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Recent studies of mitochondrial DNA (mtDNA) variation in mammals and Drosophila have shown an excess of
amino acid variation within species (replacement polymorphism) relative to the number of silent and replacement
differences fixed between species. To examine further this pattern of nonneutral mtDNA evolution, we present
sequence data for the ND3 and NDS5 genes from 59 lines of Drosophila melanogaster and 29 lines of D. simulans.
Of interest are the frequency spectra of silent and replacement polymorphisms, and potential variation among genes
and taxa in the departures from neutral expectations. The Drosophila ND3 and ND35 data show no significant excess
of replacement polymorphism using the McDonald-Kreitman test. These data are in contrast to significant departures
from neutrality for the ND3 gene in mammals and other genes in Drosophila mtDNA (cytochrome b and ATPase
6). Pooled across genes, however, both Drosophila and human mtDNA show very significant excesses of amino
acid polymorphism. Silent polymorphisms at NDS show a significantly higher variance in frequency than replace-
ment polymorphisms, and the latter show a significant skew toward low frequencies (Tajima’s D = —1.954). These
patterns are interpreted in light of the nearly neutral theory where mildly deleterious amino acid haplotypes are
observed as ephemeral variants within species but do not contribute to divergence. The patterns of polymorphism
and divergence at charge-altering amino acid sites are presented for the Drosophila NDS gene to examine the
evolution of functionally distinct mutations. Excess charge-altering polymorphism is observed at the carboxyl ter-
minal and excess charge-altering divergence is detected at the amino terminal. While the mildly deleterious model
fits as a net effect in the evolution of nonrecombining mitochondrial genomes, these data suggest that opposing

evolutionary pressures may act on different regions of mitochondrial genes and genomes.

Introduction

A number of recent reports have shown that the
patterns of variation in mitochondrial DNA (mtDNA)
are not consistent with several different predictions of
the neutral theory of molecular evolution (Whittam et
al. 1986; Excoffier 1990; Ballard and Kreitman 1994;
Nachman, Boyer, and Aquadro 1994; Rand, Dorfsman,
and Kann 1994; Nachman et al. 1996). These findings
are of considerable importance to evolutionary biolo-
gists using mtDNA as a genetic marker, since most of
the applications of, and inferences from, mtDNA assume
neutrality of the marker. Unappreciated departures from
neutrality will cloud our understanding of genetic vari-
ation within and among populations and compromise
our interpretations of evolutionary events in the history
of organisms (see fig. 4 in Rand, Dorfsman, and Kann
1994). Beyond simply providing evidence for or against
selection, one hope is that tests of neutrality may shed
light on general mechanisms of molecular evolution.

A prediction of the neutral theory is that the ratio
of replacement (nonsynonymous) to silent (synony-
mous) differences observed between species should
equal the replacement : silent ratio observed within spe-
cies (McDonald and Kreitman 1991). In their original
paper, McDonald and Kreitman (1991) observed an ex-
cess of replacement substitutions berween species of
Drosophila at the Adh locus, and interpreted this as ev-
idence for adaptive fixations of new amino acid variants.
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A similar pattern of excess amino acid fixations h
been reported by Eanes, Kirchner, and Yoon (1993) at
the G6pd locus in Drosophila melanogaster and D. s&
mulans (although other genes exhibit neutral evolutich
using the McDonald-Kreitman test; Brookfield and
Sharp 1994). Both Adh and G6pd exhibit protein pol)zé
morphisms that appear to be maintained by some form
balancing selection (Oakeshott et al. 1982; Kreitman ar@
Aguadé 1986; Eanes 1994). ji

Quite a different pattern has been documented re—
cently in the mitochondrial ND3 gene of mice. Nach-
man, Boyer, and Aquadro (1994) found that the replacéQ
ment : silent ratio within M. domesticus is almost 19
times higher than the replacement : silent ratio observed
fixed between Mus domesticus and M. spretus. Nacl%
man, Boyer, and Aquadro interpret their data in light of
the nearly neutral theory of molecular evolution (Ohf’_a
19924): amino acid variants in M. domesticus are weak-
ly deleterious and may accumulate within species, bét
do not persist long enough to contribute to mterspemf&
divergence. Comparable data have recently been reporg
ed for humans and African apes (Nachman et al. 1996.
Similar but less striking patterns have been reported
Drosophila (ATPase 6 gene: Kaneko et al. 1993; NI
gene: Rand, Dorfsman, and Kann 1994; cytochrome@;
gene: Ballard and Kreitman 1994).

While the departures from neutrality for the nucle&r
and mitochondrial examples cited above are opposite in
direction, this has more to do with the mode of selection
than any general distinction between nuclear and mito-
chondrial genes (Li and Sadler [1991] found an excess
of amino acid polymorphism in human nuclear genes).
Examples of neutral evolution (Schaeffer and Miller
1992), balancing selection (Kreitman and Hudson 1991;
Eanes 1994) and selective sweeps (Aguadé et al. 1989;
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Begun and Aquadro 1991, 1993; Berry, Ajioka, and
Kreitman 1991) have been reported for nuclear genes.
These modes of evolution may be operating among, and
even within, individual mitochondrial genes. However,
the lack of recombination in animal mtDNA imposes
constraints on how individual genes may exhibit the pat-
terns of polymorphism that could indicate a history of
distinct types of selection. An analogous problem has
emerged from polymorphism studies in regions of low
recombination in the Drosophila nuclear genome: cur-
rent theory and data have not provided a clear means of
discriminating between the effects of deleterious back-
ground selection (e.g., Charlesworth, Morgan, and
Charlesworth 1993) and positive selective sweeps in the
generation of reduced variation in regions of low recom-
bination in Drosophila (e.g., Aguadé et al. 1989, Berry,
Ajioka, and Kreitman 1991; Begun and Aquadro 1992;
Hudson 1994; Braverman et al. 1995; but see Aquadro,
Begun, and Kindahl 1994).

The purpose of this report is to study the patterns
of polymorphism and divergence at silent and replace-
ment sites in different mitochondrial genes. First, we
present data for the ND3 gene in Drosophila melano-
gaster and D. simulans to provide a direct comparison
to this gene in mammals. Next we present new data for
the ND5 gene that more than double the data from an
earlier study (Rand, Dorfsman, and Kann 1994). These
data are compared to silent and replacement polymor-
phism data from the cytochrome & gene in Drosophila
(Ballard and Kreitman 1994) and to recent data from
complete mtDNA sequences in humans (Horai et al.
1995; Nachman et al. 1996). While individual genes
generally show an excess of amino acid polymorphism,
there is variation among genes, and between flies and
mammals, in the significance of departures from neu-
trality. When polymorphism data are tabulated from all
genes, both flies and hominids show a general pattern
of a significant excess of amino acid polymorphism (or
a reduction in the amount of amino acid fixation). The
ND5 data show a significant excess of low-frequency
amino acid polymorphisms. The data are consistent with
a mildly deleterious model of molecular evolution for
mtDNA (Ohta 1992a4) which may be the “net” evolu-
tionary effect on the nonrecombining mtDNA as a
whole. However, the patterns of polymorphism and di-
vergence for charge-altering amino acids in the NDS5
gene suggest that some pressure for adaptive divergence
may be acting in conflict with forces eliminating vari-
ation.

