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ABSTRACT
Statistical analyses of DNA sequences have revealed patterns of nonneutral evolution in mitochondrial

DNA of mice, humans, and Drosophila. Here we report patterns of mitochondrial sequence evolution in
South American marsh rats (genus Holochilus). We sequenced the complete mitochondrial ND3 gene
in 82 Holochilus brasiliensis and 21 H. vulpinus to test the neutral prediction that the ratio of nonsynonymous
to synonymous nucleotide changes is the same within and between species. Within H. brasiliensis we
observed a greater numberof amino acid polymorphisms than expected based on interspecific comparisons.
This contingency table analysis suggests that many amino acid polymorphisms are mildly deleterious.
Several tests of the frequency distribution also revealed departures from a neutral, equilibrium model,
and these departures were observed for both nonsynonymous and synonymous sites. In general, an ex-
cess of rare sites was observed, consistent with either a recent selective sweep or with populations not at
mutation-drift equilibrium.

Afundamental goal of population genetics is to un- in humans (Templeton 1996), ND2 in humans (Wise

derstand the forces that give rise to and maintain et al. 1998), cytochrome b in Drosophila (Ballard and
genetic variation in natural populations. The relative Kreitman 1994), and portions of ND5 in Drosophila
ease of collecting DNA sequence data has facilitated (Rand et al. 1994; Rand and Kann 1996). An excess of
measurement of genetic variation within species (for intraspecific amino acid polymorphism is also observed
reviews, see Avise 1994; Kreitman and Akashi 1995; when all human mitochondrial genes are considered
Moriyama and Powell 1996; Aquadro 1997), and re- together (Nachman et al. 1996; Rand and Kann 1996);
cent theoretical advances allow us to analyze where and this suggests that the observed pattern is not specific
how selection is acting at the molecular level (e.g., Hud- to particular loci. However, some mitochondrial genes,
son et al. 1987; Tajima 1989; McDonald and Kreit- such as ND3 in Drosophila, appear to fit the predictions
man 1991; Fu and Li 1993; Fu 1996, 1997; McDonald of a neutral model (Rand and Kann 1996).
1996, 1998; Templeton 1996). At least three hypotheses may explain the excess of

Several statistical tests of the neutral model use data intraspecific amino acid polymorphisms seen at mito-
from a single locus and have been used to investigate chondrial genes. First, many amino acid mutations may
evolutionary forces acting on mitochondrial DNA be slightly deleterious (Ohta and Kimura 1971; Ohta

(mtDNA). For example, the neutral model predicts that 1992) and therefore contribute more to intraspecific
the ratio of replacement to silent polymorphism within heterozygosity than to interspecific divergence (Kimura

species is equal to the ratio of replacement to silent fixed 1983). Second, many amino acid mutations may be un-
differences between species (McDonald and Kreitman der positive selection that fluctuates in either space or
1991). This prediction has been tested with mitochon- time (Gillespie 1991). Third, mitochondrial genes in
drial sequences from several different species including some species may have recently experienced a dramatic
humans (Nachman et al. 1996; Templeton 1996; Wise relaxation of selective constraint. Distinguishing be-
et al. 1998), mice (Nachman et al. 1994), and Drosophila tween these hypotheses may be aided by extending these
(Ballard and Kreitman 1994; Rand et al. 1994; Rand analyses to other species. For example, if the same pat-
and Kann 1996). Common to most of these studies is tern is found in several unrelated taxa that experience
the observation of an excess of intraspecific amino acid different selective pressures, the hypothesis of a recent
polymorphism compared to the level of amino acid relaxation of constraint becomes increasingly improb-
substitution. This pattern has been observed at ND3 in able.
mice and humans (Nachman et al. 1994, 1996), COII We are interested in exploring the generality of the

nonneutral patterns observed in mtDNA. Here we re-
port mtDNA sequence variation within and between
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Primer composition is as follows: PKND3-L9385, 59-CGTYTCin marshes and along stream banks throughout wet,
YATYTATTGATGAGG-39; PKND3-H9831; 59-CATAATCTAAlowland regions of South America (Hershkovitz 1955).
TGAGTCGAAATC-39. DNA was amplified in 50-ml reaction

The ND3 gene was sequenced so that direct compari- volumes with approximately 50 ng of template DNA using
sons could be made with the ND3 data collected in Amersham (Arlington Heights, IL) Taq polymerase with con-

ditions as specified by the supplier. DNA was amplified in 40other taxa. As in previous studies of ND3 in mice and
cycles of 30 sec at 948, 1 min at 408, and 1 min at 728. Ampli-humans, we observed an excess of intraspecific amino
fied products were sequenced in both directions using Amer-acid variation. We argue that these results are best ex-
sham’s thermosequenase radiolabeled termination cycle se-

plained by mildly deleterious amino acid mutations. quencing kit labeled with 33P. Thermocycling parameters for
sequencing were identical to the amplification conditions
above. Sequencing products were electrophoresed on 8.0%

