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ABSTRACT

We examine mitochondrial DNA variation at the cytochrome & locus within and between three species
of Drosophila to determine whether patterns of variation conform to the predictions of neutral molecular
evolution. The entire 1137-bp cytochrome & locus was sequenced in 16 lines of Drosophila melanogaster,
18 lines of Drosophila simulans and 13 lines of Drosophila yakuba. Patterns of variation depart from
neutrality by several test criteria. Analysis of the evolutionary clock hypothesis shows unequal rates of
change along D. simulans lineages. A comparison within and between species of the ratio of amino acid
replacement change to synonymous change reveals a relative excess of amino acid replacement poly-
morphism compared to the neutral prediction, suggestive of slightly deleterious or diversifying selection.
There is evidence for excess homozygosity in our world wide sample of D. melanogaster and D. simulans
alleles, as well as a reduction in the number of segregating sites in D. simulans, indicative of selective
sweeps. Furthermore, a test of neutrality for codon usage shows the direction of mutations at third positions
differs among different topological regions of the gene tree. The analyses indicate that molecular variation
and evolution of mtDNA are governed by many of the same selective forces that have been shown to govern
nuclear genome evolution and suggest caution be taken in the use of mtDNA as a “neutral” molecular

marker.

ATTERNS of genetic variation within and between
species can provide insights into the processes in-
fluencing molecular evolution and this information can
be used to distinguish between adaptive and neutral evo-
lutionary change. Mitochondrial genes have been used
extensively in evolutionary studies because of their uni-
parental mode of inheritance and high rate of evolution
(BROWN et al. 1979, 1982; AQUADRO et al. 1984; IRwIN
et al. 1991). Many studies rely on the assumption that
the mitochondrial genome (mtDNA) evolves neutrally,
but few studies have been carried out to test this assump-
tion. The extent of hitchhiking of neutral mutations in
response to selection on another part of the genome
depends on the recombination distance from the site
under selection (MAYNARD-SMITH and HaicH 1974,
KAPLAN et al. 1989). In the extreme case of no recom-
bination, such as in mitochondrial DNA, the whole
genome is a single completely linked entity. Thus the
selective fixation of any mutation in the mtDNA will lead
to the concomitant fixation of all variants in that ge-
nome, and the population can only regain polymor-
phism by the accumulation of new mutations. Similarly,
selection acting to maintain multiple alleles in the popu-
lation, such as diversifying selection, will lead to their
divergence.

WHITTAM et al. (1986) examined human mtDNA re-
striction fragment length polymorphisms (RFLP) fre-
quencies for the conformity to the theoretical equilib-
rium neutral distribution, under an infinite alleles
model. In 35 comparisons, 71% of allele frequency dis-
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tributions fell within the range predicted by the neutral
model; Excesses in the frequencies of common alleles
and in the number of singleton alleles were observed at
9 loci. Of these, the cytochrome b locus showed the
greatest departure from neutrality. ExcorFriEr (1990)
found that the mitochondrial RFLPs of African popu-
lations conformed well to the theoretical frequency dis-
tribution but several Oriental and Caucasoid popula-
tions had high frequencies of particular haplotypes,
exceeding the neutral prediction. Predominance of one
mitochondrial genotype might indicate selection, popu-
lation expansion or population subdivision. ROGERS and
HARPENDING (1992) studied the distribution of pairwise
nucleotide differences for human mitochondrial data
and found that the distribution does not conform to an
equilibrium neutral model. Simulations of alternative
models indicated that the results fit equally well with
either a rapid expansion in population size or a popu-
lation bottleneck. A bottleneck could well have been the
result of a selective sweep of the mitochondrial genome
rather than an actual population size reduction. In these
studies, the lack of agreement with neutral equilibrium
models can be explained by a variety of processes in-
cluding selection. MARJORAM and DoNNELLY (1994) have
recently argued for the inclusion of selection in popu-
lation genetics models of mtDNA.

Evidence for selection in mitochondria comes from a
recent study in mice (NACHMAN et al. 1994). The authors
sequenced the NADH dehydrogenase subunit 3 (ND 3)
gene from 56 wild individuals of Mus domesticus and
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compared polymorphism within species to divergence
between M. domesticus, Mus musculus and Mus spretus.
Synonymous changes exceeded replacement changes
between species, but were approximately equal within
M. domesticus. The difference was statistically signifi-
cant by Fisher’s exact test, indicating incompatibility
with a strictly neutral model of mtDNA evolution. The
authors presented two alternative hypotheses, maintain-
ance of protein variation by diversifying selection or re-
duction in the rate of protein evolution by selection
against slightly deleterious mutations.

To investigate selection on mtDNA we present a popu-
lation genetic analysis of sequence variation of cyto-
chrome b genes from naturally derived lines of Drosoph-
ila melanogaster, Drosophila simulans and Drosophila
yakuba. The cytochrome b gene was chosen because it
has been used extensively to infer phylogenetic relation-
ships (MEYER and WILSON 1990; IRWIN et al. 1991; MARTIN
and PaLumer 1993). Moreover, mutational and evolu-
tionary studies of the cytochrome b gene have facilitated
the development of a structure/function model and the
identification of the sites of electron transfer and in-
hibitor action (HoweLL and GILBERT 1988; HowrLL 1989;
DI RAGO et al. 1990). RFLP analysis of D. melanogaster
and D. yakuba mtDNA suggests moderate variability
(HALE and SINGH 1987, 1991; MONNEROT et al. 1990).
Three mitochondrial haplotypes, si, -II and -III
(BaBa-Aissa and SoLIGNAC 1984; SOLIGNAC et al. 1986;
BaBa-Aissa et al. 1988) have been identified in D. simu-
lans. The sill haplotype has a worldwide distribution,
whereas the sil haplotype is known to occur only in the
Seychelles, New Caledonia, Polynesia, Hawaii and Mada-
gascar. The silll haplotype has been found only in
Madagascar (SoLiGNAC and MONNEROT 1986).

The assumption that mitochondrial DNA evolves as a
neutral marker has been adopted more for convenience
than as a logical deduction from experimental tests de-
signed to test the hypothesis. Here, we test the neutral
hypothesis by investigating explicit and testable predic-
tions of the theory (KIMURA 1983). First, we investigate
variability in the rate of change along mitochondrial lin-
eages. We employ a simple statistical test of the molecu-
lar evolutionary clock hypothesis (TajiMa 1993). Second,
we investigate the patterns of variation within species
and compare them to the patterns between species, uti-
lizing tests of McDONALD and KRerrmMan (1991), HubsoN
et al. (1987), WATTERSON (1978) and EwgNs (1973). Third,
we investigate the patterns of substitution across structural
regions of the gene and across topological levels of the
phylogenetic tree. CLAREY and WOLSTENHOLME (1984)
noted a high bias for A- and T-ending codons in D.
yakuba. We devise a test to determine whether this
pattern has a selective basis. Our analysis is concluded
by testing for variability of mutation rates among non-
conserved sites.

TABLE 1

Primers for the amplification and sequencing of the
cytochrome b and cytochrome oxidase I (COI) loci of Drosophila

Locus 5’ 3
Cytochrome b
10068+a TCACCCATTAGCTTTAGGAT
10493 +as CTAAACTATTTAAAGGACCT
10493Y+as 00 it eeeieieenans T...
10780+s TTACACGCTAACGGTGCATC
11143+s ACAGGATCTAATAACCCTAT
11400+s AGGAGGAGTTATTGCATTAG
11400S+s i ieieeens CoeCavinnnn
10766—s AAAAATGATGCACCGTTAGC
11125—s TATAGGGTTATTAGATCCTG
11382—s ACTAATGCAATAACTCCTCC
113828-s  iieeeees [ e
11664—as CATACGCTTGTTCAAGCTCA
11842—a TTACCTCGGTTTCGTTATGA
COlI

1377+a GCAGTTTGATATCATTATTG
1653+s TAATTGTTACTGCACATGCT
1945—s GTAATAAAATTTACAGCTCC
2439-a GAGTTCCATGTAAAGTAGCT

The numbering of primers corresponds to the 3’ position in the
D. yakuba mtDNA (CLAREY and WOLSTENHOLME 1985). Y, D. yakuba
specific primer; S, D. simulans specific primer; a, amplification
primer; s, sequencing primer; and %, mtDNA strands.