Materials and Methods
Fly Strains

Nine strains of D. melanogaster were chosen from
diverse localities around the world. These lines are de-
scribed in Rand, Dorfsman, and Kann (1994) and were
obtained from Dr. Rama Singh and Dr. Andrew Clark.
Five additional random samples of 10 lines each of D.
melanogaster were obtained from Dr. C. E Aquadro:
Arvin, California (Arv2, Arv3, Arv8, Arvll, Arvl2,
Arvl13, ArviS, Arv19, Arv21, Arv23); Australia (Ausl,

Aus2, Aus3, Aus4, AusS5, Aus6, Aus7, AuslO, Ausll,
Ausl2); Beijing, China (Beil, Bei2, Bei3, Beid, Bei5,
Bei6, Bei7, Bei8, Bei9, Beil0); Florida (Flo3, Flo4,
Flo6, Flo9, Flol18, Flo20, Flo28, Flo32, Flo34, Flo35);
and Zimbabwe, Africa (Zim3, Zim5, Zim6, Zim7, Zim8§,
Zim10, Ziml1, Zim18, Zim22, Zim24).

Nine strains of D. simulans were obtained from the
National Drosophila Species Resource Center (Bowling
Green State University, Bowling Green, Ohio) and are
described in Rand, Dorfsman, and Kann (1994). Two
additional random samples of 10 lines each were gb-
tained from Dr. C. E Aquadro: Florida (FloSirg1,
FloSim2, FloSim3, FloSim4, FloSim5, FloSimé6, F%)
Sim8, FloSim10, FloSim12, FloSim13) and Zlmbabzwe
(ZimSim22, ZimSim24, ZimSim25, ZimSim?26, Zl‘?ﬂ—
Sim27, ZimSim28, ZimSim29, ZimSim33, ZlmS1m§4
ZimSim35).

/1sduu

DNA Preparation and Sequencing

Sequences for the ND5 gene were obtained for %ll
of the above lines. For the ND3 gene, all of the
simulans lines were sequenced, but the Australia lin;é‘s,
the California lines, Flo28, and Zim 24 of D. melaéo-
gaster were not sequenced. Hence the sample size for
ND3 was 37 D. melanogaster and 29 D. simulans. Tem-
plate for PCR amplification was prepared from single
flies using a “‘squish prep” (Gloor and Engels 199}).
Flies were homogenized with a sterile pipette tip holdig
50 pL of 10 mM Tris (pH 8.2), | mM EDTA, and 25
mM NaCl and Proteinase K added to a concentrationtdf
200 pg/mL. The resulting homogenate was incubated-at
37°C for 20-30 min and the protemq were denaturedEby
heat treatment at 95°C for 2-3 min. S

Sequencing templates for the ND3 gene were pﬁ%’e
pared by PCR-amplification of a fragment that includes
the entire ND3 gene. A 660-bp fragment was amphf%
with the 20-base primers 196R and 818L (see table 3)
Two additional internal primers were used in the se-
quencing reactions: 252R and 797L. The primers uged
for amplification of the ND5 gene were 880R
2230L and 1280R with 3017L as described Rand, Dords-
man, and Kann (1994). Additional sequencing primers
spanning the NDS5 gene are listed in table 1. IS

DNA was amplified in 50-pL reactions containng
1 uL of fly homogenate (see above), 5 pL of Prom¢ga
Mg-free 10X buffer, 6 pL of 25 mM MgCl,, 50 pméle
of each primer, and 2 units of Promega Taq polymerase.
Double-stranded products were cleaned with pheng]:
chloroform, precipitated with ammonium acetate and
ethanol at room temperature, rinsed with cold 70% ¢th-
anol, dried, and resuspended in T.E. (10 mM Tris [&H
7.5], 0.1 mM EDTA). The PCR products were usedgn
three sequencing reactions. An aliquot of double-strafil-
ed template with 50 pmol of sequencing primer was
heated to 100°C for 3 min and transferred to a dry-ice—
ethanol bath. These “‘snap-cooled” templates were melt-
ed in the presence of labeling mixture and transferred
to the chain termination reactions (U.S. Biochemicals
with Sequenase version 2.0). Sequencing gels were run
“short”” with sodium acetate in the lower buffer cham-
ber (Sheen and Sneed 1988) resolving sequence from



Table 1
Primers Used for Amplifying and Sequencing the ND3
and NDS Genes

Primer Name Sequence (5' — 3)

ND3 primers:
I96R .............. GAAGCAGCTGCATGATATTG
22R ..o CACAATTTACTGATGAGGAG
TOTL .o AACTAATTGCAATCAATCGC
8ISL .............. AATTACCTAAGATTAGGTCG
NDS5 primers:
88O0R .............. CCAAAAAGAGGCATATCACT
947R ... ATCAAGTAAAAGCTGCTAAC
TIO9R . ......... ... CTCCATAACATCTTCAATGTC
1280R . ............ GACCTCCAAAATATTCTGAT
1261L(1280rev) . . ... ATCAGAATATTTTGGAGGTC
1600R ............. AATCCTATTATACCACGGAG
1581L(1600rev) ... .. CTCCGTGGTATAATAGGATT
1914L . ... .. TGTGCTGGGGCTATTATTCA
1932R(1913rev) . . . .. GTGAATAATAGCCCCAGCAC
2230L . ... AGCTATAGCTGCTCCTACAC
2299R ... GCTCTTTTAGTTATAGCAGC
2509 ..l AGGGTGAGATGGTTTAGGAC
2528R(2509rev) . . . .. GTCCTAAACCATCTCACCCT
3017L ...l TAGAAGAGGTAAAATTCGAG
K4:1%) DR CGTCTTGGAAGTCGAAGAAT

NoTE.—The number refers to the 3’ nucleotide of the primer based on the
published sequence of Garesse (1988). The letter indicates the direction of elon-
gation (Left, Right) with respect to figure 2 of Garesse (1988).

about 50 bp through 350 bp from the primer. “Long”
gel runs without sodium acetate generally resolved se-
quence from 200 bp through S00 bp from the same
primer. The sequences were determined in both direc-
tions.