MATERIALS AND METHODS glycerol-tolerant acrylamide gels (Amersham). Sequences
have been submitted to GenBank under accession numbers

Samples and DNA preparation: A total of 103 marsh rats AF079374–AF079401.
from 8 populations of Holochilus brasiliensis (N 5 82) and 2 Data analysis: Sequences were aligned by eye, and the num-
populations of H. vulpinus (N 5 21) were collected along a bers of replacement and silent polymorphisms and fixed dif-
river drainage extending from northern Paraguay to central ferences were counted. The ND3 gene is 345 bp in length
Argentina (Figure 1), as previously described (Nachman excluding the stop codon. Two different measures of nucleo-
1992). Total genomic DNA was isolated from liver tissue using tide variation, p (Nei and Li 1979) and u (Watterson 1975),
phenol-chloroform extractions according to standard proto- were calculated from the sequence data for each species. Nu-
cols, and the DNA was resuspended in TE at pH 8.0 (Sam- cleotide diversity, p, is calculated from the average number
brook et al. 1989). of nucleotide differences between all pairs of sequences in a

DNA amplification and sequencing: Sequencing templates sample and u is calculated from the number of segregating
were prepared using polymerase chain reaction (PCR) with sites in a sample. Thus p takes into account the frequencies
primers that amplified a 488-bp fragment that included the at which polymorphisms are present in the sample, while u is
entire ND3 gene. The primers PKND3-L9385 and PKND3- based solely on the observed number of segregating sites. For
H9831 were used for both amplification and sequencing. mitochondrial sequences, both are estimators of the neutral
Primer numbers refer to the position of the 39 base in the parameter 2Nem, where Ne is the effective population size for
complete mouse mitochondrial sequence of Bibb et al. (1981); females and m is the neutral mutation rate.
L and H refer to the light and heavy strands, respectively. To test the neutral prediction that the ratio of replacement

to silent nucleotide changes is the same within and between
species (McDonald and Kreitman 1991), we compared poly-
morphisms within H. brasiliensis and within H. vulpinus to the
number of fixed differences between these species using G
log-likelihood ratios. We compared the frequency distribution
of segregating sites in our sample to those expected under a
neutral model using Tajima’s D (Tajima 1989), Fu and Li’s
D (Fu and Li 1993), and Fu’s Fs (Fu 1996, 1997) statistics.
Tajima’s D is based on the difference between the number
of segregating sites (u) and the average number of pairwise
nucleotide differences (p), while Fu and Li’s D compares
the distribution of mutations on internal (hi) and external
branches (he) of the gene tree. Both tests are based on the
neutral prediction that these different estimators of 2Nem will
be the same; the expectation for both Tajima’s D and Fu and
Li’s D under neutrality is zero. Simulations indicate that the
power of these tests to reject the null model is not great
unless sample sizes are quite large (i.e., in excess of N 5 50;
Braverman et al. 1995; Simonsen et al. 1995); our sample of
H. brasiliensis is large (N 5 82), while our sample of H. vulpi-
nus is considerably smaller (N 5 21). Fu’s Fs is based on the
expected number of haplotypes in a sample for a given value
of u and may be more powerful for detecting population
growth or hitchhiking events than Tajima’s D or Fu and Li’s
D (Fu 1997).

RESULTS

Sequence variation: The aligned ND3 nucleotide and
protein sequences are shown in Figure 2. For each spe-Figure 1.—Map showing collection localities for H. bra-

siliensis (eight northernmost populations) and H. vulpinus cies, the consensus sequence is shown and polymorphic
(two southernmost populations). The populations from north nucleotide and amino acid sites are given in lower case.
to south are Bahia Negra (N 5 9), Fonciere (N 5 6), Rosa-

Within H. brasiliensis (N 5 82), 24 segregating sitesrio (N 5 9), Manduvira (N 5 6), Golondrina (N 5 16), Itati
and 25 different haplotypes were detected at the ND3(N 5 23), Esquina (N 5 7), Santa Fe (N 5 6), Las Cuevas

(N 5 16), and Puerto Ibicuy (N 5 5). gene (Table 1). Within H. vulpinus (N 5 21), 2 polymor-
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Figure 2.—Aligned nucleotide and amino acid sequences of the ND3 gene for H. brasiliensis (Hb) and H. vulpinus (Hv). The
consensus sequences for each species are shown. Intraspecific polymorphic sites are indicated with lower case letters; the alternate
states are presented in Tables 1 and 2. The positions of the nucleotides in the ND3 gene are numbered from 1 to 345, and the
termination codon is indicated by an asterisk.

