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ABSTRACT
We sequenced the NADH dehydrogenase subunit 3 (AD3)gene from a sample of 61 humans, five
common chimpanzees, and one gorilla to test whether patternsof mitochondrial DNA (mtDNA) variation are consistent
with a neutral modelof molecular evolution. Within humans within
and chimpanzees,
the ratio of replacement to silent nucleotide substitutions was higher than observed in comparisons
between species, contrary to neutral expectations. To test the generality of this result, we reanalyzed
published human FWLP data from the entire mitochondrial genome. Gains of restriction sites relative
to a known human mtDNA sequence were used to infer unambiguous nucleotide substitutions.
We also
compared the complete mtDNA sequences of three humans. Both the RFLP data and the sequence
data reveal a higher ratio of replacement to silent nucleotide substitutionswithin humans than is seen
between species. This patternis observed at most or all human mitochondrial genes andis inconsistent
with a strictly neutral model. These data suggest that many mitochondrial protein polymorphisms are
slightly deleterious, consistentwith studies of human mitochondrial diseases.

A

basic aim of population genetics is to understand
the forces that shape and maintain genetic variability in nature. This is important not only for understanding how evolution proceeds, but also for choosing
appropriategenetic markers forpopulation studies.
The neutral theory serves as a useful null hypothesis
for studies of genetic variation because it makes simple,
testable predictions.
The neutral theory asserts that most mutations are
(KIMURA
not in fact neutral,butrather,deleterious
1983). However, those mutationsthat
survive long
enough to be sampled are postulated to be equivalent
with respect to fitness. Under this hypothesis, the
amount of variation within a species is determined by
the neutral mutation rate and the effective population
size. The amount of divergence between species is determined by the neutral mutation rate
and the time
since divergence (and to a small extent, the effective
population size). One prediction of the neutral theory
is that the amount of variation within species will be
correlated with the amountof divergence between species for differentgenes or generegions. This prediction
forms the basis of several statistical tests of neutrality
that utilize DNA sequencedata (.g., HUDSONet al.
1987; MCDONALDand KREITMAN 1991).
Mitochondrial DNA (mtDNA) is used extensively as
a marker in evolutionary studies; implicit in these studies is the assumption that it is a neutral marker. This
assumption is important for such things as measuring
1985), estimating effective populagene flow (SLATKIN
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tion size (WILSON
et al. 1985), detecting populationsubdivision (AVISEet al. 1987), and dating events using a
molecular clock (CANNet al. 1987).
A number of studies have compared patterns of FWLP
variation in human mtDNA to the predictions of neutral,
equilibrium models (e.&,WHITTAM
et al. 1986;.EXCOFFIER
1990;MERRTWETHER
et al. 1991) and foundfewer intermediate-kequency variants than expected using WATTERSON'S testofhomozygosity
(1978) or TAJIMA'Stest
(1989). While these findings are inconsistent with a neutral, equilibrium model, it is unclear whether the deviations arisefrom nonequilibrium conditions (e.&, a recent
population expansion), nonneutralconditions (e.&, a selective sweep of a mtDNA haplotype), or both.
More recent studies have used DNA sequence data
to test the hypothesis that mtDNA variation is neutral.
NACHMANet al. (1994) sequenced the NADH dehydrogenase subunit 3 (m3)
gene in 56 wild M u s domesticus,
two M. musculus and one M. spretus and found that the
ratio of replacement to silent nucleotide differences
was significantly greater within species than between
species. This result is inconsistent with neutral expectations and cannot be explained by nonequilibrium conditions alone. In Drosophila, nonneutral patterns have
been documented forNADH dehydrogenase subunit 5
(m5)
(RAND et al. 1994), cytochrome b (BALLARD
and
KREITMAN 1994), and ATPase6 (KANEKO et al. 1993).
These studies detected avariety of complicated patterns
that may be due to several different factors. Common
to all three studies, however, was the finding of higher
ratios of replacement to silent changes within species
than between species either for all or part of the genes
in question.
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The present study was undertaken to furtheraddress
the generality of this result. We are interested in two
questions: Is the high ratio of replacement to silent
polymorphisms that is seen in mice and flies also seen
in humans and chimpanzees? Is this nonneutral pattern
common to other mitochondrialgenes? To address
these questions, we have sequenced the NLI? gene in
61 humans from around the world, five common chimpanzees, and one gorilla. Comparisons of replacement
and silent nucleotide differences within and between
species reject a strictly neutral model as an explanation
for the evolution of this gene in humans and
chimpanzees. To see if this result is common to other mitochondrial genes, we reanalyzed previously published RFLP
data from the entire mitochondrial genome of 147 humans (CANNet al. 1987). Specific nucleotide changes
were inferred from gains of restriction sites relative to
the Cambridge sequence (ANDERSON et al. 1981). We
havealso comparedtheentire
mtDNA sequence of
three humans (ANDERSON et al. 1981; OZAWA
et al. 1991;
HORAIet al. 1995). Comparison of these polymorphism
data with divergence data from published chimpanzee
and gorilla sequences (HOM et al. 1995) reveal an excess of amino acid polymorphisms throughout the human mitochondrial genome.
MATERIALSAND METHODS
Samples and DNA preparation: DNA samples for humans
(Homo sapiens) and the single gorilla (Gorllla godla) were pre-