Sequence Analysis

Sequences were aligned by eye with no ambiguity.
Variable positions within and between species were tab-
ulated as silent (S) or replacement (R). The amino acid
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(replacement) differences within and between species
were further classified as nonpolar (NP) or uncharged
polar (UP) (see Lehninger 1975, pp. 73-75). Amino acid
changes within these categories were classified as “con-
servative” and changes between these categories were
classified as ‘‘radical.” Tests for departure from the neu-
tral expectation were performed using a G-test with Wil-
liams’ correction (Sokal and Rohlf 1981, pp. 735-742).

An index of neutrality is also presented (“‘Neutral-
ity Index,” N.L, in table 6). This index reflects the ex-
tent to which the levels of amino acid variation withig
species depart from the strict neutral model. It is cak
culated as a ratio of ratios: 3

no. of polymorphic replacement sites

no. of fixed replacement sites

NL =
no. of polymorphic silent sites

no. of fixed silent sites

oe//:sdny wouy papeo

Strict neutrality (equal ratios of polymorphism to dive
gence for both replacement and silent sites) has an indek
of 1.0. Values greater than one indicate an “excess” ¢f
amino acid variation within species, whereas values le¢s
than 1 indicate an “excess” of amino acid evolutich
between species (the term ‘‘excess” is relative sin
one’s focus may change from silent vs. replacement
polymorphism vs. divergence). The index is intended
provide a qualitative indicator of direction and degrees

Buigu

Results
ND3 Gene

The alignment of the most common haplotypes
the ND3 gene from D. melanogaster and D. simulans 1§
presented in figure 1. In the 351-bp coding region (117
amino acids; the stop codon is not included in these
analyses) there are 17 silent differences (4.8%) andg

c&)L/SELI9/ELI®

O
O
Ds T c A 2
Dm 341 ATTTTTTCTATTATTTTTATTGCTTTATTAATTTTACTAATTACAACTATTGTTATATTT 400 3
Dm aal F s I I F I A L L I L L I T T I V M F g
Ds aa I o
=4
- [
T T <
401 TTAGCTTCAATTTTATCAAAAAAAGCTTTAATCGACCGAGAAAAAAGATCCCCATTTGAA 460 =2
L A S I L S XK K AL IDUZ RETZ KT S S P F E o
. . . . &
c c 1
461 TGTGGATTTGATCCAAAATCTTCATCTCGATTACCATTTTCTTTACGTTTTTTTTTAATT 520 g
C G F DPK S S SRULUPVF SLRZFF L I 4
3
c A T z
521 ACTATTATTTTTTTAATTTTTGATGTAGAGATTGCATTAATTCTACCTATAATTATTATT 580 e
T I I F L I F DV ETIATILTITULU®PMTITII &
N
. . . N
T G T c N
581 ATAAAATATTCTAATATTATAATTTGAACAATTACTTCAATTATTTTTATTTTAATTTTA 640
M K Y S N I M I WwWTTITSTIITF I L I L
TC T A T
641 TTAATTGGATTATACCATGAATGAAATCAAGGAATGTTAAATTGATCAAAC 691

L I G L Y H E W N QG M L N W S N

Y

FIG. 1.—Sequence alignment of the ND3 gene in Drosophila melanogaster and D. simulans. The coding strand of D. melanogaster (Dm)
sequence is shown, and numbering is after Garesse (1988). The amino acid sequence is shown below the nucleotide sequence with the single
letter code aligned under the first codon position. Nucleotide differences fixed in D. simulans (Ds) are shown above the coding strand, and those
substitutions that result in amino acid changes in D. simulans are indicated below the amino acid sequence for D. melanogaster.
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replacement differences (0.56%) between the common
haplotypes in each species (M1 and S1 in table 2). The
various sequence haplotypes observed at the ND3 gene
in our sample of 37 D. melanogaster and 29 D. simulans
are presented in table 2. If one considers polymorphic
sites, the number of unambiguously fixed differences be-
tween the species is 13 silent and 2 replacement changes
(see tables 2 and 6). Taken together, these patterns of
polymorphism and divergence do not depart from the
neutral expectation (see table 6).

The data reveal a very slight excess of amino acid
variation (N.I. = 1.3) when polymorphism from both
species of Drosophila is considered. There are no re-
placement polymorphisms in D. melanogaster and a sin-
gle one in D. simulans (N.I. = 0.0 and 4.0, respectively;
both not significant). Data for polymorphism and diver-
gence at the ND3 gene in mice (Mus domesticus vs. M.
spretus; Nachman, Boyer, and Aquadro 1994) and hom-
inids (humans vs. chimps; Nachman et al. 1996) are also
presented in table 6. The data for mice show a strong
and significant excess of amino acid polymorphism. The
data for polymorphism within both humans and chimps,
relative to divergence between these species, show a sig-
nificant departure from neutrality, although a test using
only human polymorphism is not significant (G,q; =
2.962, 0.05 < P < 0.10; Nachman et al. 1996). These
McDonald-Kreitman tests for the ND3 gene in mam-
malian species show considerably higher levels of ex-
cess amino acid variation (N.I. = 9.7, 6.2, and 4.43 for
mice, hominids, and humans only, respectively) than do
the comparable tests in flies. If corrections for multiple
hits are allowed, the difference is even greater since the
corrections have a greater effect on the number of silent
differences between species (see Nachman, Boyer, and
Aquadro 1994). Since the uncorrected tests are conser-
vative, the raw data are presented.

NDS5 Gene

Our earlier study found no overall departure from
neutrality using a McDonald-Kreitman test, although a
departure from neutrality was found in a localized re-
gion of the protein (Rand, Dorfsman, and Kann 1994,
fig. 2). Fifty additional sequences have been added:
three samples of 10 lines each of D. melanogaster, and
two samples of 10 lines each of D. simulans. The hap-
lotypes observed in these new samples, combined with
the earlier data from Rand, Dorfsman, and Kann (1994),
are reported in tables 3 and 4.

There are 21 polymorphic sites in the NDS5 se-
quences of D. melanogaster (13 silent and 8 replace-
ment; table 3) and 7 polymorphic sites in those of D.
simulans (4 silent and 3 replacement; table 4). In D.
melanogaster, the DNA haplotypes differ by up to five
nucleotides (M1 and M3) while the protein haplotypes
differ by at most three amino acids (MP8 vs. all others;
table 3). In D. simulans, the haplotypes differ by at most
six nucleotides and three amino acids. These data are
consistent with earlier results (Rand, Dorfsman, and
Kann 1994) indicating considerably more mtDNA poly-
morphism in D. melanogaster than in D. simulans (6 =
0.00298 = 0.0064 for D. melanogaster and 6 = 0.00118

Table 2

Polymorphic Nucleotide and Amino Acid Sites in the ND3 Gene of Drosophila melanogaster and D. simulans

D. SIMULANS

Variable

Amino

D. MELANOGASTER

Acid
Position

Variable Nucleotide Positions

Variable Nucleotide Positions*

3
9
2

o

Protein
HaplotypeP

DNA
Haplotype®

DNA
Haplotype®

S/R C/RY. ...
Consensus

N

4

Locality*

N

Locality®

N

Un e —

18
11

SP1
Sp2

O e <.