MATERIALS AND METHODS

Stocks: The 16 D. melanogasterlines represent a worldwide
collection of isofemale lines consisting of three lines from
Trinidad, West Indies (Tr); two from Kenya (Ke); two from
Lawrenceville, New Jersey (Te); two from Luangwa Valley,
Northern Zambia (La); one from Akavanga River, Botswana
(O); two from Valparaiso, Indiana (Va); two from Belleville,
Nlinois (Be) and two from Zimbabwe, Africa (Zm). The pub-
lished cytochrome b sequence of D. melanogaster was taken
from GARESSE (1988). The initial sample of 16 D. simulanslines
isalso from a worldwide collection of isofemale lines consisting
of two lines from Valparaiso, Indiana (Va); five from Mpala
Ranch, Kenya (Mp); two from Northern Australia (Au); two
from Lantana, Florida (La); two from Trinidad, West Indies
(Tr) and three from California (one R and two W strains of
HoFFMANN et al. 1986). The 13 D. yakuba lines were taken from
one collection in Brazzaville, Congo. The published cyto-
chrome b sequence of D. yakuba was taken from CLAREY and
WOLSTENHOLME (1985).

Preliminary analysis indicated that our worldwide sample of
16 lines of D. simulans included only the sill haplotype. To
further investigate mitochondrial variation in D. simulans we
obtained a representative line of both the si and -IIT haplo-
types. The sil line was from Hawaii; and the 511l line was from
Mont d’Ambre (Madagascar).

DNA preparation and polymerase chain reaction (PCR):
DNA from individual flies was prepared using Chelex 100
(WALSH et al. 1991). Fragments 1.2-1.6 kb and 0.8 kb in length
were PCR-amplified from cytochrome & and cytochrome oxi-
dase I (COIl), respectively, using 20-mer oligonucleotide prim-
ers (Table 1). Amplification was carried out in 100-pl reaction
volumes with two units of Taq polymerase under standard con-
ditions (SAIKI ef al. 1988) and a 2 mM magnesium concentra-
tion. Following amplification the product was precipitated
with 1 volume of ethanol and 0.5 volume of 7.5 M NH,OAc,
washed with 1 ml of 70% ethanol and dried. The DNA was
separated electrophoretically on a 1% TBE agarose gel and the
desired product was purified using the Quiagen gel purifica-
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tion kit. This product then served as a stock for reamplifica-
tion. The DNA was reamplified, as described above, and pu-
rified with the Promega Magic Preps DNA purification system.
The concentration of the amplicon was estimated by compari-
son with a DNA ladder of known concentration.

Sequencing and alignment: Both strands were sequenced
using Tag-DyeDeoxy Terminator Cycle sequencing (Applied
Biosystems) employing 150-200 ng of the amplicon (500-
1200 bp) and 80 ng of primer. For cytochrome b three internal
primers and the amplification primer were used in each di-
rection (Table 1). For COI one internal primer and the am-
plification primers were used in each direction (Table 1). Fol-
lowing cycle sequencing the reactions were cleaned with two
phenol/water/chloroform extractions, precipitated with 15 pl
of 2 M NaOAc and 300 pl of 100% ethanol and then washed
with 1 ml of 70% ethanol. The dried sample was resuspended
in 3 pl of deionized formamide and 50 mM EDTA (5:1 ratio)
and electrophoresed on an Applied Biosystems 373A DNA se-
quencer. Sequences were imported into the Applied Biosys-
tems SeqEd v1.03 software program, the chromatograms in-
vestigated and the sequences aligned. Because of the
possibility of heteroplasmy and variation in the chromatogram
peak heights associated with Tag-DyeDeoxy Terminator Cycle
sequencing, we confirmed any equivocal sites by direct PCR
sequencing using the A-exonuclease technique of HicucHI and
OcHMAN (1989), as described by BERRY ¢t al. (1991), or by clon-
ing into pGEM (Promega). These additional sequences con-
firmed that none of the individuals employed in this study were
heteroplasmic.

Phylogenetic analysis: The genealogical relationship of al-
leles was analyzed by parsimony using PAUP 3.1 (SWOFFORD
1993) and McClade (MADDISON and MApDISON 1992). Permu-
tation tail probability (PTP) testing was employed to investi-
gate phylogenetic structure (FAITH and CransTon 1991). Top-
ological permutation tail probability (T-PTP) testing (Farrn
1991) and bootstrapping (EFRON 1982; FELSENSTEIN 1985) were
used to test monophyly. PTP tests a null model in which the
original number of characters and their character states are
maintained, but for each character, the states are randomly
reassigned to the taxa. The cladistic PTP is defined as the es-
timate of the proportion of times that a tree can be found as
short or shorter than the original tree. Here the T-PTP is the
estimate of the proportion of times that an a priori mono-
phyletic assemblage can be found as short or shorter than the
original assemblage. The PTP and T-PTP testing of assem-
blages was based on 999 randomized data sets, with the con-
ventional 95% confidence level used as significant support for
agiven hypothesis (PTP and T-PTP less than or equal to 0.05).
The bootstrap is a method of sampling the original dataset with
replacement to construct a series of bootstrap estimates of the
same size. Each of these is analyzed and the variation among
these replicate estimates is taken as an indication of the error
involved in making estimates from the original data. For this
study 1,000 pseudosamples were generated to estimate the
bootstrap proportions. The strict consensus was generated
from all equally parsimonious trees.

To investigate the hypothesis of equal evolutionary rates
among lineages we used the 2D method of TajiMa (1993). The
2D test is appropriate when the outgroup is known. We employ
D. yakuba as the outgroup to D. melanogaster and D. simu-
lans. The method is based on the chi-square test and is ap-
plicable when the pattern of substitution rates is unknown
and/or the substitution rates vary among different sites.

Tests of neutrality: To investigate protein evolution we
compared the number of amino acid replacement substitu-
tions to synonymous substitutions in cytochrome 4 (McDONALD
and KreiTMAN 1991). The test of neutrality is based on the

prediction that the ratio of replacement to synonymous fixed
differences between species should be the same as the ratio of
replacement to synonymous polymorphisms within species.
We applied Williams’ correction prior to calculation of the G
statistic (SOKAL and RoHLF 1981). For D. simulans we use the
16 sill lines because they represent the initial worldwide “ran-
dom” sample. Inclusion of the siI and the siIII lines would bias
our results because they were known, a priori, to be distinct
mitochondrial haplotypes.

To compare the levels of variation of mitochondrial and
autosomal genes we modified the segregating sites (Seg) HKA
test, Equation 5 of HUDSON et al. (1987), and the pairwise
difference test (Pwd) of KreirmMaN and Hupson (1991) so that
the effective population size of mitochondrial genes was one-
quarter that of autosomal genes. Similarly, the population size
of sex-linked genes is assumed to be three-quarters that of
autosomal genes. The cytochrome b data were compared with
the following nuclear genes (relevant references are given in
Table 5 legend): D. melanogaster cytochrome b was compared
to 18 Adh sequences, 11 Adh 5'flanking region sequences and
six sequences of the period locus. All of the D. melanogaster
loci used in the HKA tests, both mitochondrial and nuclear,
consist of sequences obtained from worldwide collections of
flies. The D. simulans nuclear gene data consist of six Adh and
six period locus sequences from worldwide samples. None of
these lines were collected from the Pacific Islands or Mada-
gascar and, hence all the lines from the worldwide samples are
likely to be of the siI mitochondrial haplotype. The 13 se-
quences of D. yakuba Adh, several of which were polymorphic,
were resolved into 19 alleles by the method of CLARK (1990).
The HKA test is based on the assumption that each sample is
taken from a single random mating population. The departure
of the samples from this assumption is not expected to bias the
test toward finding greater (or lesser) variation at any one
locus. Nevertheless, this assumption may affect the validity of
the test results.

We also examined haplotype (allele) frequencies for de-
parture from neutrality (WATTERSON 1978). The WATTERSON
test calculates the probability of observing a sample homozy-
gosity equal to or greater than the observed sample homozy-
gosity under an infinite allele neutral model with no recom-
bination, an appropriate model for mitochondrial DNA. The
test would be inappropriate for samples taken from subdivided
populations. The WATTERSON test for homozygosity can be ap-
plied to synonymous and/or replacement substitutions. We
present combined probability values for synonymous and re-
placement substitutions and for synonymous substitutions
alone. We also employ a “singletons” test which calculates the
probability of observing as many or more singleton alleles com-
pared to that expected under the infinite alleles, no recom-
bination neutral model (Ewens 1973). In both tests, exact
probabilities are calculated for each dataset using Ewens’
{1973) sampling formula.

