effective neutrality of mtDNA length variants at the individual level
because an mtDNA length variant does not maintain its size long enough for individual
selection to achieve a change in frequency.

Selection and drift within germ lines and individuals

The novel heteroplasmic individuals were used to quantify selection and drift in the female
germline by measuring the frequency of mtDNA length variants within mothers and samples
of their offspring. The proportions of the two length variants were estimated using
densitometry of Southern blots of mothers, and early and late broods of offspring descended
from these mothers (see “Methods”). In general, the frequency of the L mtDNA increased in
frequency between mothers and offspring, with further increases between the early and late
broods (see Fig. 5; Table 2). On average the L mtDNA increased by 12% between mother
and early brood offspring, and increases a further 6% when the late brood offspring are
considered. The consistent pattern of an increase of L mtDNA across multiple lines indicates
that drift is an unlikely explanation for this change in heteroplasmy. Note that the frequency
of L mtDNA in the mother was that measured after she produced the late brood, so any
change in frequency of the mtDNA inside the cells of the mother during her lifetime could
alter this measurement. But since the estimates indicate an increase in L mtDNA with age
(Table 2; see also (Kann et al. 1998), this will only underestimate the increases in the L
mtDNA shown in Table 2.

The action of drift was quantified by measuring the variation among individual offspring
from individual mothers, and applying this variance to estimate the effective population size
of ‘segregating’ mitochondrial genomes (Ne.m¢) during maternal transmission, using
expressions (7) and (8). The early and late broods produced similar results with variances of
0.0045 and 0.0040, respectively, leading to an estimate of approximately 350 segregating
units (Ne.mt; see Table 2). This number is based on an assumption of seven germ cell
generations per animal generation (Solignac et al. 1987); with 10 germ cell generations the
estimate of Ne increases to Ne ~ 500 segregating units. There were no significant effects of
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temperature on the change in relative frequencies across generations or between early and
late broods (see Table 2; Fig. 5).

Discussion

Mitochondrial DNA continues to be the most widely used marker in population and
evolutionary genetics. The high mutation rate, maternal inheritance, haploid transmission,
and low rates of recombination make it ideal for inferring the evolutionary history of
organisms (Avise 1986, 2000; Harrison 1989). A common assumption is that the variation in
the molecule is neutral with respect to fitness and that the patterns of nucleotide variation
among individuals, populations and species can be used to estimate effective population
sizes or ages of common ancestry in recent history. This view has been challenged by an
increasing number of studies (Ballard and Rand 2005; Bazin et al. 2006; Meiklejohn et al.
2007; Dowling et al. 2008). At the same time, a broad literature has emerged documenting
correlations between mtDNA mutations and a variety of human diseases including age
related decline (Wallace 2005, 2007). The variety of ways that mtDNA variants can be
associated with fitness and diseases provide motivation for functional studies of mtDNA
polymorphism. Some late-onset mtDNA diseases in humans exist as benign heteroplasmies
in early life that lead to disease only after the mutant mtDNA increases in frequency in
certain tissues (Castagna et al. 2007, 2010). Thus, an intracellular population genetics exists
that may be critical for understanding the functional effects of mtDNA mutants at the level
of the whole organism. As such, there can be selection at different levels, and the
cytoplasmic population genetics of mtDNA presents a fascinating problem in the units of
selection (Birky 2001; Rand 2001; Taylor et al. 2002).

The mtDNA length variation described in this paper presents such a problem. A strongly
skewed frequency distribution of mtDNA length variants in natural populations of
Drosophila melanogaster suggests selection favoring smaller mtDNA length variants (Hale
and Singh 1991); Fig. 1). The relevant unit of selection is not clear from this static pattern.
An experimental approach was taken to dissect the relative contributions of population
genetic forces at two levels: among individuals within populations, or among mtDNAS
within the female germ line. The population cage experiments revealed no evidence for
fitness differences among flies carrying mtDNAs of different length. Estimates of effective
population sizes suggest that selection coefficients in the range of 0.01-0.0005 could be
detected in these cages (Table 1). Moreover, novel heteroplasmic mtDNA length variants
appeared in experimental time indicating that the size of an mtDNA is not stable for
sufficient time that selection at the individual level can mediate significant change in
frequency. Within the organism, however, a strong and repeatable bias was observed
favoring the transmission of L (long) mtDNA variant into the offspring generation.
Estimates of effective population size in the female germ line indicate that the strength of
drift at the cytoplasmic level was about the same order of magnitude as at the level of the
whole organism, yet a consistent selective transmission was observed. Thus selection is
measurably stronger within the cytoplasm than among individual flies.

A race for replication?

How can we accommodate the transmission bias favoring longer mtDNAs with the skewed
frequency distribution in natural populations (Hale and Singh 1991) that shows a bias
towards shorter mtDNAs? Earlier studies with heteroplasmic mtDNA length variants in the
D-loop region have shown that the smaller mtDNA length variants increase in frequency
during transmission (Solignac et al. 1984; Rand and Harrison 1986), or in laboratory mass
culture (Solignac et al. 1987). This has been attributed to a race for replication in the
cytoplasm favoring mtDNAs with less DNA (Rand and Harrison 1986). In Drosophila the
increase in short (S) mtDNA within heteroplasmic lines was attributed to the rapid turnover
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of lab cultures that favor reproduction at early age (Solignac et al. 1987). Subsequent
analyses showed that early reproducing heteroplasmic females showed an increase in S
mtDNA, while late reproducing females showed an increase in L mtDNA (op. cit.). The
skewed frequency distribution reported in Hale and Singh (1991) may have resulted from
rapid turnover of cultures since the lines for that study had been in lab culture for some time
before scoring. However, the skewed distribution is repeatable in younger collections
(Townsend and Rand 2004). The current study confirms the increase in L mtDNA in later-
age broods, but provides little evidence for an increase in S mtDNAs in the early broods. It
could be that this ‘race for replication’ effect was missed, but most of the early broods were
sampled from mothers aged 1-2 days, so it would have to be a very early effect to have been
missed.