World, Z, Fl

Consensus

S1
S2
S4

World, Z, Fl

.Y, A
M3

NA, NG, SA

M.

NoTE.—N = sample size.

# Nucleotide and amino acid positions are numbered according to Garesse (1988) and figure 1.

® Haplotypes are identified with a letter (M for melanogaster, S for simulans) and a number. Protein haplotypes have a P added before the number.

¢ Arg = Argentina, B = Beijing, Fl

New Guinea, SA = South America, World = Diverse sample (see text), Z = Zimbabwe.

R0 4P ARSRL NSRS WRMIRIBA So A9 G0 SO GG LIPS LiRIO1HE/2qW/W00" dno-dlspedey/:sdny wol papeojumod

Mexico, NA = North America, NG

Florida, M =

4 For nucleotide sites, S = sitaQ R



Table 3
Polymorphic Nucleotide and Amino Acid Sites in the ND5 Gene of Drosophila melanogaster

VARIABLE NUCLEOTIDE POSITIONS?

VARIABLE AMINO ACID POSITIONS

1 1 1 1 1 1 1 1 1 1 1 1 1 1
DNA 1 2 2 2 5 6 6 6 8 8 9 o 0 1 1 1 2 3 3 4 4 PROTEIN 1 2 5 6 1 3 3 4
HaprLo- 6 1 2 4 2 5 8 8 1 4 3 S 6 2 3 8 3 0 6 4 7 HarLo- 6 1 2 8 8 0 6 4
TYPEP N LocaLiTyt 1 8 2 0 9 7 2 7 3 0 0 3 2 2 4 1 9 6 7 2 9 TYPEP N 1 8 9 2 1 6 7 2
S/R C/RY. ... R R § S R S R S S S § S S S S R S R R R S R C C€C C R R R C
Consensus. . . . G T A A T A T G T A A G C A C G G G A T T S N S I T P 1 N
Ml... ... 23 NA, A, B e e e e e e e e e e e e . . . . . . . . e MP1 46 . . . . . . .
M2...... ... 13 ZEEAB + =+ o G =« = o s o « « o« o« G . . . . . .
M3 ... .. 7 B e e e G s e e e O e . « G . . . . e C « MP2 7 . . . . . . . S
M4 ...... ... 2 Fl e e 4 s e e e e e e e e . . o A e . . .
MS . ... .. 1 Z e e e G s e e s e G e+ s e G o . . . . . .
M6 ......... 1 Z e s e« G s s+ e e e G e + T . . . . . . .
M7 ... ... 1 Z e C e G e e e e e e e e e . . . . . . . «  MP3 1 R . . . . . .
M8 ......... 1 CAf e o G G e s+ e e e e G . . . . . . .
MO ... ....... 1 F e e 4 G e s e e+ e e e« e e« G T . . . . .
MIO........ 1 Fl T ¢ S T T S . . . . . . . .
Ml ... .. 1 Fl A v s e e e e e e e e s . . . . . . . . «  MP4 1 E . . . . . .
MI2 ... 1 Fl s e e e e e e e e e e e . e A . . . . . MP5 1 . . . . I . . .
MI3 ... ... .. 1 B e e e e e e e A e e e e . . . . . . . . .
Mid .. ... 1 Fl e e e e s e e e e e e e . . . . . . . G
MI15........ 1 Cal . . . . . . . . . . . . . . . . . A . . . MP6 1 . . . . B T . .
MI6........ 1 Arg e e e e e e e s e e e e . . . . « G e «  MP7 1 . . . . . e T .
MI7 ... ... 1 ] e e e G e e e e e e e e e . . . . . . . .
MIS ........ 1 1 e e« G C ¢+ C e C s e e . . . . . . . . - MP8 1 . e G V o . . .

NoTe.—Data are for 59 sequences: 29 reported in Rand, Dorfsman, and Kann (1994) plus 30 new sequences from this study. N = sample size.

2 Nucleotide and amino acid positions are numbered according to figure 1 of Rand, Dorfsman, and Kann (1994).

" DNA haplotypes are identified with an M (for melanogaster) and a number. Protein haplotypes are identified with an MP (for melanogaster protein) and a number.

¢ A = Australia, Arg = Argentina, B = Beijing, CAf = Central Africa, Cal = California, E = Europe, Fl = Florida, I = India, J = Japan, NA = North America, Z = Zimbabwe.
4 For nucleotide sites, S = silent, R = replacement change; for amino acid sites, C = conservative, R = radical change.

/1 U0 Jasn sonsnp Jo uswpedsaq 'S'N Aq SHEZ0L/SEZ/9/S L /8101B/aqW/Wod dno"olWwspeoe)/:sdyy Wol) peapeojumoq
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Table 4

Polymorphic Nucleotide and Amino Acid Sites in the ND5 Gene of Drosophila simulans

VARIABLE NUCLEOTIDE POSITIONS?

VARIABLE AMINO
ACID POSITIONS

1 1 1 1 1 1 1
DNA 3 3 3 4 5 PROTEIN 3 5
HarLo- 9 1 3 3 7 1 HarLO- 9 3 1
TYPE® N LocAvriTy® 3 1 4 2 5 9 5 TYPE N 1 5 5
S/R C/RY. .. S R S S R S R C C C
Consensus . . A C A A A A C L I L
St.o........ 10 Z . . . . . . A SP1 10 . . F
S22, .. 8 World G . . . . . . SpP2 14 4 . . g
S3..... . 6 Fl, M . . . . . . . §
S4......... 4 NA, SA G . G G T G . SP3 4 . M *o
S5, .. 1 Fl G A G G T G . SP4 1 A M -8
—&—
NoTE.—Data are from 29 sequences: 9 reported in Rand, Dorfsman, and Kann (1994) pius 20 new sequences from this study. é"
2 Nucleotide and amino acid positions are numbered according to figure 1 of Ran, Dorfsman, and Kann (1994). 3
® DNA haplotypes are identified with an S (for simulans) and a number. Protein haplotypes are identified with an SP (for simulans protein) and a number. =
¢ Fl = Florida, M = Mexico, NA = North America, SA = South America, Z = Zimbabwe. g
d For nucleotide sites, S = silent, R = replacement change; for amino acid sites, C = conservative, R = radical change. =
3
2

* 0.0003 for D. simulans), despite similar levels of
maximal haplotypic divergence within each species (see
tables 3-5).