Distribution of mutations in cytochrome b: There is a
strong bias toward A- and T-ending codons in the 13 protein
coding genes of D. yakuba (CLAREY and WOLSTENHOLME 1984).
We have constructed a statistical test of neutral molecular evo-
lution to investigate whether the biased distribution is gov-
erned only by mutation and genetic drift, or whether selection
favors A- and T-ending codons relative to C- and G-ending
codons. This test is based on a method for investigating the
type of selection maintaining codon bias in nuclear genes
(H. AxasHi, personal communication). Using the strict con-
sensus tree (see RESULTS) we parsimoniously polarized all tran-
sitional changes within and between D. melanogaster and D.
stmulans. Ambiguous sites were not included in the analysis.
Synonymous changes were categorized as either mutating to C
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or G (T — Cand A — G) or mutating to Aor T (C— T and
G — A). The neutral prediction is that the ratio of the two
kinds of changes (to C or G and to A or T) should be the same
within and between species. As an alternative, consider a
model of weak selection favoring A- and T-endings over C-and
G-endings. According to the nearly neutral theory, selection
against slightly deleterious mutations will have a smaller effect
on heterozygosity than on divergence compared to completely
neutral mutations (KIMURA 1983, p. 44). Conversely, slightly
advantageous mutations will have a relatively greater effect on
divergence than on heterozygosity. The prediction, then, is
that if mutations to C- and G-ending codons are slightly delete-
rious, they will be overrepresented within species compared to
between species, relative to mutations to A-and T-ending codons.

A model of structure/function for mouse cytochrome b
(HoweLL 1989) was used to derive a similar model for Dro-
sophila cytochrome b. According to this model there are five
internal eight transmembrane and four external domains. The
number of silent and replacement substitutions was calculated
for each domain and compared with the expected number of
substitutions, assuming an equal probability of substitution
over the length of the molecule. The segments of the protein
hypothesized to constitute the @, and Q, reaction centers and the
hypothesized heme-ligating histidine residues (H) were not ana-
Iyzed statistically because of the small size of the region.

Transitions exceed transversions in the mtDNA of Drosoph-
ila (SATTA e¢f al. 1987; SatTA and TArRAHATA 1990). To test
whether some sites are substituted more often than would be
expected by chance we analyzed silent transitions and trans-
versions separately. Synonymous changes (transitions or trans-
versions) were mapped onto one of the most parsimonious
trees and the number of sites that mutated once, twice and
three times was calculated (no site changed more than three
times). The number of sites without any mutations was esti-
mated by subtracting the number of sites that mutated one or
more times from the “effective” number of transition or trans-
version sites. The proportion of sites with no mutations was
then used to estimate the Poisson parameter, A. The number
of observed substitutions was then compared with that ex-
pected under this Poisson distribution. The test is one-tailed
because we are only interested in testing for a higher number of
multiple substitutions than would be expected by chance. The
test is conservative against this alternative because (1) parsimony
by definition seeks to minimize the number of steps on a tree and
(2) asite hit twice within the same lineage will be scored as either
having no change or a single change. The underestimation of
multiple hits will be a more severe problem when branches are
long. As a consequence the test will be most powerful in a multi-
bifurcating topology where each branch is short.

RESULTS

To investigate the potential for population subdivi-
sion in the D. melanogaster and D. simulans collections,
at least two lines were sequenced from each locality. The
only exceptions were the D. melanogaster line
from Botswana (O) and the D. simulans R line. The
D. yakuba lines are from a single collection. A previous
study by MCDONALD and KRErTMAN (1991) showed these
same lines to be highly polymorphic at the Adh locus.

To link the 16 lines of D. simulans with the previously
designated mitochondrial haplotypes (SOLIGNAC et al.
1986; SaTTA and TAKAHATA 1990), we sequenced a small
diagnostic region of the COI gene from the same indi-
viduals of D. simulans Mp4, Aul7 and La6 (Table 2).

TABLE 3

Summary statistics of DNA variability in the cytochrome b
locus of three species of Drosophila

All sites Silent sites
(1137) (~245)
D. melanogaster
Sample size 17 17
No. segregating sites 8 5
T 0.0009 0.0005
6 (per site) 0.0021 0.006
D. simulans sill
Sample size 16 16
No. segregating sites 3 2
T 0.0003 0.0002
8 (per site) 0.0011 0.0037
D. yakuba
Sample size 14 14
No. segregating sites 7 5
T 0.0014 0.0012
é (per site) 0.0019 0.0064

This region contained 15 segregating sites diagnostic for
the three haplotypes (SaTTA and TARAHATA 1990). Analy-
sis of these sites demonstrated we had sampled only the
sill haplotype. To extend our investigation of variation
in the mtDNA of D. simulans we obtained two addi-
tional lines as described above.

Intraspecific variation: Polymorphism data is summa-
rized in Table 3. The 16 D. melanogaster lines contain
three synonymous polymorphisms and one replacement
polymorphism. These 16 lines differed from the pub-
lished sequence by two additional synonymous substi-
tutions and two replacement substitutions (Table 2). We
have excluded positions 455 and 456 of the published D.
melanogaster sequence from all our analyses because all
lines sequenced in this study inverted these adjacent po-
sitions. The 16 silI lines have two synonymous changes
and one replacement change. Each mutation occurs
once in the sample. The sil line differs from the sill lines
by 37 synonymous substitutions. Inclusion of the siII
line adds five more synonymous substitutions (Tables 2
and 3). The 13 lines of D. yakuba have four synonymous
and one replacement polymorphism. Inclusion of the
published D. yakuba cytochrome b sequence (CLAREY
and WOLSTENHOLME 1985) adds one replacement and
one synonymous change (Tables 2 and 3).

Phylogenetic analysis: The strict consensus of the
four 162 step trees is presented in Figure 1. The topology
of the trees differ only in the placement of D. simulans
W1 and D. simulans Au23. Parsimony analysis with PTP
testing indicates significant structure in these data
(PTP = 0.001). When D. yakuba is employed as the
outgroup, parsimony analyses with T-PTP testing and
bootstrapping support monophyly of D. melanogaster
(T-PTP = 0.001, 20 steps and 100%) and D. simulans
(T-PTP = 0.001, 6 steps; 93%), relative to each other
(Figure 1). In addition, the siI and -III haplotypes
form a distinct monophyletic lineage (7-PTP = 0.001,
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FIGURE 1.—Strict consensus of the four equally parsimonious topologies of length 162 steps (consistency index = 0.88, retention
index = 0.99) generated from the 49 taxa 1137 cytochrome b sequence matrix (117 informative sites). The parsimony analyses
with T-PTP testing based on 999 randomized data sets evaluated the support for each a priori monophyly hypothesis. Asterisks
below the lines show significantly monophyletic groups (P = 0.05). Numbers above the lines refer to branch lengths and numbers
in circles indicate bootstrap percentages from 1000 replicates. For clarity 0 branch lengths are not indicated on the tree.
D. melanogaster isofemale lines: published (P) (Garesst 1988); West Indies (Tr); Africa (Ke, La, O, Z); continental United States
(Va, Be). D. simulans isofemale lines: sil, Hawaii (Ha); silI, West Indies (Tr), Africa (Mp), continental United States (Va, La, R, W),
Australia (Au); siIII, Madagascar (Ma). D. yakuba isofemale lines: published (P) (CLAREY and WOLSTENHOLME 1985), Africa (1-13).

10 steps; 100%), relative to D. melanogaster and the sil
lineage (Figure 1). These data suggest that the sil hap-
lotype is highly divergent from the sill and -1l lineage.

We investigated the constancy of evolutionary rate uti-
lizing the 2D method of Tapma (1993). With D. yakuba
(CLAREY and WOLSTENHOLME 1985) as the outgroup,
D. melanogaster (GARESSE 1988) is not evolving at a sig-
nificantly different rate compared to the sil haplotype
(x% = 2.22, P = 0.33) or the sill haplotype (Val) (x; =
3.83, P = 0.144). However, with D. melanogaster
(GarEsst 1988) as the outgroup, we can reject the hy-
pothesis that the siI haplotype is evolving at the same
rate as the siII haplotype (Au23) (x3 = 7.46, P = 0.023)
or the siII haplotype (x3 = 11.15, P = 0.004). With 27
changes assigned to the sil lineage and 12 to the sill
and -III lineage, the test result indicates a significantly
higher rate of evolution along the siI branch. Possible

explanations for this accelerated evolution are pre-
sented in the DISCUSSION.