pared and used inearlierstudies
as described by BROWN
(1980) and STONEKING
et al. (1990). The 61 human samples
included 10 Negroid Africans, 10 Khoisan Africans, 10 Papua
New Guineans, 4 African Americans, 23 Caucasians, and 4
Chinese. The five chimpanzees (Pun troglodytes) were wild
caught from unknown locations in West Africa; tissue samples
were obtained from North
American primate research centers
and DNA samples were kindly provided by T. MELTON.Three
major subspecies of Pan troglodytes are currently recognized:
P.t. troglodytes, P.t. schweinfurthii, and P.t. verus. In the wild,
these subspecies are geographically isolated yet morphologically indistinguishable. The geographic origin of most captive
chimpanzees in the US., including those in our sample, is
unknown. However, the amount of sequence divergence between chimpanzee haplotypes reported below (see RESULTS)
suggests that at least two subspecies are present among the
five individuals (MORINet al. 1994).
PCR amplification and DNA sequencing: A 563-bp fragment encompassing the entire AD? gene was PCR amplified
(SAIKIet al. 1986) in all individuals. The following primers
were used in all amplifications: L9986 (5”GTATGTCTCCATCTATTGATGAGGG3’) and H10500 (5”TTCCTAGAAGTG
AGATGGTAAATGC-J‘),where L and H denote thelight and
heavy strand of the mitochondrial genome, and numbers
correspond to the position of the 3’ base of each primer in the
published human sequence (ANDERSON
el al. 1981). DNA was
amplified in 40 thermal cyclesof 94” for 1 min, 55” for 1
min, and 72” for 3 min in 100 p1 reaction volume with Taq
polymerase (Perkin-Elmer-Cetus) with conditions as specified
by the supplier. PCR products were precipitated with ammonium acetate and resuspended in 30 pl ddH,O for direct double stranded di-deoxy sequencing (SANGER
et nl. 1977) as preet al. 1994). Each PCR reaction
viously described (NA(:HMAN

provided sufficient product fortwo sequencing reactions. The
AD? gene is 345 bases long, and bothstrands were sequenced.
Sequencing primers were: L9986 (25 mer),L10023 (17 mer),
H10500 (25 mer), H10353 (17 mer), H10354 (18 mer), and
HI0195(19mer),
with primer designations as described
above andprimer sequences taken from ANDER~ON et al.
(1981). All primers worked on each species except H10353,
which did not sequence chimpanzee DNA and was therefore
substituted with H10354.
Analysis of ND3 data: Sequences were aligned by hand and
the number of replacement and silent nucleotide substitutions were counted. Nucleotide diversity (x)was calculated
for each species (NEI andLI 1979). Totest the neutral expectation that the ratio of replacement to silent substitutions
should be the same within and between species (MCDONAI.I)
and KREITMAN 1991), replacement andsilent polymorphisms
and fixed differences were calculated at ND?. The use of fixed
differences in this test has strong theoretical support (SAWYER
andHARTI. 1992). Within species, polymorphisms were
counted as the number of segregating sites. Between species,
differences were counted two different ways; namely as fixed
differences between humans and chimpanzees and the total
number of between-species substitutions occurring along the
branches of atree connecting humans, chimpanzees, and
gorilla. Fisher’s exact tests were used to test the null hypothesis of equal ratios of replacement tosilent substitutionswithin
and between species.
Analysis of RFUP and sequence data from the literature:
Two different measures of mtDNA polymorphisms within humans were obtained from analyses of two different datasets.
First, we reanalyzed the published RFLP data of CANNet al.
(1987). Their survey included mtDNA from a worldwide sample of 147 humans, including 20 Africans, 34 Asians, 46Caucasians, 21 aboriginal Australians, and 26 aboriginal New Guineans. MtDNAwas purified, cut with 12 restriction enzymes
(HpaI, AvaII,FnuDII, HhaI, HfaII, MboI, TaqI, RsaI, HinfI,
HaeIII, AluI, and DdeI), and subjected to high resolution mapping by comparison with the complete human mtDNAsequence (ANDERSON et al. 1981). Restriction sites in CANN el
nl. (1987, Figure 3) that were gained relative to theCambridge
et al. 1981) were used to infer specific
sequence (ANDERSON
nucleotide substitutions. Fifty-six nucleotide substitutions
were inferred this way, lying in 12 of the 13 protein coding
genes. To investigate departures from neutrality in the frequencydistribution of polymorphisms within humans, we
used the test of Tajima (1989). This was done for replacement
and silent sites in African and non-African populations. For
a second estimate of replacement and silent polymorphisms
within humans, we compared thecomplete mtDNA sequences
of three humans: a European (ANDERSON
et al. 1981), a Japaet al. 1991) and an African (HORAIet nl. 1995).
nese (OZAWA
While this sample isvery small ( n = 3) compared with the
RFLP sample ( n = 147), the number of polymorphic sites
observed among the three sequences (86 sites, see RESUIII’S)
is actually greater than the number of polymorphic sites observed among the 147 restriction-mapped mtDNAs (56 sites,
see RESULTS). Comparisons between human,chimpanzee,
and gorilla for the entire mtDNA genome were done as described above for ND?, using published sequences (HORAIet
al. 1995).
RESULTS

N D 3 The aligned nucleotide and amino acid hD3
sequencesfor human, chimpanzee, and gorilla are
shown in Figure 1. For humans and chimpanzees, consensus sequences are shown; for gorilla, the sequence
from the single individual in our sample is shown.
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FIGURE1.-Aligned nucleotide and amino acid sequences of human (Hs), gorilla (Gg), and chimpanzee (Pt). Single letter
amino acid codes are used. Dots indicate identity; only differences are shown. The human and chimpanzee sequences are
consensus sequences. Polymorphisms within species are indicated by lower case letters, and alternate states are shown in Tables
1 and 2. Coordinates are from the Cambridge sequence (ANDERSON et al. 1981).