While the indices of neutrality indicate an excess
of amino acid polymorphism (N.I. > 2), no significant
departures from neutrality are detected in the complete
NDS5 data set (see table 6). This result holds if one con-
siders polymorphism in a single species relative to di-
vergence from a single haplotype of the other species
(data for 59 D. melanogaster: 15 fixed replacement (FR)
and 52 fixed silent (FS) sites vs. 8 polymorphic replace-
ment (PR) and 13 polymorphic silent (PS) sites (G,q; =

1.036, N.S.; N.I. = 2.13; data for 29 D. simulans: FR
= 15 FS = 52; PR = 3; PS = 4; G,4; = 1.166, N.S;
N.I. = 2.60).

The different samples of flies from distinct geo-
graphic localities have different levels of nucleotide
polymorphism and clear patterns of population differ-
entiation (Rand, Dorfsman, and Kann 1994; unpublished
data; see tables 3 and 4). If one excludes the sample of
D. melanogaster from Florida, a significant excess of

amino acid polymorphism is detected with the M-
Donald-Kreitman test. The remaining 49 D. melanog@s-
ter lines vs. 29 D. simulans lines show FR = 15 | FS
= 55,PR = 11, and PS = 13 (G,q; = 4.87, P < 0.65;
N.I. = 3.10). However, a “‘balanced” comparison of 30
lines each from the Florida and Zimbabwe samples frgm
both species revealed no departure from neutrality (ER
=15, FS = 52, PR = 6, PS = 12; G = 0.87; G,4>=
0.42, P < 0.52; N.I. = 1.73). If data from the ND3 and
NDS5 genes in Drosophila are combined into a sm§e
McDonald-Kreitman test, there is no significant depar-
ture from neutrality (FR = 17; FS = 65; PR = 12; ﬁS
= 21; G,y = 2.850, N.S; N.I. = 2.18). M
ND35 sequences from three humans and the coﬁl-
mon chimpanzee are available from the complete ge-
quences of three human mitochondrial genomes (Hogai
et al. 1995; an African, a Japanese, and the ‘“‘Cam-
bridge” sequence [Anderson et al. 1981]). There is$n
apparent excess of amino acid polymorphism at ND5gin
humans (N.I. = 2.09), but the McDonald-Kreitman tgst
is not significant (table 6).

,?,

S,

s

Table 5 @

Nucleotide Diversity at the NDS Gene in D. melanogaster and D. simulans 8

No. of E

Sites S8 PnP ° gd Tajima’s D¢ H' °

D. melanogaster (n = 59) 3

All sites. ........... 1,515 21 0.01386 0.00149 0.00298 —1.564 0.7802 >

Silent sites ......... 284 13 0.04577 0.00638 0.00985 —1.029 0.7234 @

Replacement sites. . . . 1,231 8 0.00650 0.00036 0.00140 —1.954* 0.3763 &

D. simulans (n = 29) %

All sites............ 1.515 7 0.00462 0.00149 0.00118 0.784 0.7420 ™
Silent sites ......... 284 4 0.01408 0.00493 0.00359 0.968 0.5898
Replacement sites. . . . 1,231 3 0.00244 0.00068 0.00062 0.212 0.6278

NoTE.—* indicates significance at the 0.05 level (Simonsen, Churchill, and Aquadro 1995).

2 § = the number of variable sites.
»Pn = the proportion of variable sites.

¢ @ = heterozygosity based on average pairwise proportion of differences between sequences.

48 = heterozygosity based on variable sites (Watterson 1975).
¢ Tajima’s D is from Tajima (1989).
TH =1 — % x? where x, is the sample frequency of the ith haplotype.



Table 6
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Silent and Replacement Differences Within and Between Species

DrosopHILA ND3?

MAMMALIAN ND3P

Fixed Polymorphic Fixed Polymorphic Fixed Polymorphic
37 mel. vs. 29 sill sim. Mus domesticus vs. M. spretus 61 Humans vs. 5 Chimps
Replacement . ........ 2 1 2 11 4 8
Silent............... 13 23 13 31 10
Neutrality Index . ... .. 1.30 9.73 6.20
Gagio o vvvininenen 0.031, N.S. 9.263, P < 0.002 6.747, P < 0.02
DrosopHiLA ND5 HoMINID ND5¢

59 mel. vs. 29 sill sim.

3 Humans vs. Chimp

Replacement . ........ 15 11 51 5
Silent............... 52 17 143 7
Neutrality Index ... ... 2.24 2.00

G 2.659, N.S. 1.179, N.S.

DrosopHiLa Cyt b4

HoMinID CYT®

17 mel. vs. 16 sill sim.

3 Humans vs. Chimp

Replacement . ........ 1 4 27 5

Silent............... 47 7 102 5

Neutrality Index . ..... 26.86 3.78

Gugio v oo 8.505, P < 0.005 3.494, N.S.
DrosorhILA HoMINID

ND3 + ND5 + Cyrb

ND5 + ND3 + CyT b ALL MITOCHONDRIAL PROTEINS®

59 (17) mel. vs. 29 (16) sl sim.

3 Humans vs. Chimp
3 Humans vs. Chimp

Replacement ......... 18 16 80 21 179 31

Silent............... 112 29 268 25 915 55

Neutrality Index ... ... 343 2.81 2.88

Gagjo v vvoveeeeeene 9.446, P < 0.002 9.716, P < 0.01 17.519, P < 0.0005
amel. = D. melanogaster; sim. = D. simulans.

b Mammalian ND3 data for mice (56 Mus domesticus vs. | Mus spretus) are from Machman, Boyer, and Aquadro (1994), and data for humans are from Nachman

et al. (1996).

¢ Hominid ND3, ND3, Cyt b, and all mitochondrial protein data are from Horai et al. (1995) and Nachman et al. (1996).
d Drosophila Cyt b data are from Ballard and Kreitman (1994); values reported here reflect only the D. melanogaster haplotypes and the siI haplotypes for D.

simulans.

Cytochrome » Gene

Ballard and Kreitman (1994) reported a significant
excess of amino acid polymorphism in the D. melano-
gaster subgroup for cytochrome b (FR = 10; FS = 97;
PR = 6, PS = 12; G,q; = 5.846, P < 0.05; N.I. = 4.85).
This comparison, however, scored the differences be-
tween the sil, sill, and siIII mtDNA haplotypes of D.
simulans as polymorphisms. If one uses only the sill
data from Ballard and Kreitman’s study, the McDonald-
Kreitman test shows a stronger departure from neutrality
(table 6). Since this latter sample of flies from Ballard
and Kreitman’s (1994) study is most comparable to that
from Rand, Dorfsman, and Kann (1994) and the current
study, there does appear to be a difference between the
NDS and cytochrome b genes in the degree to which
they depart from neutral expectations. Notably, in cy-
tochrome b there is only a single amino acid difference
fixed between D. melanogaster and D. simulans sill, but
there are four polymorphic amino acid sites. This leads
to a very high neutrality index (26.86). If the ND3,
ND5, and cytochrome b data are pooled, the combined
data show a significant excess of amino acid polymor-

phism (table 5). Using the published sequences of three
complete human mtDNAs (Horai et al. 1995; Nachman
et al. 1996), the cytochrome b gene does not depart from
neutrality (table 6).