TABLE 1

Polymorphic sites at the ND3 gene for H. brasiliensis (N 5 82)

Polymorphic sites
000000001112222222222333
023445890280113567778344
712397500077364414693105 Distribution of haplotypes by locality
* ** * * * * *

Haplotype GATTTTTCGGTTTCTATTCCGTAG B F R M G I E S Total

1 .........A.............. 1 0 2 3 5 2 3 2 18
2 ......C............T.... 0 0 0 0 0 16 0 0 16
3 ...................T.... 2 3 1 0 0 1 0 0 7
4 .............T.....T.... 1 0 4 0 1 0 0 0 6
5 .........A.............A 0 0 0 0 4 0 0 1 5
6 .......................A 0 0 0 0 1 2 1 0 4
7 ...C.C...A.............. 0 0 0 0 4 0 0 0 4
8 A........A.............. 1 0 0 0 0 2 0 0 3
9 .G.......A.......C...... 0 0 0 1 0 0 0 1 2

10 .........A..C........... 0 1 1 0 0 0 0 0 2
11 .......T......C...TT...A 1 0 0 0 0 0 0 0 1
12 ........A..........T.... 1 0 0 0 0 0 0 0 1
13 ..C......A.........T.C.. 1 0 0 0 0 0 0 0 1
14 ...................T...A 1 0 0 0 0 0 0 0 1
15 ........A..........T...A 0 1 0 0 0 0 0 0 1
16 ...................TA... 0 1 0 0 0 0 0 0 1
17 ........AA.............. 0 0 1 0 0 0 0 0 1
18 .............T.....T...A 0 0 0 1 0 0 0 0 1
19 ....C....A.C............ 0 0 0 1 0 0 0 0 1
20 ....C....A.............. 0 0 0 0 1 0 0 0 1
21 .........A............G. 0 0 0 0 0 0 1 0 1
22 ..C......A.............. 0 0 0 0 0 0 1 0 1
23 .G.......A.............. 0 0 0 0 0 0 0 1 1
24 ..........C....TC..T.... 0 0 0 0 0 0 0 1 1
25 ........................ 0 0 0 0 0 0 1 0 1

The consensus sequence for H. brasiliensis (N 5 82) is shown. Replacement sites are indicated by an asterisk.
Positions of polymorphic sites are given for H. brasiliensis ND3 gene; nucleotides in the ND3 gene are numbered
from 1 to 348. The distribution of each haplotype, by locality, and the total number of individuals per haplotype
are shown. Localities are as follows: B, Bahia Negra; F, Fonciere; R, Rosario; M, Manduvira; G, Golondrina; I,
Itati; E, Esquina; and S, Santa Fe.
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TABLE 2

Polymorphic sites at the ND3 gene for
H. vulpinus (N 5 21)

Polymorphic sites
23 Distribution of
82 haplotypes by
80 locality
*

Haplotype GT L P Total

1 .. 13 0 13
2 A. 3 4 7
3 AC 0 1 1

The consensus sequence for H. vulpinus (N 5 21) is shown.
See legend to Table 1 for details. Localities are as follows: L,
Las Cuevas; P, Puerto Ibicuy.

Figure 3.—Network linking the nine different proteins
found among the H. brasiliensis populations. The protein vari-phic sites and 3 haplotypes were observed (Table 2).
ants are labeled P1–P9, and the localities of the variants areNo insertion-deletion variation was observed within or
indicated in parentheses with abbreviations as in Table 1. The

between either species, and the length of the ND3 relative frequency of each protein is indicated by the size of
gene in Holochilus (348 bp) is the same as in humans the circle. Numbers associated with the hash marks indicate

the position of the nucleotide change yielding each variant.(Anderson et al. 1981). Eight of the 24 (33%) polymor-
phisms in H. brasiliensis resulted in an amino acid
change, creating nine different protein variants (Table

mous and the other four are synonymous sites. The total3). One of the two (50%) polymorphic mutations in
number of silent and replacement mutations on theseH. vulpinus resulted in an amino acid change. Species-
617 trees ranges from 22 silent and 8 replacement towide nucleotide diversity was 0.751% for H. brasiliensis
20 silent and 10 replacement mutations. When onlyand 0.171% for H. vulpinus.
nonsynonymous variation is used to construct a tree,Within H. brasiliensis, there is evidence for multiple
there is a single most parsimonious network that hasmutations at the same site (violations of the infinite sites
no homoplasy (Figure 3). There is one common proteinmodel). When parsimony trees are constructed using all
variant (P1) present in 79% of the individuals and eightthe data, there are 617 equally parsimonious networks
other variants, each one mutational step removed fromlinking the 25 haplotypes; these trees have a consistency
P1 and each present in fewer than 5% of the individuals.index of 0.8 (Swofford 1993). The length of each tree