Within humans ( n = 61) we observed 14 haplotypes
and 1 1 polymorphic sites (Table 1). Four of the 11
polymorphisms were at replacement sites, and nucleotide diversity for the entire sample was 7r = 0.39%. Phylogenetic analysis of these data with branch-and-bound
searches using PAUP (SWOFFORD
1993) revealed 27
equally parsimonious unrooted networks, one of which
is shown in Figure 2. There aretwo common haplotypes
(1 and 2),distinguished by a single replacement substitution, and most other haplotypes are present at low
frequencies. In the network shown, convergent substitutions occurat sites 10321 and 10373 (underlined).

Other equally parsimonious trees include multiple substitutions at sites 10321, 10373, or 10398, and differ in
the placement of haplotypes 7, 8, 9, 10, or 14. There is
some geographic structure to the data, with one-half of
the network (haplotypes 1,3, 6, 10, 12,14) deriving
largely, though not exclusively, from non-African individuals, and the other half of the network (haplotypes
2, 4, 5, 7, 8, 9, 11, 13) deriving largely, thoughnot
exclusively, from African individuals. The fixation index
(&) calculated for African us. non-African populations
is FST= 0.185.
Within chimpanzees ( n = 5) we observed three hap-

TABLE 1
ND3 polymorphisms among 61 humans
Sites"

Haplotype

00112333334
88113127990
69588013780
rrssssrssrs

Sample size
Afr

Ind

Chi

(N"
Cau

Total
~~

1
2
3
4
5
6

7
8
9
10
11
12
13
14

AATTTGTGAAC
. . . . . . . . .G.
. . . . . A.....
. . . . . . . . .GT
. . C . . . . . . G.

. . . .c . . . . . .
. . . . . . C..G.
. . . . . . .A.G.
G . . . . . . A.G.
. . . . . .c . . . .
. . . . . . . . GGT

. . .c . . . . . . .

.T. . . . . .GGT
. . . . . . . A...

2
14
0
0
3
0

2
1
1
1
0
0
0
0

1
1
2
1

0
0

0
3
0
0
0
0

0
0
0
0
0
0
0
0

1
1
0
0

2
I

1
0

18
3
0
1
0
0
0
0
0
0
0
0
0
1

~~

21
18
4
3
3
3
2
1
1
1
1
1
1
1

Polymorphic sites are denoted by last three digits from the numbers in ANDEMON et al. (1981); ie., 086
denotes 10086. Replacement (r) and silent (s) sites are indicated.
'Sample sizes are given separately for Africans (Afr), Indonesians (Ind), Chinese (Chi), and Caucasians
(Cau).
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TABLE 2

ND3 polymorphisms among five chimpanzees
Sites"
1111233
2447835

Haplotype
1

2
3
FIGURE2.-One of 27 most-parsimonious unrooted networks of 14 human ND3 haplotypes. The length of this tree
is 13 steps and the consistency index is CI = 0.846. Circles
denote haplotypes, numbered 1-14 as in Table 1. The size
of each circle is proportional to the frequency of the haplotype in the sample. Substitutions between haplotypes are indicated by a bold hash mark (replacement) ora fine hash mark
(silent) and numbered as in Table 1. Parallel substitutions are
underlined. Addition of outgroup sequences (chimpanzee or
gorilla)does not provide additionalresolution to this network, and still results in 27 equally parsiomious trees.

8340993
srrrssr

CGGGAGG
. . . . .AA
TAAAGAA

Sample size ( N )

3
1
1

a Polymorphic sites are denoted by last three digits from
the numbers in ANDER~ON et nl. (1981) as in Table 1.