All Protein-Coding Genes in Human mtDNA

If one combines the ND3, NDS5, and cytochrome &
genes from humans, there is a significant departure from
neutrality (table 6). Pooling all the protein-coding genes
for three mtDNAs (African, Cambridge, and Japanese;
Horai et al. 1995; Nachman et al. 1996), the McDonald-
Kreitman test is highly significant (table 6). Figure 2
shows the patterns of silent and replacement polymor-
phism (per silent or replacement site, respectively) at
each of the human mitochondrial genes. Also plotted is
the neutrality index for each gene. Two general points
should be noted: (1) Silent polymorphism, and the neu-
trality index, varies considerably across genes, and (2)
the neutrality index is greater than 1.0 for 11 of the 12
genes showing replacement polymorphism (N.I. for
ND4 = 0.93, the CO2 and ND4L genes show no re-
placement polymorphism, and only CO1 and ND6 show

220z ¥snBny /| uo Josn so)snr Jo Juswpedaq ‘S'N AQ SyYEZ0L/SEL/9/E L/OI0IIE/aqW/Woo"dNodlWapesE//:Sd)Y WOl POPEOjUMOQ
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FIG. 2.—Silent, replacement and neutrality variation among genes
in human mtDNA. Silent and replacement polymorphism is calculated
as the number of variable silent (replacement) sites per effectively si-
lent (replacement) site (see Li and Graur 1991). The neutrality index
is described in the Materials and Methods. The asterisk (*) indicates
a significant excess of amino acid polymorphism using the McDonald-
Kreitman Test (P < 0.05). Sequence data are from Horai et al. (1995)
and Nachman et al. (1996).

D. melanogaster

significant excesses of replacement polymorphism).
Hence, in this sample of three complete sequences, ex-
cess amino acid variation is a general trend for human
mtDNA, and the level of this excess varies among
genes.

Nucleotide Site Frequencies and Diversity in
D. melanogaster

One prediction of the nearly neutral theory (Ohta
19924) is that mildly deleterious polymorphisms should
not reach appreciable frequencies in the populationy
whereas neutral polymorphisms should range from rar%

to intermediate frequenmes As a result there should bB'
a lower variance in feran(‘v of mlldlv deleterious vn%

iants. The frequency spectra of silent and replacemerit
nucleotide sites provide possible tests of these predu%
tions. Figure 3 shows the frequencies of silent and re=
placement nucleotide positions in the ND5 gene of @“
melanogaster and D. simulans. The frequency of thg
highest-frequency silent site is significantly greater thag
that of replacement sites (95% confidence limits a
nonoverlapping; Rohlf and Sokal 1981, table 23). The
silent sites also show significantly higher variance Lg
frequency than replacement sites (Var(p)y,, = 0.0205
Var(p)rephlLemem 0.0013; an = 16.023, P < 0.001)2
There i3 an excess of low-frequency polymo
phisms at silent sites at the ND5 gene in D. melanos
gaster, but it is not significant (Tajima’s (1989) D =
—1.0292; see table 5). At replacement sites, howeve
there is a significant excess of low-frequency polymot&

Silent

Frequency

: 2334| B ES 2
S N 0N N NN C o N = 00 N~ O
T N = N N W e N D o < o o o O O
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Fic. 3.—Frequency spectra for silent and replacement polymorphisms in the NDS gene of D. melanogaster and D. simulans. (A) Silent
sites, and (B) replacement sites in D. melanogaster. (C) Silent sites and (D) replacement sites in D. simulans.



phisms as revealed by Tajima’s test (D = —1.9549, P
< 0.05). The haplotypic diversity at ND5 in D. mela-
nogaster is greater for silent haplotypes than for replace-
ment haplotypes, consistent with stronger purifying se-
lection at replacement sites (table 5). While the presence
of fixed differences at both silent and replacement sites
between geographic populations of D. melanogaster
(unpublished data; see table 3) clouds the interpretation
of these statistics, such patterns should increase Tajima’s
D. Hence the negative Tajima’s D’s reported may be
conservative.

Nucleotide Site Frequencies and Diversity in
D. simulans

The patterns of nucleotide frequencies and diversity
at the NDS5 gene in D. simulans are very distinct from
those in D. melanogaster (see fig. 3). Tajima’s D is pos-
itive for both silent and replacement sites, and the hap-
lotypic diversity is greater for replacement sites than for
silent sites (table 5). While neither of these comparisons
of silent and replacement sites are significant, these pat-
terns are opposite in direction from those in D. mela-
nogaster. Given the low level of nucleotide variability
in the mtDNA of D. simulans (Baba-Aisa et al. 1988;
Hale and Singh 19914, 1991b; Ballard and Kreitman
1994; Rand, Dorfsman, and Kann 1994), it is difficult
to compare the frequency spectra in the two species.
Moreover, a history of selection and the presence of two
subtypes within the siII haplotype (Rand, Dorfsman, and
Kann 1994) have left a more complex backdrop of nu-
cleotide polymorphism upon which the footprint of
mildly deleterious variation can be inferred.

Polymorphism and Divergence at Silent,
Replacement, and Amino Acid
Charge-Altering Sites

The patterns of polymorphism and divergence at
silent (synonymous) and replacement (nonsynonymous)
sites in the ND5 gene in D. melanogaster and D. si-
mulans are plotted in a “sliding window” analysis in
figure 4. The data were generated by sliding a window
spanning approximately 300 nucleotide sites across the
data set of 59 D. melanogaster and 29 D. simulans se-
quences. Figure 44 extends our earlier findings of vari-
able levels of fixed differences between species across
the ND5 gene for these two types of sites. One new
replacement polymorphism has been uncovered near the
carboxyl terminal of the D. melanogaster and D. simu-
lans genes (positions 1442-Beijing and 1515-Zimbabwe,
respectively). These polymorphisms strengthen the de-
parture from neutrality in this region of the ND5 gene
(left side of fig. 2 in Rand, Dorfsman, and Kann 1994;
fig. 4 of this report).