Scramble competition for nuclear encoded mtDNA polymerase?

An earlier study using the lines described here showed that when mated females are allowed
to continue producing offspring throughout their life there is a steeper increase in the L
mtDNA within individual females than within virgin females that are not allowed to
reproduce (Kann et al. 1998). This suggests that continued turnover of the germ line
cytoplasm is an important force in the change of mtDNA variants in heteroplasmic cells.
The A + T-rich region of Drosophila mtDNA contains the origin of replication where the
nuclear-encoded polymerase y binds to initiate DNA synthesis (Oliveira and Kaguni 2009).
This region contains tandem repeats with likely secondary structures (Lewis et al. 1994) that
may facilitate the binding of polymerase. As such, a larger mtDNA may have an advantage
over a smaller mtDNA in attracting or maintaining mtDNA polymerase at the site of
replication. The additional cost of replicating mtDNA may be a small trade-off compared
with the advantage of ensuring the engagement of polymerase y.

This is an appealing model from an mtDNA’s perspective, since nuclear encoded proteins
are limiting resources that are not readily available under local genetic control. When
conditions are not ideal for a mitochondrion, retrograde signaling is thought to be initiated
that sends signals from the mitochondrion back to the nucleus to alter nuclear gene
expression for mitochondrial biogenesis and other biochemical functions (Liu and Butow
2006). It is not clear if individual mitochondria can be targeted under these conditions, or
whether a general mitochondrial malaise is needed before retrograde signaling begins to
rescue mitochondrial function. As such, an individual mtDNA could out compete other
mtDNAs by sequestering more of the limiting import products that are needed to maintain
function. This selfish, units of selection argument (Koonin and Wolf 2009) is similar to the
logic of smaller mtDNASs gaining representation in the next generation, but requires that the
metabolic cost of extra mtDNA replication is smaller than that of acquiring additional
nuclear proteins to maintain individual mitochondrial function. While certain D-loop
mutations appear to have replication advantages in mammalian systems (Michikawa et al.
1999; Coskun et al. 2004), the length variation is not sufficient to be considered a
differential cost (a few base pairs). In Drosophila, the A + T rich region is poorly understood
and difficult to work with for mtDNA replication assays, but modification of polymerase y
levels is a feasible means of testing this hypothesis.

Alternatively, the skewed frequency distribution could be due to a mutation bias that is
length-dependent. If the A + T-rich region has a lower and an upper size limit, and the
insertion/deletion rate is dependent on the number of tandem repeats units, a frequency
distribution skewed towards smaller genomes can result even if the insertion rate equals the
deletion rate (Townsend and Rand 2004). Under this model, a transmission bias that leads to
an increase in the L genome will be counteracted by a mutational effect that tends to push
the distribution back towards smaller genomes. Interestingly, more of the novel
heteroplasmic lines discovered in the population cage experiment involved a heteroplasmy
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with the L genome, suggesting deletions from this state are more common (see Fig. 4). As
with many static distributions in natural populations, there are opposing forces at work that
may maintain the distribution at some equilibrium. In this particular system the population
genetic forces at work below the level of the individual, and most likely in the meta-
population of the female germ line, are most critical in explaining this pattern of genetic
variation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

MtDNA length variation in Drosophila melanogaster. a A skewed distribution towards
smaller mtDNAs (data from Hale and Singh 1991). b Smaller mtDNA length variants
accumulate in heteroplasmic lines maintained in the laboratory (data from Solignac et al.
1984, 1987)
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Map of D. melanogaster mtDNA. a Circular genome map showing location of two Hae 111
fragments, one containing the length variation and a smaller 6.2 kb band that is constant in
size (gray arrows). The Hind 111 band used as a probe overlaps both Hae 111 bands (black arc
labeled ‘Probe’ with thin gray arrow). b Radiograph of a Southern blot from a Hae 111 digest
probed with the Hind 111 band probe, showing individual flies with Large or Small (L, S)
length variation in the larger band and no variation in the 6.2 kb band. The L and S bands

differ by ~1.5 kb
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Frequency trajectories of mtDNA length variants in experimental population cages. Left
panel cages Lhigh1-3 were initiated with ~90% LmtDNA; right panel cages Lmid1-3 were
initiated with ~50% L mtDNA. See “Methods” and “Results” for details
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MtDNA length variation and novel heteroplasmy in experimental population cages. Each
lane is the Hae 111 digest pattern of five offspring from a single female. Novel (N) and
heteroplasmic (H) lineages are identified, in each cage. Note that more heteroplasmies
include an L band as one of the length variants suggesting deletion events. Lines 4-19 and
5-27 were used for subsequent mtDNA transmission studies. Sizes of bands are shown in
Fig. 2
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Fig. 5.

Increase of L mtDNA in transmission from mother to offspring. Day zero is the frequency of
L mtDNA in heteroplasmic mothers, and subsequent days are the frequencies of L mtDNA
in early or late brood offspring from those mothers. Not all families had data from mothers,
so some lines start after day 0. Red lines are 25°C and blue lines are 18°C cultures. There is
no significant effect of temperature on frequency shifts (t = 0.46, df = 10, P = 0.65). (Color
figure online)
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