tide substitutions inferred among 147 humans from the
CANN et al. (1987). For each of the 13
protein-codinggenes,Table 5 shows the number of
replacement and silent polymorphisms within humans
(for both the RFLP and the sequence data) and the
number of replacement and silent differences among
species. The results of the genome-wide MCDONALDKREITMAN tests are given in Table6. For the RFLP data,
23of 56 substitutions (41.1%) were atreplacement
lotypes and seven polymorphic sites (Table 2). Four of
sites, and for the sequence data, 31 of 86 substitutions
the seven polymorphisms were at replacementsites, and
(36.0%) were at replacement sites. These proportions,
nucleotide diversity fortheentire
sample was 7r =
which are similar to each other, are also similar to the
0.93%. This high level of nucleotide diversity derives
proportion of replacement substitutions atthe AD3
mainly from the presence of two very divergent haplogene alone (36.4%). In contrast, between humans and
typeswhich differ at seven out of345sites (2.03%).
chimps, 179 of 1094 substitutions (16.4%) were at reThis is considerably greater than thetwo most divergent
placement sites, and among human, chimpanzee, and
human haplotypes, which differ at four outof 345 sites
gorilla, 328 of 1881 (17.4%) were at replacement sites.
(1.16%), and is similar to the levelof divergence reMCDONALD-KREITMAN
tests reject the null hypothesis of
ported for a small section of the mtDNA cytochrome b
strict neutrality (Table 6). To see if this pattern is due
gene between P.t.u r n s and either P.t.troglodytes or P.t.
to the contribution of one or a few unusual genes, we
schzueinfurthii (2.8%) (MORIN et al. 1994). Divergence
looked at subsets of the data. Patterns of replacement
between P.t. troglodytes and P.t. schweinfurthiiat cytoand silent substitution forthe
cytochrome oxidase
chrome b is <0.5%. It is likely, therefore, that oursamgenes and for the NADH dehydrogenase genes are
ple includes P.t.u r n s and atleast one of the two closely
related subspecies, P.t. troglodytes and P.t. schweinfurthii. shown separately in Table 6. In both cases, the null
hypothesis is rejected,indicatingthat this pattern is
This has important implications for the interpretation
widespread in the human mitochondrial genome.
Howof our results and will be discussed below.
ever, the ratios of replacement to silent substitution
The numbersof replacement and silent substitutions
are approximately three times greater for the NADH
within humans, within chimpanzees, and between spedehydrogenase genes than for the cytochrome oxidase
cies are summarized in Table 3. Between species, there
genes (both within and between species), consistent
are approximately seven times as many silent changes
with a greater degree
of selective constraint for the
as replacement changes. Within species, there are more
cytochrome oxidase genes. Other genes (ATP,Cytb)
nearly equal numbers of replacement and silent substiwere not analyzed separately because of the small numtutions, in contrast to the predictions of the neutral
ber of polymorphisms (see Table 5).
theory. The null hypothesis is rejected when polymorThe frequencies of most (but not all) polymorphic
phism data from both species are pooled together and
sites in the RFLP data were low (Table 4). To see if
compared with differences between species, as done by
the frequency distribution is consistent with a neutral,
MCDONAL.D
and KREITMAN (1991). The nullhypothesis
equilibrium model, we calculated TAJIMA'S
D statistic
is also rejected when chimpanzee polymorphisms alone
for various subsets of the data (Table 7). An excess of
arecompared with interspecific differences, but not
rare sites isobserved in thenon-African sample, butnot
when human polymorphisms alone are compared with
in the African sample, consistent with earlier findings
interspecific differences (Table 3).
of nonequilibrium conditions in non-African human
AU mitochondrial genes: Table 4 shows the nucleo-

RFLP data of
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TABLE 3
Number of replacement and silent nucleotidedifferences within and between species at the ND3 gene
~~

Between

Within

Humans
Human
Chimps
Total
Replacement
Silent
31

and chimp

4

4

8

7

3

10

4

Human, chimp,
gorilla
and

7
45

Fisher’s exact tests were used to test the null hypothesis that the ratio of replacement to silent differences is the same within
and between species. The null hypothesis was rejected in tests comparing the total within-species variability with differences
between humans and chimpanzees ( P < 0.02) and to differences among human, chimpanzee, andgorilla ( P < 0.02). Thenull
hypothesis was also rejected when the within-species variability from chimpanzees alone was used ( P < 0.02 for both tests), but
not when the within-species variability from humans alone was used (0.05 < P < 0.20 for both tests).

mtDNA samples (WHITTAM
et al. 1986; EXCOFFIER
1990;
ROGERSand HARPENDING 1992).
However, the African
sample in the data of CANNet al. (1987) is much smaller
(20) than the non-African sample (127); it is possible
that thenonsignificant TAJIMA’S
D in the
African sample
is due to the lower power of the testwith a smaller
sample. The ratio of replacement to silent polymorphisms is nearly identical in African (7:lO) and nonAfrican (19:29) samples.
DISCUSSION

Amino acid polymorphisms in humans: The results
from the N D 3 gene alone are generally consistent with
the genome-wide results from the RFLP data of CANN et
al. (1987) and the sequence data of HORAIet al. (1995).
Although the ND? data (with human polymorphisms
alone) do not show a significant departure from neutrality while the genome-wide data do, this difference
is probably due to the fewer numbers of polymorphic
sites in the ND3 data compared to the genome-wide
data. The overall ratios of replacement to silent substitutions within humans andbetween species are quite similar in all three datasets (compare Tables 3 and 6). In
all cases, a greater number of amino acid substitutions
is seen within humans than expectedbased on interspecific comparisons. What might account forthis pattern?
One formal possibility is that some form of balancing
or diversity-enhancing selection is maintaining amino
acid variability within humans. Because each individual
possesses effectivelyone mtDNA haplotype, heterosis is
impossible. Selection would therefore have to vary either temporally or spatially to maintain variation. We
consider this hypothesis unlikely because of the large
number of low frequency polymorphisms. In the RFLP
data, we observed 23 replacement polymorphisms
within humans, while only about six would be expected
based on interspecific comparisons. This is an excess
of 17. Because t 5 % of the genome has been sampled,
we estimate that there may be -340 replacement polymorphisms in the entire mitochondrial genome that
arenotaccountedfor
by interspecific comparisons.
This is not meantto be an accurateestimate, but only to
illustrate that the actual number of excess replacement