If one considers only the amino acid replacement
sites, these can be classified as “conservative” or “rad-
ical” changes with respect to amino acid charge or po-
larity (see Materials and Methods). Figure 4B presents
the sliding window analysis for these two types of
changes that are fixed between D. melanogaster and D.
simulans at the ND5 gene. In the amino terminal region
of the protein (right side of fig. 4), the majority of amino

Excess Amino Acid Polymorphism in mtONA 743

acid substitutions result in charge or polarity differences.
This qualitative observation is not significant using a
McDonald-Kreitman-type test (using the notation where
the first letter [P or F] indicates polymorphic within or
fixed between species and the second letter [R or C]
indicates radical or conservative with respect to charge
or polarity, from position 2105 to 2839, FR = 8§, FC =
5PR=1,PC=2 G =079, NL = 0.31).

Figure 4C presents a sliding window analysis of
the polymorphic nucleotide sites within D. melanogas-
ter. Consistent with our earlier results, there is a slight
excess of replacement (nonsynonymous) polymorphisng
and a slight excess of radical amino acid polymorphismg
in the carboxyl terminal end of the gene (left side of figh
4). This excess is not significant (from position 1340 t&:
2090, FR = I, FC =2, PR =3, PC=1,G = 1.248
N.I. = 6.0). However, the amino and carboxyl halves b
the ND5 gene show very different patterns of conseg
vative and radical amino acid variation. From positiof:
1340 to 2090 there are three polymorphisms and on8
fixed difference classified as radical; from position 210
to 2839 there is one polymorphism and eight fixed difs'
ferences classified as radical. This contrast is mgmhcan%
(Gagg = 4486, P < 0.05). It appears as if the aming
terminal half of the ND5 gene has experienced acceEB
erated radical amino acid divergence, while the carboxyi
terminal half exhibits excess radical amino acid polys
morphism. It is difficult to account for these patterns bg:
invoking a single evolutionary force.

Discussion

LIGELIOIEL/RI

Polymorphism data for mitochondrial genes fror@
both Drosophila and humans show a significant excess
of amino acid polymorphism relative to that expected‘
from the patterns of divergence at silent (synonymou
and replacement (nonsynonymous) sites (¢f. McDonal
and Kreitman 1991). This general statement for pooledy
data from multiple genes is supported qualltatlvely bg
polymorphism data at individual genes in Drosophilg
and human mtDNA. Of the 18 genes discussed in thig
study (4 in Drosophila, 1 in mice, and 13 in humansj
15 show an excess of amino acid polymorphism over
that expected from a strictly neutral model, although sig%f;-
nificant excesses are not observed in all cases. In flies)
the ND3 and ND5 data are not significant while th&
ATPase 6 and cytochrome b data are significant (Kaneke
et al. 1993; Ballard and Kreitman 1994, respectivelys
see table 6). In humans only the ND6 and COI data arg-
significant (the ND3 data are significant when chlmpang
zee polymorphism is included; Nachman et al. 1996)—*
Thus, two general questions need to be addressed: (1%
How does one account for an excess of amino acid poly™
morphism in mtDNA and (2) how does one account for
apparent differences between genes and among taxa in
the degree of departure from neutral models?

Excess amino acid variation could be due to some
form of balancing selection acting on mtDNA. While
theory suggests that it is difficult to maintain mtDNA
variation by selection (Clark 1984; Gregorius and Ross
1984), some forms of frequency-dependent selection
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Fi6. 4—Sliding window analysis of nucleotide and amino acid changes in the NDS5 gene. A window of approximately 300 bp was moved
across the complete data set of 59 D. melanogaster sequences and 29 D. simulans sequences and nucleotide positions were scored as silent
(synonymous) or replacement (nonsynonymous) with respect to the mitochondrial code. For those sites exhibiting amino acid changes, the sites
were scored as either conservative with respect to charge (conservative) or charge-altering (radical). (A) nucleotide divergence between D.
melanogaster and D. simulans; open dots represent silent divergence, solid dots represent replacement divergence. (B) Amino acid divergence
between D. melanogaster and D. simulans with open dots indicating conservative, and solid dots representing radical changes. (C) Nucleotide
polymorphism in D. melanogaster only, with open and solid dots as in A. (D) Amino acid polymorphism in D. melanogaster only with open
and solid dots as in C. The numbering of the X-axis is according to Garesse (1988) and figure 2 of Rand, Dorfsman, and Kann (1994). See

table 1 and figure 1 of Rand, Dorfsman, and Kann (1994) for conversion to a reversed order. Note the different scales on the vertical axes.



(Brooks and Curtsinger 1996) or marginal “overdomi-
nance” (e.g., Levene 1953) might maintain amino acid
polymorphism in mtDNA. If such modes of selection
are (or have been) operating, one should see an excess
of high-frequency polymorphism in DNA sequence
data. Moreover, one might expect some replacement
polymorphism to be at high frequency. The data from
D. melanogaster are not consistent with this prediction
since replacement sites exhibit a significant excess of
low-frequency polymorphisms (silent sites have a neg-
ative Tajima’s D, but it is not signiﬁcant table 5). In D.
simulans, 1aj1ma> D’s are p()Sltlvc for silent and re-
placement sites, although neither is significant. The
slight excess of high-frequency polymorphisms is due
to the presence of two distinct subtypes within the si/II
mtDNA haplotype (Rand, Dorfsman, and Kann 1994).
While this pattern suggests balancing selection in D. si-
mulans mtDNA, there is a deficiency of mtDNA poly-
morphism in this species resulting from some history of
selective sweeps or background selection, possibly me-
diated by an endosymbiont (Ballard and Kreitman 1994,
Rand, Dorfsman, and Kann 1994). It is difficult to ac-
commodate balancing selection in the face of reduced
variation in a nonrecombining genome. Overall, it seems
unlikely that balancing selection has played a significant
role in generating the pattern of excess amino acid vari-
ation in the mtDNA D. melanogaster and D. simulans.

An alternative explanation is that amino acid poly-
morphisms are mildly deleterious and accumulate as
short-lived polymorphism within species, but do not per-
sist in the population long enough to become fixed and
contribute to sequence divergence between species. This
“nearly neutral” argument (Ohta 19924, 1992b) has
been invoked to account for excess amino acid variation
in the mtDNA of mice and humans (Nachman, Boyer,
and Aquadro 1994; Nachman et al. 1996). Under this
mildly deleterious scenario, mtDNA polymorphism is
governed by negative selection coefficients whose ab-
solute values are approximately the reciprocal of the ef-
fective population size for mtDNA (N,; the effective
breeding number of females). As such, the selection co-
efficients are neither sufficiently weak such that replace-
ment mutations would drift as effectively neutral vari-
ants (i.e., [s| < 1/N,y), nor sufficiently strong such that
replacement mutations would be eliminated rapidly from
the population (i.e., [s| > 1/N,¢). Notably, the variation
in selection coefficients is a crucial factor in determining
“nearly neutral” dynamics as this is indicative of the
constancy of selection (Ohta 1992a). Tachida (1991) de-
fined the nearly neutral range as 3 = 4No? = 0.2 (for
nuclear genes), where N is effective population size and
o2 is the standard deviation of the selection coefficient.