Neutral tests: We compared the ratios of amino acid
replacement polymorphism and divergence with syn-
onymous polymorphism and divergence to test whether
the patterns conform to the neutral prediction. The test
result, shown in Table 4, yields a significant departure
from neutrality. The departure is consistent with a rela-
tively greater than expected number of within-species
replacement polymorphisms or a relative paucity of
between-species replacement substitutions compared to
synonymous changes. These results do not include a
multiple hit correction and therefore are likely to un-
derestimate the number of fixed synonymous substitu-
tions. Hence, this result is conservative.

We used only the silent variation for the HKA tests.
Separate HKA tests were carried out for each species
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TABLE 4

Number of replacement and synonymous substitutions within
and between D. melanogaster, D. simulans sill and D. yakuba

Fixed Polymorphic

between within
species species Total
Replacement 10 6 16
Synonymous 97 12 109
107 18 G,y * = 6.22

P =001

“We applied WILLIAMS® correction prior to calculation of the
G statistic (SORAL and Ronrr 1981).

using polymorphism data from only one species. This
procedure assumes the population size of the common
ancestor is the same as the species from which the poly-
morphism estimate is derived (KrRerrMAN and HubsoN
1991).

The cytochrome b polymorphism level in each spe-
cies, estimated either by the number of segregating sites
or by the average pairwise difference, was compared to
the corresponding level in a nuclear gene. Divergence
was estimated by comparing a sequence of each gene
with a sequence from one of the other species. The spe-
cies and strains and the test results are presented in
Table 5. The pairwise difference test (Pwd) yielded uni-
formly lower X? values than the segregating sites test,
even though cytochrome & polymorphism frequencies
were low in D. melanogaster and the worldwide D. simu-
lanssample. With only a small number of polymorphic
sites, the Pwd test may not be as powerful as the
segregating sites test at detecting departures from
neutrality.

In D. melanogaster, cytochrome b was tested against
three nuclear gene regions: the Adk coding region and
introns 2 and 3, the 5’-flanking region of Adh and the
coding region and three introns of period. As expected,
the comparison to Adh is statistically significant (Table
5). Adh in this species has a high level of silent poly-
morphism, thought to be the result of a balanced poly-
morphism at the locus (HUuDsON et al. 1987; KREITMAN
and Hupson 1991). The cytochrome & polymorphism
and divergence is not significantly different from either
the Adh 5’ flanking region or period (Table 5), nor is the
Adh 5" flanking region different from period (X% =0.76,
P =0.383). Considering all the data and tests, we cannot
reject a neutral model for the polymorphism and diver-
gence of cytochrome bin D. melanogaster or D. yakuba
(Table 5).

The s:II haplotype is segregating at only two synony-
mous sites. HKA segregating sites tests comparing cyto-
chrome & against either Adh or period are significant,
indicating a departure from neutrality (Table 5). That
Adh and period are not significantly different from each
other (X2 = 0.12, P = (.729), allows us to conclude that
the silent polymorphism level is lower than expected for

the cytochrome b locus, given its rate of evolution. Con-
sequently, the worldwide sill haplotype is a candidate
for a recent selective sweep.

We used the WATTERSON (1978) test for homozygosity
to ask whether there are too many rare alleles in the
samples (Table 6). The WATTERSON test is significant
for haplotype frequencies that include all and silent
D. melanogaster changes (F = 0.446, P = 0.049 and F =
0.599, P = 0.024, respectively). Such a pattern might be
expected after a bottleneck and subsequent expansion
or following a selective sweep. To further investigate the
distribution of alleles in D. melanogaster, we reanalyzed
HALE and SINGH's (1991) RFLP study of a worldwide col-
lection of 144 isofemale lines. Although there is little
population subdivision in this species for mtDNA hap-
lotypes, HaLE and SiNGH divided the populations into
three geographic regions: Western Hemisphere, Euro-
African and Far East. The Euro-African sample (12 hap-
lotypes, N = 58) and the Far East sample (eight
haplotypes, N = 50) show no departure from neutrality
(F=0.171, P=0.29 and F = 0.188, P = 0.652, respec-
tively), whereas the Western Hemisphere sample (eight
haplotypes, N = 58) does show a highly significant de-
parture (F = 0.665, P = 0.003). Because of the large
computational requirements we did not perform the
WATTERSON test on the combined dataset, but there is no
evidence for an excess of singletons as determined by
the Ewens (1973) test (ten singletons among 23 haplo-
types, N = 144; P = 0.118).

Three of the four s:I haplotypes are singletons (N =
16) of which one of the singleton alleles is an amino acid
replacement. The combined data (silent and replace-
ment) is significant at the 0.06 level (F = 0.672, P =
0.053); but it is not significant for silent sites alone (F =
0.773, P = 0.12). These results are suggestive of an ex-
cess of rare mitochondrial alleles in this species.

The WATTERSON (1978) test for homozygosity is not
significant for D. yakuba (F = 0.214, P = 0.430 and F =
0.225, P = 0.767 for all and silent sites, respectively).
Furthermore, there is no evidence for non-neutrality in
the eight African and Madagascan lines of MONNEROT
et al. (1990) (F = 0.781, P = 0.44).

Codon selection: Approximately 90% of cytochrome
b codons end in A or T. In nuclear genes of Drosphila,
SHIELDS et al. (1988) have shown that biased codon us-
age (always favoring G- or C-ending codons) is the result
of natural selection rather than mutation. To our knowl-
edge this problem has not been investigated for mtDNA
genes. Restricting our attention to the third “wobble”
position we polarized all silent transition changes as ei-
ther mutating to C or G (T — Cand A— G) or mutating
to Aor T (C— T and G — A) within D. melanogaster,
D. simulans and D. yakuba and between D. melano-
gaster and D. simulans using the strict consensus tree.

A simple test of neutrality is to compare the ratio of
the two types of changes when they are polymorphic
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TABLE 5

Single species HKA test of the silent site variability in three species of Drosophila

Divergence

between x2 (P)
Poly- Line 1 Average
) . Sample morphic and Line 1 Line 2 airwise  Refer
Species Gene Region size sites Line 2 (species) (species) ¢ ifference  ence Seg” Pwd?
D. melanogaster Cytochrome 6 Coding 17 5 49 Tr4 (m) Im5 (s) 0.59
Adh Coding + 18 27 16 Af-sx (m) Drsadha (s) 7.85 A 4.72 (0.03)  3.52 (0.06)
2 introns
' 5’ ﬂ?nking 11 30 78 Afs (m) Drsadha (s) 11.56 B 0.13 (0.72)  1.01 (0.31)
period Coding + 6 28 67 L12 (m) Cal (s) 11.26 C 1.66 (0.20) 1.56 (0.21)
3 introns
D. simulans Cytochrome 4 Coding 16 2 49 Imb (s) Tr4 (m) 0.25
Ad}'z Coding 6 11 10 Drsadha (s) Afs (m) 4.60 D 8.03 (0.005) 4.27 (0.04)
period Coding + 6 46 67 Cal (s) L12 (m) 18.40 C 6.70 (0.01) 2.84 (0.09)
3 introns
D. yakuba Cytochrome & Coding 14 5 82 4 (y) Im5 (s) 1.31
Adh Coding 19 17 23 a(y) g (s) 3.39 D 2.84 (0.09)  0.81 (0.37)

Each test compares the number of polymorphic sites of one species to divergence with another at the cytochrome b locus and an autosomal

locus.
“m=D. melanogaster, s = D. simulans, y = D. yakuba.

% Reference A = compiled from GeneBank by M. WAYNE (personal communication), B = KrerrmaN and Hubson (1991), C = KuiMan and Hey

(1993), D = McDonALD and KrertMaN (1991).
‘Seg = HKA test based on segregating sites.
?Pwd = pairwise difference HKA test.