polymorphisms is not small. It is difficult to imagine
how selection couldmaintain polymorphisms at so
many linked sites. Furthermore, diversity enhancing selection may be expected to maintain polymorphisms at
moderate frequencies, yet we see just the opposite in
the RFLP data. TAJIMA’S
D is negative for all subsets of
the data, and is significantly negative for the non-African sample, indicating an excess of rare sites (Table 5).
A second explanation for the data is that there has
been a recent and dramatic relaxation of selective constraint in the human lineage. Under this scenario, the
excess amino acid polymorphisms seen within humans
were formerly deleterious and are now neutral. Such a
change in selective constraint would have to have occurred recently, because relatively few amino acid
changes have become fixed in the human lineage. This
hypothesis says that we sampled the population during
the interval when sufficient time has elapsed since the
relaxation of constraint so that replacement substitutions have risen to detectable frequencies but not yet
become fixed. TAKAHATA
(1993) has argued that the
accumulation of formerly deleterious mutations in human populations since the Pleistocene may explain patterns of polymorphism at nucleargenes as well.Interestingly, a large survey of nuclear genes also revealsa high
ratio (11:15) of replacement to silent polymorphisms
(LI and SADLER
1991).
A third possibility is that amino acid substitutions are
mildly deleterious (e.g., OHTA1972, 1992). Mutations
with selection coefficients (s) in the neighborhood of
s = l/Ne, where N,.
is the effective population size, will
contribute more to heterozygosity than to substitution
(Z.P., fixation), relative to strictly neutral mutations (IMURA 1983). These mutations may appear within species as polymorphisms, but they are unlikely to become
fixed and thus will rarely appear as differences between
species. The behavior of slightly deleterious alleles has
served as the basis for several models of molecular evolution (e.g., IMURA
1979; OHTA 1972,1973,1976,
1992;
OHTAand TACHIDA
1990; TACHIDA 1991). One
general
criticismof these models is that they require a very
narrow range of s and N, to work (GILLESPIE
1991,
1994). If such models are to serve as general explana-
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TABLE 4
Nucleotide substitutions inferred from RFLP data
Nucleotide
Silent
Gene
NDI

hD2

COI

COII

A TP8
A TP6

COIII

ND3

ND4L

m4

m
5

NLM

CYTB

Enzyme site"

339 1
3592
3842
4092
4643
4732
4793
5351
5984
5985
6166'
6356
6409'
6501
6610
69 15
7025
7241
7347
7617
7970
8165
none
8852'
9009
9070
9150
9429
9714
9859
10066
10084
10352
10394
10644
10694
10806
10893
11146
11161
11806
12026
12345'
12810
12925
13068
13096
13100
14279
14279
14322
14385
14509
14567
14749
15005
15606

Enzyme

Frequency (%)

HaeIII
HpuI
HaeIII
Hinfl
Rsal
RraI
HaeIII
HhaI
AuaIl
fiaI
HhuI
DdeI
Tag1
HpaII
Hinfl
tlrd
A luI
Rsd
HaeIII
Hhal
HinfI
Hue111

2.0
8.2
0.7
0.7
1.4
1.4
1.4
2.0
0.7
4.8
0.7
1.4
0.7
0.7
0.7
1.4
17.7
0.7
0.7
1.4
4.8
0.7

3394
3594
3843
4095
4646
4732
4793
5351
5984
5987
6167
6357
6411
6503
6614
6917
7028
7241
7348
7617
7973
8167

TAT-CAT
GTGGTT
TGA-TGG
ACC-ACT
TAT-TAC
AAT-AGT
ATA-ATG
CTA-CTG
GGA-GGG
GTC-GTA
GGT-GGC
CTA-TTA
AAT-GAT
(;CA-C:CG
TTT-TTC
GTGGTA
GCC-GCT
GCA-GCG
GTC-GGC
GAC-GGC
CCA-TCA
GGT-GGC

HhaI
A luI
Taql

1.4
1.4
2.0
2.0
1.4
0.7
0.7
0.7
0.7
0.7
39.5
1.4
0.7
6.8
0.7
1.4
1.4
2.0
0.7
9.5
2.0
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
3.4
0.7
0.7
1.4
10.9

8853
9009
9072
9150
9431
9716
9860
10066
10086
10355
10398
10646
10697
10810
10895
11149
11164
11807
12026
12346
12810
129'28
13071
13099
13101
14280
14281
14324
14389
14510
14570
14750
15006
15607

TGA-TGC
ACC-ACA
TU-TCG
'ITA-TTG
GTC-GTA
GGT-GGC
TGC-TGA
TIGTGC
AAGGAC
GCC-GCT
ACC-GCC
GTGGTA
GCC-GCT
CTT-CTC
AAC-GAC
TTGTTA
CGA-CGG
ACT-GCT
ATT-GTT
CAGTAC
TGA-TGG
CCA-TGA
GCC-GCT
GGA-CCA
GCA-GCC
TCA-CCA
GGGGGA
AAC-AGC
GGGGGC