Under the nearly neutral theory, effective popula-
tion size will alter the fixation probability and levels of
polymorphism at functionally constrained sites (DeSalle
and Templeton 1988; Ohta 1992a; Lynch 1996). A po-
tentially powerful test of the mildly deleterious model
would be to compare levels of silent and replacement
polymorphism in related species with distinctly different
effective population sizes (N,.). Due to differences in the
efficacy of selection, a negative relationship between N,
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and the rate of amino acid divergence is predicted (Ohta
1995), and this should hold for amino acid polymor-
phisms as well (see Akashi [1995] for an example of
presumably deleterious silent sites). It is suggestive that
replacement (and total) polymorphism in D. simulans is
lower than that of D. melanogaster at the ND5 gene (see
table 5), given the lower N, of the latter species (e.g.,
Aquadro, Lado, and Noon 1988). However, the presence
of two distinct subtypes of mtDNA and reduced varia-
tion within the sill haplotype in D. simulans presents
problems for the 51mp1e explanatlon mvokmg more 6:5—
fective UaCngrouuu selection in D. simulans. ocqucnée
surveys from other species in the D. melanogaster suE—
group may help in testing the correlation between %
fective population size and silent vs. replacement polic-
morphism. g
The frequencies of silent and replacement poly-
morphisms may also shed light on the mildly deleteriofds
model of evolution. While certain “‘silent’ sites are u?-
doubtedly under some functional constraints (e.g., Aka-
shi 1995; unpublished data), on average, silent pol§-
morphisms are more likely to be governed by neutral
forces than replacement polymorphisms. As such, silent
polymorphisms should drift to higher frequencies, e3-
hibit a wider range of frequencies, and show a less
treme Tajima’s D than replacement sites. These patterirs
are observed in D. melanogaster (fig. 3 and table 5).o°
Despite the apparent fit of the data to the neal%'y
neutral model, Nachman et al. (1996) note that it is d&
ficult to attribute the excess of amino acid polymd-
phism to mildly deleterious evolution vs. a recent relazg-
ation of selection. Given that Drosophila and mice auie
commensal with humans, a relaxation of selection seem>s
plau51ble in the recent evolutionary pasts of these spﬁ
cies. A recent expansion of population size, possibiy
associated with relaxed selection, could also generate-a
skew toward low-frequency polymorphisms (Rogers and
Harpending 1992). In either case, it is unclear whethgr
“low” frequencies in a sample of 59 sequences are con-
sistent with the evolutionary effects implied under ““déj-
eterious” or ‘“‘relaxed” selection. Alternative modefs,
and combinations of models, may better account for the
data (Gillespie 1994, 1995). Theoretical studies contra%f-
ing the values of Tajima’s D for silent vs. replaceme@t
sites under various models of mildly deleterious evol;u-
tion vs. relaxed selection would be very informative in
light of the recent empirical data.

Variation Among Genes

ny /| uo

Why should some genes show significant excess ‘g»f
amino acid polymorphism and others not? Some of the
variation among genes in the significance of the M@-
Donald-Kreitman tests may relate to the different effects
of linkage on polymorphism vs. sequence divergence.
The lack of recombination in mtDNA should impose
constraints such that the patterns of polymorphism ex-
hibited by individual genes are governed by the net ef-
fect of (for example) diversifying vs. purifying selection
across mtDNA. Birky and Walsh (1988) observed, how-
ever, that linkage does not affect rates of divergence (see
also Begun and Aquadro 1992). Some of the among-
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gene variation (e.g., fig. 2) may be caused by these dif-
ferent consequences of linkage. This effect could also
explain the contrasting patterns of charge-altering poly-
morphism and divergence within the NDS5 gene that
have the appearance of effects opposing selective forces
(e.g., fig. 4). Additional sequence surveys of other genes
are needed to determine whether comparable patterns at
the among-gene level are common, whether there is a
high sampling variance to the 2 X 2 tests, or whether
excess amino acid polymorphism is the rule for all mi-
tochondrial genes (see table 6).

Variation Among Taxa

Why should the same gene in different organisms
(ND3 in flies and mammals) show such dramatically
different levels of amino acid polymorphism? A possi-
ble explanation is a difference in mutation rate stem-
ming from different thermal habits (e.g., Martin, Naylor,
and Palumbi 1992; Rand 1994). Both the rate of ND3
evolution and the level of nucleotide polymorphism is
higher in mice and humans than in flies (see above and
Nachman, Boyer, and Aquadro 1994). If mutation were
the primary cause, one would expect the contrast be-
tween flies and mammals to carry over to all mitochon-
drial genes. While the data are limited, this is not gen-
erally the case (compare the ND5 and cytochrome &
genes in flies and humans; table 6). Mutation rate alone
is by no means the primary effect of differences in met-
abolic rate (Martin and Palumbi 1993). Notably, Adachi,
Cao, and Hasegawa (1993) provide support for changes
in functional constraint, rather than mutation, as an ex-
planation for faster mtDNA evolution in mammals.
Thus, the contrast between flies and mammals at ND3
may reflect subtle changes in the function of homolo-
gous genes in different thermal contexts.

The different patterns at ND3 in flies and mammals
may also relate to differences in effective population
size. Amino acid variants that might drift as neutral or
nearly neutral variants in small deme-structured popu-
lations of mice could be effectively eliminated from
populations of Drosophila where N, may be two orders
of magnitude larger (e.g., Ohta 1992a, 1992b). While
this explanation is appealing in light of the nearly neu-
tral theory, this pattern should also carry over to all
genes in mtDNA. Variation among genes in the levels
of excess amino acid variation presents a problem for a
simple explanation based on more effective selection.
The present data are too limited to rigorously test the
relationship between excess amino acid polymorphism
and effective population size. However, a compilation
of RFLP data from mtDNA does suggest a possible re-
lationship. Avise (1992, fig. 9) shows for a variety of
marine species that the discrepancy between organismal
population size and N, estimated from mtDNA poly-
morphism increases as organismal population sizes in-
crease. More effective selection against mildly delete-
rious variation (or stronger selective sweeps) could ac-
count for this pattern.

In conclusion, it appears that levels of mtDNA
variation within species cannot be predicted accurately
from the patterns of divergence between species, and

that selection is in part responsible for this discrepancy.
Further contrasts of silent and replacement polymor-
phisms in other species promise to be very informative
about mtDNA evolution.
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