There is some evidence of geographic structuring tois 30 mutations, 6 of which are attributable to mutations
the distribution of variation within H. brasiliensis (Tablesat sites that already display a mutation. Over all 617
1 and 3). The most common protein variant was presenttrees, these homoplasious mutations are observed at

sites 100, 120, 216, 279, and 345. Site 100 is nonsynony- in every population. However, of the eight rare variants,

TABLE 3

Protein Variants at the ND3 Gene for H. brasiliensis (N 5 82)

Polymorphic sites
00012223
03405784 Distribution of proteins by locality
72304430

Protein variants AIFAHFVT B F R M G I E S Total

P1 ........ 6 4 10 3 12 21 5 4 65
P2 ..L..... 0 0 0 0 4 0 0 0 4
P3 T....... 1 0 0 0 0 2 0 0 3
P4 ...T.... 1 1 1 0 0 0 0 0 3
P5 .....L.. 0 0 0 1 0 0 0 1 2
P6 .T...... 1 0 0 0 0 0 1 0 2
P7 ....L... 0 1 0 0 0 0 0 0 1
P8 .......A 0 0 0 0 0 0 1 0 1
P9 ......I. 0 0 0 0 0 0 0 1 1

Positions of polymorphic sites that yield protein variants (P1–P9), and the distribution of the protein variants
among the populations are shown above for H. brasiliensis ND3 gene. See Table 1 legend for population names.
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TABLE 4

Nucleotide diversity (pw) among Holochilus populations

H. brasiliensis N pw (%) H. vulpinus N pw (%)

Bahia Negra 9 0.885 Las Cuevas 16 0.094
Fonciere 6 0.580 Puerto Ibicuy 5 0.116
Rosario 9 0.612 Average 21 0.105
Rosario/Golondrina 6 0.773
Golondrina 16 0.444
Itati 23 0.428
Esquina 7 0.386
Santa Fe 6 0.831
Average 82 0.617

Percent nucleotide diversity (pw) for the eight populations of H. brasiliensis and two populations of H. vulpinus.
The sample size for each population is indicated with N.

four were restricted to single populations, three were and 142.5%, respectively, and uncorrected and corrected
observed in two populations, and one was observed in nonsynonymous divergence estimates were 2.65% and
three populations (Figure 3). Nucleotide diversity 2.69%, respectively. The large difference between cor-
among the eight H. brasiliensis populations ranged from rected and uncorrected synonymous divergence values
a low of p 5 0.39% to a high of p 5 0.89% (Table 4). implies that many more silent substitutions have oc-
Average FST calculated among all H. brasiliensis popula- curred than are actually observed. This has important
tions was 0.178 and FST calculated between the two implications for interpreting the McDonald-Kreitman
H. vulpinus populations was 0.386 (Table 5). To test tests, as discussed below. Fifty-six fixed differences sepa-
for population subdivision, we performed a x2 test of rate the ND3 sequences between H. brasiliensis and
haplotype frequencies in the different localities with H. vulpinus; of these, seven (12.5%) result in amino
rare haplotypes lumped such that the expected number acid changes.
of each haplotype in each locality was at least two (Nei Tests of neutrality: We observed 9 replacement and
1987). This test rejected the null hypothesis of panmixia 17 silent polymorphisms within species (both species
(x2 5 22.9, d.f. 5 7, P 5 0.0018). We also performed together), and 7 replacement and 49 silent fixed differ-
permutation tests of subdivision (Hudson et al. 1992) ences between species (Table 6). These ratios are sig-
between adjacent pairs of localities. These comparisons nificantly different from each other using a G log-like-
were significant only when the Itati sample was com- lihood ratio test (P , 0.05). The ratios are also
pared with either of its two neighboring localities, Go- significantly different from each other when polymor-
londrina and Esquina (P , 0.001 for each), suggesting phism data from only H. brasiliensis are compared to
that the Itati sample is distinct. Itati is the largest sample fixed differences between the species (P , 0.05). There
(N 5 23) and contains one common haplotype and were too few segregating sites within H. vulpinus to con-
four relatively rare haplotypes. In contrast, the Bahia struct a test with polymorphism data from that species
Negra sample (N 5 9) contains eight haplotypes, all alone. These comparisons are based on uncorrected
about equally common (Table 1). levels of sequence divergence and do not account for