MboI

RsuI
HaeIII
HinfI
HhaI
TuqI
AluI
DdeI
RruI
Ah1
Hinfl
TaqI
DdeI
HpuII
A luI
HpaI
RsaI
FhaI
Hinfl
Ah1
&a1

HpaII
HaeIII
MboI

A ZuI
DdeI
Alul
HpaII
HmIII
Hinfl
AluI

or

Amino acid

substitution
Nucleotide
site6
replacement
substitution
R
S

Tyr-His

S

S
S

R

Asn-Ser

S
S

S
S

S
S
R
S
S
S

Am-Asp

S
S

R
R
R

Val-Gly
A~p-Gly
Pro-Ser

S

R
S

TrpCys

S

S
S

S

R
R

R

Cys-Trp
Phe-Cys
Am-Asp

S

R

Thr-Ala

S
S
S

R

Asn-Asp

S
S

R
R

R

Thr-Ala
Ile-Val
His-Tyr

S

R
S
R

Pro-Ser
Ala-Pro

S

R
S
R

Ser-Pro
Am-Ser

S

G'Il-GCT

R

Val-Ala

AGC-ACC
ACGGCC
GCCXAC

R

R

Ser-Thr
Thr-Ala
Ala-Asp

AAA-AAG

S

R

Data inferred from C A N N et al. 1987.
Enzyme site is the position of the first nucleotide in the recognition sequence; site coordinates are from the Cambridge
se uence (ANDERSON et al. 1981)
'Nucleotide site indicates the position of the inferred substitution.
'Denotes an ambiguous site gain; the other possible positions for the ambiguous replacement sites also result in replacement
substitutions and the other possible positions for ambiguous silent sites also result in silent substitutions. Ambiguous sites that
contained both silent and replacement substitutions in alternative positions were excluded.
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TABLE 5
Number of replacement and silent nucleotide substitutionswithin and between species
for each of the 13 mitochondrial protein coding genes
~~

~~

Polymorphisms within
humans”
RFLP

Differences between species“

Sequence
Human
chimp
and
Human,
chimp
and

gorilla

m1
Replacement
Silent
m2
Replacement
Silent

1
3

2
5

18
71

27
123

1
3

3
4

11
86

30
148

Replacement
Silent
COII
Replacement
Silent
A TP8
Replacement
Silent
A TP6
Replacement
Silent
COIII
Replacement
Silent

2
9

3
5

6
125

12
214

2
1

0
2

5
59

9
102

0
0

1
3

4
13

11
20

1
3

3
3

13
45

26
87

1
2

1
4

7
66

12
115

3
1

1
2

6
34

11
50

0
2

0

4

1
21

3
33

3
3

2
10

23
107

41
184

3
3

5
7

51
143

91
248

4
2

5
1

7
43

11
69

2
1

5
5

27
102

44
160

cor

N
D
?
Replacement
Silent
m4L
Replacement
Silent
m 4
Replacement
Silent

m
5
Replacement
Silent
ND6
Replacement
Silent
CYTB
Replacement
Silent

“All data taken from the literature as described in MATERIALS AND METHODS.
bThe between-species numbers for AD? are not the same here and in Table 3 because these are fixed
differences (see MATERIALS AND METHODS) and depend on the variation sampled within species.

tions of molecular evolution, then in species with larger
Ne, s would have to be correspondingly smaller so that
a substantial fraction of new mutations fall within the
neighborhood of s = l / N e . In this regard, it may seem
unlikely that a slightly deleterious model could explain
the excess amino acid polymorphisms observed in species with such seemingly different levels of Ne as flies,
humans, and mice. However, mitochondrial Ne may be
roughly similar among these species (i.e.,within an order of magnitude) because levels of mtDNA variability
are similar. Species-wide estimates of mitochondrial nu-

cleotide diversity based on RFLP data are 7r = 0.21%
for Drosophila melanogaster (HALE and SINCH1987), 7r =
0.77% for M. domesticus (FERRISet al. 1983), and 7r =
0.32% for H. sapiens (CANN et al. 1987), although mitochondrial mutationrates in Drosophila may be approximately one orderof magnitude lower than in mammals
(RAND 1994, and references therein). It is difficult to
evaluate the fit ofour data to models of slightlydeleterious evolution because most published models have focused on rates and patterns of divergence rather than
on levels and patterns of polymorphism or the relation-
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TABLE 6

MCDONALD-KREITMANtests comparing replacementand silent nucleotide substitutions
within and between species
Polymorphisms within
species" between
Differences
humans"
RFLP
All genes"
Replacement
Silent
GO genes'
Replacement
Silent
ND genes'
Replacement
33
Silent