TABLE 6

WATTERSON (1978) test for homozygosity

All sites (1137) Silent sites (245)

D. melanogaster

Sample size (alleles) 17 (6) 17 (5)
Allele (freq) 4 (1) +1(2) 4(1) +1@13)
+1(11)
Observed F value 0.446 0.599
Probability 0.049 0.024
D. simulans sill
Sample size (alleles) 16 (4) 16 (3)
Allele (freq) 3 (1) + 1 (13) 2 (1) +1 (14)
Observed F value 0.672 0.773
Probability 0.053 0.12
D. yakuba
Sample size (alleles) 14 (7) 14 (5)
Allele (freq) 4 (1) +1(2) 2 (1) +2(2)
+1(3%) +1(5) +1(8) +1(5
Observed F value 0.214 0.225
Probability 0.430 0.767

within a species or are fixed between them. However, for
this analysis we are faced with the difficulty of deciding
how to treat changes within D. simulans (Figure 1). Phy-
logenetic analysis shows that the s7II and -III haplotypes
form a monophyletic group that is highly divergent from
the sil haplotype. For this analysis, we divided the tree
into four topological regions, as shown in Figure 2: dif-
ferences between D. melanogaster and D. simulans (B),
changes in the siI lineage (A), changes in the sill and
-III lineage (C), and polymorphisms within D. yakuba,
D. melanogaster and the siI and -III haplotypes (P)
(Table 7). Previous tests of neutrality have characterized
variation as polymorphic or fixed. However, it is equally
valid to compare the ratios of the two types of changes
within and between the four topological regions-the

A

. E P D. melanogaster
‘| pre—

L.
stt i D.simulans

sl

P

D. yakuba

FiGuRre 2.—For the analysis presented in Table 7, we divided
the tree into four topological regions. These were the differ-
ences between D. melanogaster and D. simulans (B), changes
in the si lineage (A), changes in the sill and -III lineage (C),
and polymorphisms within D. yakuba, D. melanogasterand the
sill and -III haplotypes (P) (Table 7).

prediction being that the proportions should be the
same in each region.

The pattern of third position synonymous transition
changes in the four topological regions are not the
same. There is no preference between species for
changes to either A and T or C and G, as would be
expected if the overall usage of A and T vs. C and G is
remaining constant. Between species, there are 11
changes to C or G and 10 to A or T. Within D. mela-
nogaster, D. yakuba and the sill and -III haplotypes
there is a distinct bias favoring mutations that change
codons to C and G: there are nine codon changes to C
or G but only one change to Aor T.

The substitution pattern within the siI lineage is simi-
lar to that between species. There is no distinct bias to
either A and T or C and G (12 codons change to C or
G and seven change to A or T). In contrast, the substi-
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TABLE 7

Third position synonymous transition changes within D. melanogaster, D. simulans and D. yakuba and between D. melanogaster
and D. simulans

Between Fixed on
D. simulans sil D. melanogaster D. simulans sill
Transition lineage and D. simulans and -III Polymorphic
type A B C P Total
C—T G- A 7 10 0 1 18
T—-C A—-G 12 11 10 9 42
Total 19 21 10 10 X2 =9.72
P =002
TABLE 8
tution pattern 1n.the' sill an‘d -III lineage, like canonical Synonymous mutations in the three functional regions of
polymorphisms, is biased highly toward C and G: there cytochrome b
are 10 changes to C or G and none to A or T. These data
strongly suggest the action of natural selection on codon Internal  Transmembrane  External Total
usage in Drosophila, but the nature of the selection is Fixed substitutions
equivocal. 28 30 35 93
Are substitutions random?: Silent and replacement “Effective” number of silent sites
changes within and between species among the five in- 58.33 111.66 78.33 248.32
ternal, eight transmembrane and four external seg- Expected number of fixed substitutions \
ments should be randomly distributed if there are no 21.85 41.82 29.34 X;) B 3(‘)'2%2

selective constraints, or if constraints are the same for all
regions. The data are presented in Table 8 and Figure
3. A larger-than-expected number of amino acid re-
placements occur in the second internal and small
eighth transmembrane segments (3/18 and 5/18, re-
spectively) but there are not enough changes within
transmembrane domains to carry out a useful statistical
test of heterogeneity. There is no evidence for hetero-
geneity of amino acid replacement changes among the
three types of domains (x3 = 0.639, P = 0.72). There is
no evidence for heterogeneity of silent changes within
the internal domains (x2 = 1.03, P = 0.79 and x2 = 3.10,
P = 0.38, for all substitutions and fixed substitutions,
respectively), transmembrane domains (x; = 6.13, P =
0.52 and x3 = 3.883, P = .79, all and fixed substitutions,
respectively) and external domains (x5 = 0.856, P =
0.65 and xg = 1.85, P = 0.39, all and fixed substitutions,
respectively), nor is there evidence for heterogeneity
of silent changes between the three types of domains
(x; = 3.068, P = 0.22 and x; = 3.202, P = 0.2, all and
fixed substitutions, respectively) (Table 8). Further-
more, there is no evidence of heterogeneity in the num-
ber of substitutions within and between species for the
three domains (x3 = 0.865, P = 0.65).

Heterogeneity in the rate of substitution among silent
sites may occur if certain sites mutate (or substitute)
more frequently than others. We compared the ob-
served distribution of the numbers of substitutions at
each variable site in a most parsimonious tree with that
expected if every site had the same probability of
change. The Poisson parameter, A, was estimated sepa-
rately for transitions and transversions. The effective
number of silent sites (246.67) was subdivided into trans-

version (101.00) and transition (145.67) effective sites.
Poisson parameters were estimated from the proportion
of sites having no change. For transversions, the num-
bers of sites with zero, one and two substitutions are 59,
38 and 4, respectively. The expected number under the
Poisson distribution with the same mean as the observed
are 64.05, 29.17 and 6.64. The Poisson model can ex-
plain the observed distribution of transversion substitu-
tions (x3 = 2.02, P = 0.37). For transitions, the number
of sites with zero, one and two substitutions are 59.66, 75
and 11, respectively. The expected number under the
Poisson distribution with the same mean as the observed
are 74.84, 49.84 and 16.59. The Poisson model does not
explain the observed distribution of transition substitu-
tions (x3 = 7.84, P = 0.02). However, rather than an
excess of sites being hit more than once there is an ex-
cess of sites with a single substitution. We cannot envis-
age any reasonable biological mechanism leading to an
overdispersion of silent changes. As a consequence, we
suspect this nonconformity to the Poisson distribution is
an artifact caused by not being able to detect multiple
substitutions along the long branches (such as the one
in the si lineage, Figure 1). Alternatively, the tree to-
pology may be incorrect. As a consequence we do not
reject the hypothesis that transitions are evolving at an
equal rate in cytochrome b.

DISCUSSION

Data presented here indicate that molecular variation
and evolution of mtDNA are governed by many of the
same selective forces that have been shown to govern
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nuclear genome evolution. This finding has important
implications for anyone who uses mtDNA as a “neutral”
molecular marker. We do not find a global explanation
for the departure from neutral expectations. This comes
as something of a surprise. We predicted, by analogy to
the general lack of variation on the very small nonre-
combining fourth chromosome of Drosophila, that posi-
tive selection acting on mtDNA would also lead to the
reduction of variation (BERRY et al. 1991). Such a crisp
pattern of variation is not observed in all three species.
Rather, we are forced to propose a series of rather ten-
tative explanations for the complex mosaic of selection
pressures that may be acting on Drosophila mtDNA. A
summary of significant departures from the neutral
theory predictions are presented in Table 9.
Population substructure: We designed our initial
sampling to allow the detection of strong population
subdivision within D. melanogaster and D. simulans
(specifically the s:I mitochondrial haplotype). Al-
though the number of intraspecific substitutions is low,
there is no evidence of population differentiation. No
two taxa from any one location (with the exception of
D. yakuba where all lines were from the one locality)
form a monophyletic group (Figure 1, Table 2). Note
that all of the singleton alleles have a second represen-
tative sampled from the same location. BABA-AiSsA et al.
(1988) similarly do not note any population subdivision
within 118 lines of the siII haplotype from around the
globe. Within 144 isofemale lines of D. melanogaster
from 18 geographic locations HALE and SINGH (1991)
identify 23 haplotypes. Contrary to their earlier obser-
vation of geographic clustering (HALE and SINGH 1987),
the larger study finds only limited geographical cluster-
ing of mitochondrial haplotypes. There is extensive
nuclear gene flow within and between most populations

1200

of D. melanogaster (SINGH and RHOMBERG 1987a,b) with
the notable exception of some lines from Zimbabwe.
BEGUN and AQUADRO (1993) reported that a nuclear
DNA restriction site analysis shows a population of
D. melanogaster from Zimbabwe to be more than twice
as variable as North American populations and most
variants are not shared. However, D. melanogaster from
Zimbabwe may be in the process of forming a distinct
species, as there is evidence for assortative mating be-
tween them and other lines of D. melanogaster (C.-1 Wu,
personal communication). In this study the two Zimba-
bwe lines did not form a monophyletic group.

Intraspecific variation: The estimates of nucleotide
diversity () within the cytochrome b gene of D. mela-
nogaster and D. yakuba are low: D. melanogaster mw, =
0.0009 (silent + replacement ), m, = 0.0005 (synony-
mous m); D. yakuba w, = 0.0014, 7 = 0.0012. The di-
versity of synonymous substitutions is similar to that cal-
culated by HaLE and SiNGH (1987) for restriction site
polymorphism of whole D. melanogaster mtDNA (m, =
0.002 restriction site 7). Within the cytochrome & locus
of the siII haplotype we estimate the genetic variability
to be 7, = 0.0003, 7, = 0.0002. The synonymous diversity
within this haplotype is similar to that calculated from
RFLP data for the coding region of mtDNA (7, = 0.006)
and an order of magnitude less than that calculated for
the complete mtDNA including the (A + T)-rich region
(7, = 0.046) (BaBA-Aissa et al. 1988).

Interestingly, the level of variation is unrelated to geo-
graphic size. The siI haplotype has the highest genetic
diversity of the three D. simulans haplotypes (BABA-Aissa
et al. 1988). Also, D. heteroneura and D. silvestris are
about five times more variable than D. melanogaster and
the worldwide s:IT haplotype (from data of DESALLE et al.
1986).
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TABLE 9

Summary of statistically significant tests of neutrality

Question Test

Conclusion Reference

Rate heterogeneity  D. simulans sil vs. D. simulans sill and -1II

Within and between species variation at
linked sites

Protein evolution
Hitchhiking

D. simulans sill (p)“ vs. D. melanogaster

Homozygosity test: D. melanogaster (silent +
replacement) and D. simulans sill (silent)

Selective sweep

Codon selection Substitution bias in different topological

regions

Higher substitution rate in D. simulans sil

Reduced polymorphism within the sl

Suggestion of too many rare alleles: selective

Tayma (1993)

Excess intraspecific replacements or interspecific McDONALD and

synonymous substitutions: slightly deleterious KrerrMan (1991)

or diversifying selection

HupsoN et al.
haplotype: possibly caused by an external (1987)

agent, Wolbachia

WATTERSON (1978)
sweep, purifying selection or population

subdivision

Heterogeneity for C/G — A/T substitutions at

silent sites

¢ Polymorphism.

Evolutionary rates: We observed a significantly
higher rate of substitution along the si lineage com-
pared to the siII and -III lineage. The rates of substitu-
tion may be related to the population structure and the
evolutionary histories of these lineages. While the sl
haplotype has a worldwide distribution the s:I haplotype
has been found only on Pacific islands, and it may have
undergone repeated founder events leading to the fixa-
tion of deleterious alleles. Alternatively, the generation
time of the Pacific island populations may be shorter
than the other populations. DESALLE and TEMPLETON
(1988) compared rates of mtDNA evolution, as deter-
mined by restriction-site changes, in two closely related
lineages of Hawaiian Drosophila. The  lineage, which
included species that are thought to have undergone
repeated founder events, evolved at three times the rate
of the a lineage, the latter having probably arisen from
alarge ancestral population. This result assumes that the
a and B lineages form a monophyletic group: if either
is outside the designated outgroup, the result would be
invalid. Although they attribute the increased rate of
molecular evolution to the founder events, they provide
no mechanistic explanation. That explanation can only
be the increased rate of fixation of slightly deleterious
mutations in small populations (OHTA 1973).

Neutral tests: The siI haplotype sample and the
D. melanogaster sample show low levels of cytochrome
b variation, both for the total numbers of polymorphic
sites and for the frequency of each polymorphism in the
samples. KANEKO et al. (1993) observed one synonymous
polymorphism at the ATPase 6 locus in four lines of D.
melanogaster. The segregating sites HKA test indicates a
reduction of polymorphisms in the siI haplotype
sample. If selective sweeps are responsible for the low
level of variation, the target of selection can be a mu-
tation anywhere in the mitochondrial genome. How-
ever, selection need not even be acting on the mito-
chondrial genome itself. Wolbachia is a maternally
inherited rickettsia-like microorganism infecting D.

melanogaster and D. simulans. Infected females can
mate with any male and produce progeny, but unin-
fected females produce fewer progeny when they mate
with infected males (HOFFMANN et al. 1986; TURELLI and
HorrMANN 1991). Here the mtDNA is carried passively as
the microorganism sweeps through the population
(TURELLI et al. 1992). The parasite is occasionally lost
from infected flies, so there is not a complete barrier
to gene flow once a population becomes infected
(HorrMANN and TURELLI 1988; HOFFMANN et al. 1990).
In Australia there is weak incompatibility between
infected and uninfected strains of D. melanogaster
(HorrMmanN 1988). Crosses between infected males and
uninfected females exhibit a 15-30% reduction in egg
hatch (HOFFMANN et al. 1994). Progeny tests indicate
that Wolbachia infections are widespread in Australian
D. melanogaster populations and that populations
are polymorphic for the presence of the infection
(HOFFMANN et al. 1994). SOLIGNAC et al. (1994) have ex-
tended this observation noting that many populations in
the world are polymorphic for Wolbachia infection.
There is evidence for restricted gene flow between the
three D. simulans haplotypes. The silII haplotype has
the M-strain of Wolbachia. This strain exhibits partial
incompatibility with the type R-strain associated with the
sill haplotype and unidirectional incompatibility with
the S-strain associated with the sil haplotype (ROUSSET
et al. 1992). The si haplotype appears intimately asso-
ciated with the S-strain of Wolbachia (MoONTCHAMP-
MOREAU et al. 1991; ROUSSET et al. 1992). It is bi-
directionally incompatible with the siII associated type
Re-strain (O’NEILL and KARR 1990) and unidirectionally
incompatible with the silI associated type W-strain
(MONTCHAMP-MOREAU ¢t al. 1991). Wolbachia infections
may also have a significant influence on the effective
population size. The siII haplotype has a worldwide dis-
tribution. However, if there has been a series of
Wolbachia-induced selective sweeps, as recorded in Cali-
fornia (TURELLI ¢t al. 1992), the effective population size
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of the siII haplotype may, be lower than that of the geo-
graphically restricted siI haplotype.

About 10% of the fixed differences that are fixed be-
tween species are replacement substitutions, but more
than 35% of the polymorphisms are replacements. The
substitution pattern in the sil lineage is similar to that
between species whereas the pattern in the sl and -III
lineage is more like that within species. This suggests
that the former has evolved as a distinct biological entity.
We believe selection is acting on replacement changes
rather than silent changes. Selection for biased codon
usage will lead to a relative increase in the level of
synonymous polymorphism compared to the number
of fixed differences among species. This is in the op-
posite direction to the observed pattern for synonymous
and replacement changes. Thus, we do not believe that
codon selection can explain this departure from neutrality.

We are left with two viable hypotheses: selection
against slightly deleterious amino acid replacement
changes and diversifying selection. It is difficult to dis-
tinguish between them because the number of replace-
ment polymorphisms are low. Slightly deleterious mu-
tations are expected to be present in populations
parimarily and will rarely fix as low frequency polymor-
phisms. The s lineage, with its accelerated evolution
provides a possible test of this prediction. If the popu-
lation size of the geographically restricted siI haplotype
has been small, then a relatively higher proportion of
amino acid replacements might have been expected on
this lineage compared to synonymous changes. That it
is not observed-only one of 27 changes in the sil lineage
is an amino acid replacement-suggests either the popu-
lation size is not small compared to the other haplotypes
(as we have argued above) or replacement changes are
not, in general, deleterious. OHTA (1993) showed a
higher rate of Adh protein evolution relative to silent evo-
lution for Hawailan Drosophila species compared to main-
land species. We cannot invoke a similar explanation for
the sd haplotype.

These data do not lend support to the hypothesis that
the synonymous changes are slightly deleterious but
have escaped detection in the sil populations. Our rea-
soning is that if the siI haplotype has escaped selection
on synonymous changes, then there should have been
an excess accumulation of C and G ending codons, as-
suming they are deleterious (see Codon selection below).
We also do not find support for diversifying selection. If
diversifying selection is coarse-grained with regard to the
environment, we would expect amino acid replacement
polymorphisms to be present as fixed differences among
our population samples. This is not observed. We are
left, by default, with the possibility of other mechanisms
maintaining protein variation, such as frequency de-
pendent selection.

Codonselection: In Drosophila, nuclear codon usage
is biased toward mostly C-and G-ending codons (SHIELDS

et al. 1988). For nuclear genes in D. simulans, H. AkasHI
(personal communication) finds a significantly higher
ratio of polymorphism to divergence for synonymous
changes from preferred to unpreferred codons than for
changes in the reverse direction. Comparison of pre-
ferred and unpreferred synonymous changes in the
D. melanogaster and D. simulans lineages show an ex-
cess of unpreferred fixations in D. melanogaster.