Sequence
Human
and

chimp

Human, chimpgorilla
and

23
33

31
55

179
915

328
1,553

5
12

4
11

18
250

33
431

15
17

18

117
505

214
855

"All data taken from the literature as described in MATERIALS AND METHODS.
Fisher's exact tests were used to test the null hypothesis that the ratio of replacement to silent differences
is the same within and between species. Four different tests were performedusing all genes (RFLP us. human
us. human and chimp; sequence us. human, chimp
and chimp;RFLP us. human, chimp and gorilla; sequence

and gorilla).All rejected the null hypothesis ( P 5 0.00005 for each).
' To seeif the overall resultis caused by the contributionof one ora few particularly deviant loci,we analyzed
cytochrome oxidase (CO) genes and NADH dehydrogenase (ND) genes separately. The null hypothesis was
also rejected for the eight tests involving each of these groups
of genes ( P zs 0.02 for each test). ATPand Cytb
are not shown separately because of the small number of polymorphisms at these loci (Table 5).
ship between polymorphism and divergence. Slightly
deleterious models have previouslybeen invoked as potential explanations for patterns of mtDNA evolution
in Hawaiian Drosophila (DESALLEand TEMPLETON
and
1988), D. melanogaster and D. simulans (BALLAIZD
KREITMAN 1994),and M. domesticus (NACHMANet al.
1994), although in none of these cases has there been
an attempt to fit the data to a model in a quantitative
manner. Computer simulations of slightly deleterious
protein evolution in which patterns of replacement and
silent polymorphism and divergence areconsidered
would be valuable for evaluating existing datasets.
While we consider the first hypothesis (balancing selection) implausible, it is more difficult to distinguish
between the other two hypotheses (relaxation of constraint and slightly deleterious mutations). It appears
unlikely that the observed patterns derive from nonequilibrium conditions per se,
such as changes in population size, althoughnonequilibriumconditionsare
TABLE 7
TAJIMA'S
D (1989) calculated from human RFLP

African sample
Replacement
Silent
Non-African sample
Replacement
Silent
=

TAJIMA'S
D

P value

-

1.446
-0.526

>0.10
>0.10

1.857
-2.287

K0.05

-

<0.01

Data calculated from CANN et al. 1987. African sample, N
20; non-African sample, N = 127.

known to characterize human populations (WHITTAM
et al. 1986; EXCOFFIER
1990; DI RIENZO and WILSON
1991; ROGERS
and HARPENDING 1992).
This is because
the test proposed by MCDONALD
and KREITMAN is a test
of neutrality and does not require populations to be at
equilibrium (MCDONALDand KREITMAN 1991; SAWYER
and SHARP 1994). In fact,
and HARTL 1992; BROOKFIELD
the African and non-African subset5 of the RFLP data
show nearly identical ratios of replacement to silent
polymorphisms, although a neutral,equilibrium model
is not rejected for the African data and is rejected for
the non-African data (Table 7).
The pattern of excess replacement polymorphism
shown here for humans is qualitatively similar to that
(NACHMANet al. 1994) and
seen in mtDNAofmice
flies (KANEKO et al. 1993; BALLARDand KREITMAN 1994;
RAND et al. 1994), and raises the question of whether
a general mechanism can explain this result in these
different species. M. domesticus, D. melanagaster, and D.
simulans are all commensal with humans and it is unclear howthismay
affect such things as changes in
selection pressures over time. It will be useful to study
patterns of mtDNA polymorphism and divergence in
species that are not associated with humans and whose
habitats and ranges are thought tohave been stable for
several million years. Such species may be less likely to
have experienced a recent relaxation of constraint.
Slightly deleterious mutations and human disease:
The slightly deleterious model proposed hereis consistent with some recent views on human mitochondrial
et al. 1994).
diseases (WALLACE
1992a,b, 1994; LERTRIT
A variety of defects in oxidative phosphorylation have
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TABLE 8
Ratio of replacement to silent substitutions among healthy
and disease individuals

Polymorphisms
within humans

Replacement (R)
Silent (S)
Ratio (R/S)

Divergence

Disease”

Healthy’