The mitochondrial genome is strongly biased toward
A- and T-ending codons. Indeed, there is a higher A and
T content in the silent sites of coding regions than in the
presumably neutral A + T-rich region in D. yakuba.To
investigate the hypothesis that selection is acting on
synonymous changes we divided the strict consensus
tree into four topological regions. If there is no se-
lection acting, the ratio of the two types of changes
(to A and T, and to C and G) within and between the
four to pological regions (Figure 2) should be the
same. The third position synonymous transition
changes in the four topological regions are not the
same (Table 7).

The direction of changes in the two canonical topo-
logical regions (within D. melanogaster, D. yakuba and
the siI and sAII haplotypes and between D. melano-
gasterand D. simulans) is consistent with the hypothesis
that changes to C or G are slightly deleterious and have
a lower probability of reaching fixation than mutations
to A or T. The substitution pattern in the two other
topological regions cannot be easily explained. We have
argued above that the sil haplotype evolved as a distinct
biological entity and that changes to Cor Gand Aor T
are proportionally similar to those between species.
However, there is no such obvious explanation for the
dramatic bias toward C and G in the s:Il and -III lineage.
We have argued above that a reduction in the polymor-
phism of the siII haplotype is consistent with the notion
of a microorganism induced selective sweep. Moreover,
it is possible that there is microorganism induced re-
striction to gene flow between the s:II and sZII haplo-
types. If the s7II -III lineage has undergone recurrent
Wolbachial sweeps, then deleterious mutations to
C- or Gending codons, otherwise present at low fre-
quencies, may have repeatedly swept to fixation.

Conclusion: Systematists have known for some time
that it is important to have multiple representatives of
each clade to accurately infer phylogeny. This study
underscores this importance at the species level. Selec-
tive sweeps of completely neutral mutations are unlikely
to dramatically alter phylogenetic inference, particu-
larly at the higher level. However, data presented here
suggest there is both a codon bias toward A- and
T-ending codons and a non-neutral pattern of amino
acid replacements. These results may affect the rate of
evolution and, hence, phylogenetic inference. As a con-
sequence, phylogenetic studies of closely related species
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employing mtDNA should include multiple representa-
tives of some terminal taxa and consider the potential
for heterogeneity in evolutionary rate.

The non-neutrality of mtDNA has severe implications
for interpreting population parameters estimated from
polymorphism data, such as the effective population size
and migration rate. We present evidence that a variety
of evolutionary forces including slightly deleterious or
diversifying selection, parasite induced selective sweeps
and/or reduced gene flow, may lead to an incorrect in-
terpretation of heterozygosity. A large amount of varia-
tion may indicate diversifying selection. A low level may
indicate the presence of selection, not small population
size. We propose that it is essential to consider the action
of selection in all future studies employing mtDNA as a
population genetic marker.

We would like to thank MICHEL SOLIGNAC for supplying the D. simu-
lans sil and I lines and MicHAEL TURELLI for supplying the D. simu-
lans sill R and W lines. Thanks to HIROSHT AKasHI for discussions lead-
ing to the test of codon usage. BRIAN CHARLESWORTH programmed the
Ewens (1973) and WATTERSON (1978) tests. We also recognize com-
ments made by KIRRIE BALLARD and two anonymous reviewers. Finan-
cial support to J.W.O.B. was supplied by a C. J. Martin Postdoctoral
Fellowship from the Australian National Health and Medical Research
Council. The work is supported by NIH grant GM39355 to MK.

LITERATURE CITED

Aquabro, C. F., N. KapLan and N. Risko, 1984 An analysjs of the
dynamics of mammalian mitochondrial DNA sequence evolution.
Mol. Biol. Evol. 5: 423—434.

BaBA-Aissa, F., and M. SoLIGNAc, 1984  La plupart des populations
de Drosophila simulans ont problement pour ancétre une fe-
melle unique dans un passé récent. C. R. Acad. Sci. Paris 299:
289-292.

Basa-Aissa,F., M. SoLignac, N. DENNEBOUY and J. R. Davip, 1988 Mi-
tochondrial DNA variability in Drosophila simulans: quasi ab-
sence of polymorphism within each of the three cytoplasmic
races. Heredity 61: 419—426.

Becun, D. J., and C. F. AQuabro, 1993 African and North American
populations of Drosophila: are very different at the DNA level.
Nature 365: 548-550.

BERrry, A. J., J. W. Ajioka and M. KrerrMan, 1991 Lack of polymor-
phism on the Drosophila fourth chromosome resulting from se-
lection. Genetics 129: 1111-1117.

BrOwN, W. M., M. GEORGE and A. C. WiLsoN, 1979 Rapid evolution
of animal mitochondrial DNA. Proc. Natl. Acad. Sci. USA 76:
1967-1971.

BrowN, W. M, E. M. PRAGER, E. M. WaNG and A. C. WiLsoON, 1982 Mi-
tochondrial DNA sequence of primates: Tempo and mode of evo-
lution. J. Mol. Evol 18: 225-239.

Crarey, D. O,, and D. R. WOLSTENHOLME, 1984 A cluster of six tRNA
genes in Drosophila mitochondrial DNA that includes a gene for
an unusual tRNA ser AGY. Nucleic Acids Res. 12: 2367-2379.

CLarey, D. O., and D. R. WOLSTENHOLME, 1985 The mitochondrial
molecule of Drosophila yakuba: nucleotide sequence, gene or-
ganization and genetic code. J. Mol. Evol. 22: 252-271.

CLarg, A. G, 1990 Inference of haplotypes from PCR-amplified
samples of diploid populations. Mol. Biol. Evol. 7: 111-122.
DeSaLLr, R., and A. R. TEMPLETON, 1988 Founder effects and the
rate of mitochondrial DNA evolution in Hawaiian Drosophila.

Evolution 42: 1076-1084.

DESALLE, R., L. VAL GIDDINGSAND and A. R. TEMPLETON, 1986 Mito-
chondrial DNA variability in natural populations of Hawaiian Dro-
sophila. J. Mol. Evol. 26: 157-164.

bt RaGO, J.-P., P. NETTER and P. P. SLonmMskl, 1990 Pseudo-wild type
revertants from inactive apocytochrome b mutants as a tool for the
analysis of the structure/function relationships of the mitochon-

drial ubiquinol-cytochrome ¢ reductase of Saccharomyces cerevi-
siae. J. Biol. Chem. 265: 3332-3339.

ErrON, B., 1982 The jackknife, the bootstrap, and other resampling
plans. Conf. Board Math. Sci. Soc. Ind. Appl. Math. 38: 1-92.

EweNns, W. J., 1973 Testing for increased mutation rate for neutral
alleles. Theor. Popul. Biol. 4: 251-258.

EXCOFFIER, L., 1990 Evolution of human mitochondrial DNA: evi-
dence for departure from a pure neutral model of populations at
equilibrium. J. Mol. Evol. 30: 125-139.

Farty, D. P, 1991 Cladistic permutation tests for monophyly and
nonmonophyly. Syst. Zool. 40: 366-375.

FartH, D. P., and P. CransTON, 1991 Could a data set this short have
arisen by chance alone? On permutation tests for cladistic struc-
ture. Cladistics 7: 1-28.

FELSENSTEIN, ., 1985 Confidence limits on phylogenies: an approach
using bootstrap. Evolution 39: 783-791.

Garesse, R., 1988 Drosophila melanogaster mitochondrial DNA:
gene organization and evolutionary implications. Genetics 118:
649-663.

Harg, L. R, and R. S. SincH, 1987 Mitochondrial DNA and genetic
structure in populations of Drosophila melanogaster. Mol. Biol.
Evol. 4: 622-637.

Hatg, L. R, and R S. SmNoH, 1991 A comprehensive study of genetic
variation in natural populations of Drosophila melanogaster. IV. Mito-
chondrial DNA variation and the role of history vs. selection in the
genetic structure of geographic populations. Genetics 129: 103-117.

HicucHl, R. G., and H. Ochman, 1989  Production of single stranded
DNA templates by exonuclease digestion following the polymer-
ase chain reaction. Nucleic Acids Res. 17: 5865.

HoFFMANN, A. A, 1988 Partial cytoplasmic incompatibility between
two Australian populations of Drosophila melanogaster. Entomol.
Exp. Appl. 48: 61-67.

HoFrMANN, A. A., and M. TureLLl, 1988 Unidirectional incompatibil-
ity in Drosophila simulans: inheritance, geographic variation and
fitness effects. Genetics 119: 435-444.

HoOFFMANN, A. A., M. TureLLI and G. M. SiMMONS, 1986  Unidirectional
incompatibility between populations of Drosophila simulans.
Evolution 40: 632-701.