Human-chimp

91
99
0.92

31
55
0.56

179
915
0.20

Disease sequences are from the literature: N = 10 from
et al. (1991), N = 9 from OZAWAet al. (1991), N =
2 from BROWNet al. (1992a), N = 1 from BROWNet al. (1992b),
N = 1 from WALLACEet al. (1988), N = 1 from YONEDAet al.
(1990), N = 1 from KOBAYASHI
et al. (1991).
Healthy sequences are from the literatureas described in
the MATERIALS AND METHODS.
N = 25 for disease sequences; N = 3 for healthy sequences.
a
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been associated with mtDNA mutations. Many of these
mutations are thought to beonly mildly or moderately
deleterious and are associated with adult-onset or degenerative diseases such as Leber’s hereditary optic
neuropathy(LHON). Becausesymptoms can appear
relatively late in life, the reproductive output of individuals carrying such mutations may not be strongly affected (WALLACE
1994). There are -20mtDNAmissense mutations that have been associated with human
disease (WALLACEet al. 1993; LERTRIT
et al. 1994), although there are conflicting opinions on the relative
pathogenicity of a number of these mutations (WALLACE et al. 1993). In general, identification of disease
missense mutations has been based on their association
with diseasephenotypes and relative absence in control
individuals, although some putative disease mutations
appear atlow frequencies in control samples (WALLACE
et al. 1993). We looked for disease missense mutations
among the replacement
polymorphisms identified from
our analysis ofthe RFLP and sequence data. Two ofthe
20 appear in these data. The T-C substitution at site
3394 in the NDl gene identified in the RFLP data (Table 4) replaces a tyrosine with a histidine and is associated with LHON (BROWNet al. 1992a;JoHNset al. 1992).
The G A substitution at site 5460 in the AD2 gene replaces an alanine with a threonine and differs between
the Cambridge sequence (ANDERSON et al. 1981) and
theother
two completehuman
mtDNA sequences
(OZAWA et al. 1991; HOW et al. 1995). This mutation
was found at high frequency in a sample of patients
with Alzheimer’s disease (LIN et al. 1992), although a
subsequent study failed to confirm this association (PETRUZZELLA et al. 1992).
To see if the presence of deleterious mutations may
inflate the ratio of replacement to silent substitutions,
we have compared 25 complete or nearly complete human mtDNA sequences among individuals with disease
phenotypes (Table 8).Each ofthese sequences includes
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>90% of the protein-coding regions in the human mitochondrial genome, although the
missing portions are
not the same among the different sequences. The sample includes a heterogeneousmixture of diseasephenotypes including LHON, M E W (myoclonic epilepsy
with ragged redfibers), MELAS (mitochondrialencephalomyopathy, lactic acidosis, stroke-like episodes),
and cardiomyopathies. The ratio of replacement to silent substitutions (0.92) among the individuals in this
sample is greater than the corresponding ratio among
healthy individuals (0.56), andthis difference is marginally significant (Fisher’s exact test, P = 0.05). This suggests that a number of mutations of small effect may
contribute to disease phenotypes. It also illustrates that
the ratio of replacement to silent polymorphisms may
be increased by the presence of deleterious mutations.
Amino acidpolymorphisms in chimpanzees: The
amount of sequence divergence observedbetween
chimpanzee haplotypes 1 and 3 (Table 2) is 2.03%. It
is clear that this level of divergence corresponds to that
seen between allopatric subspecies from West and Central Africa (MORIN et al. 1994). Thus, the ratio of replacement to silent substitutions observed within chimpanzees (Table 3) does not reflect variation from a
single panmictic population. The differences between
haplotypes 1 and 3 almost certainly accrued in allopatry
( MORINet al. 1994). Itis therefore probable that different forces have produced high ratios of replacement to
silent substitutions within humans and within chimpanzees. In particular, it is difficult to envision how slightly
deleterious mutations could produce the pattern seen
in chimpanzees.
Even though the chimpanzee sample does not represent asingle population, theobserved variation is inconsistent with strict neutrality. As pointed out by BALLARD
and KREITMAN (1994), onecan construct a MCDONALDKRFLITMANtype of test for any partitioning of a neutral
genealogy. The observed distribution of replacement
and silent variation within chimpanzees (but between
subspecies) thus requires some explanation.
Two alternative hypotheses may explain these data.
First, the higher ratio of replacement to silent substitution within chimpanzees than between species may reflect the fixation of adaptive substitutions during the
evolution of chimpanzee subspecies. This hypothesis
predicts that within subspecies, the ratio of replacement
to silent changes should be smaller than between s u b
species. Second, the ratio seen between subspecies may
reflect a relaxation of selectiveconstraint that occurred
before the splitting of subspecies, but long after the
separation of humans and chimpanzees. This hypothesis predicts that within subspecies, the ratio of replacement to silent changes should be the same as between
subspecies. Distinguishing between these hypotheses
will require further sampling.
Implications for mtDNA as a marker: During the last
10 years, there has been an accumulation of data on
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mtDNA variation in flies, mice, and humans suggesting
that the evolution ofthis molecule does not fit the
patterns predicted by a strictly neutral model of evolution (e.g., WHITTAMet al. 1986; DESALLEand TEMPLETON 1988; EXCOFFIER1990; MERRIWETHERet al.
1991; BALLARDand KREITMAN 1994; NACHMAN
et al.
1994; RAND et al. 1994). In some situations it appears
that nonequilibrium conditions may be partly responsible for the patterns (e.g., WHITTAM
et al. 1986) while in
others it appears that some form of natural selection is
at least partly responsible (e.g., BALLARDand KREITMAN
1994). Regardless of the cause of the observed deviations, these patterns have the potential to affect the
use of mtDNA as a neutral marker in evolutionary and
population level studies. While mtDNA will undoubtedly continue to be useful in many situations, it is reasonable to test for neutrality before assuming, for example, the clock-like behavior of a mitochondrial gene
in any particular situation. Such tests not only provide
information about the forces acting during the evolutionary history of a locus, but they also allow us to improve our estimates of parameters of interest. For example, the age of the most recent human mitochondrial
ancestor proposed by C A N N et al. (1987) was based on
comparison of humanand chimpanzee mtDNAsequences
and
the
assumed clock-like behavior of
mtDNA. The results presented here indicate that a substantial proportion of thereplacement substitutions
found within the human lineage never become fixed.
This will lead to an overestimate of the age of the human mtDNA ancestor. In particular, the interspecific
ratio of replacement to silent substitutions in the RFLP
data (179:915) can be used to estimate thenumber
of replacement substitutions within humans expected
under a strictly neutral model (6.5). The difference
between the observed value (23) and the expected
value
(6.5) represents polymorphisms that arenot accounted
for by the interspecific molecular clock and accounts
for 29.5%of the total variability observed within humans. Thus, the age of the human mtDNA ancestor
may be overestimated by -30%.
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