HorrMaNN, A. A., M. TureLLl and L. G. HarsHMaN, 1990 Factors
affecting the distribution of cytoplasmic incompatibility in Dro-
sophila simulans. Genetics 126: 933-948.

Horrmann, A. A, D. J. Crancy and E. MorToN, 1994  Cytoplasmic in-
compatibility in Australian populations of Drosophila melano-
gaster. Genetics 136: 993-999.

HoweLL, N., 1989 Evolutionary conservation of protein regions in
the proton-motive cytochrome & and their possible roles in redox
catalysis. J. Mol. Evol. 29: 157-169.

HoweLL, N., and K. GiLBerT, 1988 Mutational analysis of the mito-
chondrial cytochrome & gene. J. Mol. Biol. 29: 157-169.

Hupson, R. R., M. Krerrman and M. AGuabg, 1987 A test of neutral
molecular evolution based on nucleotide data. Genetics 116:
153-159.

IrwiN, D. M., T. D. KocHER and A. C. WiLsoN, 1991 Evolution of the
cytochrome b gene of mammals. J. Mol. Evol. 32: 128-144.
KaNeko, M., Y. SATTA, E. T. MATSUURA and S. I. CHiGUsA, 1993 Evo-
lution of the mitochondrial ATPase 6 gene in Drosophila: Un-
usually high level of polymorphism in D. melanogaster. Genet.

Res., Camb. 61: 195-204.

KarLan, N. L., R. R. Hupson and C. H. LaNGLEY, 1989 The “hitch-
hiking effect” revisited. Genetics 123: 887-899.

KiMURA, M. 1983  The Neutral Theory of Molecular Evolution. Cam-
bridge University Press, Cambridge.

Kuiman, R M., and J. HEy, 1993 DNA sequence variation at the period
locus within and among species of the Drosophila melanogaster
complex. Genetics 133: 375-387.

KrertmaN, M., and R. R. HupsoN, 1991 Inferring the evolutionary
histories of the Adh and Adh-dup loci in Drosophila melanogaster
from patterns of polymorphism and divergence. Genetics 127:
565-582.

MabppisoN, W. P., and D. R. Mappison, 1992 MacClade: analysis of
phylogeny and character evolution, Version 3.0. Sinauer Associ-
ates, Sunderland, Mass.

MaRrjoraM, P., and P. DoNNELLY, 1994  Pairwise comparisons of mito-
chondrial DNA sequences in subdivided populations and impli-
cations for early human evolution. Genetics 136: 673-683.



772 J- W. O. Ballard and M. Kreitman

MARTIN, A. P,, and S. R. PaLumsl, 1993  Protein evolution in different
cellular environments: cytochrome & in sharks and mammals.
Mol. Biol. Evol. 10: 873-891.

MAYNARD-SMITH, J., and J. HalGH 1974 The hitchhiking effect of a
favorable gene. Genet. Res. 23: 23-25.

McDonaLp, J. H., and M. KrEITMAN, 1991 Adaptive protein evolution
at the Adh locus in Drosophila. Nature 351: 652—654.

MEYER, A., and A. C. WiLsoN, 1990  Origin of tetrapods inferred from
their mitochondrial DNA affiliation to lungfish. J. Mol. Evol. 31:
359-364.

MONNEROT, M., M. SoLiGNAC and D. WOLSTENHOLME, 1990  Discrepancy
in divergence of the mitochondrial and nuclear genomes of Dro-
sophila teissieri and Drosophila yakuba. J. Mol. Evol. 30: 500-508.

MoONTCHAMP-MOREAU, C., J-F. FERVEUR and M. JacQues, 1991 Geo-
graphic distribution of three cytoplasmic incompatibility types in
Drosophila simulans. Genetics 129: 399-407.

Nacuman, M. W., S. N. Bover and C. F. AQUADRD, 1994 Contrasting
levels of amino acid polymorphism and divergence at the mito-
chondrial ND3 gene in mice. Evolution (in press).

OntA, T, 1973  Slightly deleterious mutant substitutions in evolution.
Nature 246: 96-98.

OHTA, T., 1993 Amino acid substitution at the Adk locus of Dro-
sophilais facilitated by small population size. Proc. Natl. Acad. Sci.
USA. 90: 4548-4551.

O’NEnL, S. L., and T. L. Karg, 1990 Bidirectional incompatibility
between conspecific populations of Drosophila simulans. Nature
384: 178-180.

RoGERs, A. R., and H. HARPENDING, 1992 Population growth makes
waves in the distribution of pairwise genetic differences. Mol. Biol.
Evol. 93: 552-559.

Rousskr, F., D. VAUTRIN and M. SoLIGNAC, 1992 Molecular identifi-
cation of Wolbachia, the agent of cytoplasmic incompatibility in
Drosophila simulans, and variability in relation with host mito-
chondrial types. Proc. R. Soc. Lond. B 247: 163-168.

Saki, R. K., D. H. GELFAND, S. STOFFEL, S. ]. SCHARF, R. G. HicucHI et al.,
1988 Primer-directed enzymatic amplification of DNA with a
thermostable DNA polymerase. Science 239: 487-491.

SATTA Y., and N. Takanata, 1990 Evolution of Drasophila mitochon-
drial DNA and the history of the melanogaster subgroup. Proc.
Natl. Acad. Sci. 87: 9558-9562.

SATTA, Y., H. IsHiwa and S. 1. CHicusa, 1987  Analysis of nucleotide
substitutions of mitochondrial DNAs in Drosophila melanogaster
and its sibling species. Mol Biol. Evol. 4: 638-650.

SHIELDS, D. C., P. M. SHARP, D. G. HiGGINS and F. WRIGHT, 1988 “Silent”
sites in Drosophila genes are not neutral: evidence of selection

among synonymous codons. Mol. Biol. Evol. 5: 704-716.

SiNGH, R. S., and L. R. RHOMBERG 1987a A comprehensive study of
genetic variation in natural populations of Drosophila melano-
gaster. 1. Estimates of gene flow from rare alleles. Genetics 115:
313-322.

SiNe, R. S., and L. R. RHOMBERG 1987b A comprehensive study of
genetic variation in natural populations of Drosophila melano-
gaster. 11. Estimates of heterozygosity and causes of geographic
differentiation. Genetics 115: 313-322.

Soxkar, R. R., and F. J. Ronrr, 1981 Biometry: The Principles and
Practice of Statistics in Biological Research, Ed. 2. W. H. Freeman
& Co., New York.

SOLIGNAC, M., and M. MONNEROT, 1986 Race formation, speciation,
and introgression within Drosophila simulans, D. mauritiana,
and D. sechellia inferred from mitochondrial DNA analysis.
Evolution 40: 531-539.

SoLiGNAC, M., V. VAUTRIN and F. RousseT, 1994 Widespread occur-
rence of the proteobacteria Wolbachia and partial cytoplasmic
incompatibility in Drosophila melanogaster. C. R. Acad. Sci. Paris
317: 461-470.

SorigNAc, M., M. MonNEROT and J.-C. MouNorou, 1986 Mitochon-
drial DNA evolution in the melanogaster species subgroup of Dro-
sophila. J. Mol. Evol. 23: 31-41.

Sworrorp, D. L., 1993 PAUP: phylogenetic analysis using parsimony,
Version 3.1. Computer program distributed by the Illinois Natural
History Survey, Champaign, Ill.

Tanma, F., 1993 Simple methods for testing the molecular evolution-
ary clock hypothesis. Genetics 135: 599-~607.

TureLL1, M., and A. A. HorrMaNN, 1991 Rapid spread of an inherited
incompatibility factor in California Drosophila. Nature 353:
440-442.

TureLLL, M., A. A. HoFFMANN and S. W. McKECHNIE, 1992 Dynamics
of cytoplasmic incompatibility and mtDNA variation in natural
Drosophila simulans populations. Genetics 132: 713-723.

WaLsH, S. P., D. A. MeTzGER and R. HicucHt, 1991 Chelex 100 as a
medium for simple extraction of DNA for PCR-based typing from
forensic material. BioTechniques 10: 506-513.

WATTERSON, G. A., 1978 The homozygosity test of neutrality. Genetics
88: 405-417.

WarrraMm, T. S., A. G. CLARK, M. STONEKING, R. L. CANN and A. WILSON,
1986 Allelic variation in human mitochondrial genes based on
patterns of restriction site polymorphism. Proc. Natl. Acad. Sci.
USA 83: 9611-9615.

Communicating editor: A. G. CLARK