The average uncorrected sequence divergence be- multiple mutations at the same site, either within or
tween H. brasiliensis and H. vulpinus was 18.9% for the between species. Corrected values do not represent in-
entire ND3 gene. Divergence for the entire gene, cor- dependent observations and thus are inappropriate for
rected for multiple hits using Kimura’s two-parameter use in a contingency table analysis (Sokal and Rohlf

model (Kimura 1980), was 22.0%. Uncorrected and 1995). However, corrected values reflect more accu-
corrected synonymous divergence estimates were 60.7% rately the amount of evolutionary change that has oc-

curred. When we use corrected values within and be-
tween species (Table 6), the resulting test is highlyTABLE 5
significant (P , 0.001) because silent site divergence

FST for H. brasiliensis and H. vulpinus is the most undercounted category when uncorrected
values are used.

pw (%) pT (%) FST We investigated departures from a neutral frequency
distribution by looking at the total number of segregat-H. brasiliensis 0.617 0.751 0.178

H. vulpinus 0.105 0.171 0.386 ing sites, the number of singletons, and the average
number of pairwise differences within H. brasiliensis (Ta-FST 5 pT 2 pw/pT. pT is the total nucleotide heterozygosity
ble 7). There is clear evidence for an excess of rarefor all individuals sampled from each species, and pw is the

average nucleotide heterozygosity within populations. sites. Tajima’s D, Fu and Li’s D, and Fu’s Fs are negative
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TABLE 6

Silent and replacement differences within and between species at the ND3 gene

Within

H. brasiliensis H. vulpinus Total Between
(N 5 82) (N 5 21) (N 5 103) H. brasiliensis and H. vulpinus

Replacement 8 (8–10) 1 9 7 (7)
Silent 16 (20–22) 1 17 49 (100)

A G log-likelihood test was used to test the null hypothesis that the ratio of replacement to silent differences
within and between species is equal. The G log-likelihood score (G 5 4.461) was significant to reject the null
hypothesis (P , 0.03). Numbers in parentheses are the corrected values for multiple mutations based on a
parsimony analysis within species and a Jukes-Cantor ( Jukes and Cantor 1969) model between species.

when all sites are considered together as well as when changed recently, allowing an accumulation of formerly
deleterious, but currently neutral, amino acid polymor-replacement or silent sites are considered alone. Taji-

ma’s D is significantly negative only for replacement phisms (Figure 5). For example, Takahata (1993) has
argued that human populations experienced a dramaticsites, while Fu and Li’s D is significantly negative for

the entire data set and for silent sites alone. Fu’s Fs is relaxation of selection since the Pleistocene, and that
this has allowed for the accumulation of formerlysignificantly negative for both replacement and silent

sites. The frequency distribution of polymorphic sites deleterious mutations in human populations. There are
several arguments against this hypothesis as a generalis shown in Figure 4; 14 of 24 polymorphisms were

present in just one or two individuals. explanation for the excess of mtDNA replacement poly-
morphisms observed in Holochilus and other taxa (hu-
mans, house mice, and Drosophila). First, the different

DISCUSSION ecologies of Holochilus, Homo, Mus, and Drosophila
make it unlikely that each experienced a similar changeExcess amino acid polymorphism in natural popula-
in selection pressure on mitochondrial genes. Second,tions: As in previous studies (Ballard and Kreitman

this hypothesis requires that a change in selection oc-1994; Nachman et al. 1994, 1996; Wise et al. 1998), we
curred at a specific point in time relative to our samplingobserve a greater number of intraspecific replacement
(Figure 5). The likelihood that selection was relaxedpolymorphisms than expected based on the interspe-
independently in four species, and further that each ofcific comparison. This pattern is contrary to the pre-
these species was sampled shortly after the relaxationdictions of the neutral theory of molecular evolution
of selection, seems remote. Third, the ND3 gene is one(Kimura 1983; McDonald and Kreitman 1991).
of the mitochondrial subunits of the NADH dehydroge-In principle, deviations from neutral expectations in
nase complex; this complex functions in the creationa 2 3 2 contingency table analysis may be due to forces
of transmembrane proton gradients that are necessaryaffecting the numbers in any or several of the four cells.
for ATP synthesis (Weiss et al. 1991). In humans, severalFor example, it is possible that the deviation we observe
fatal and degenerative mitochondrial diseases have beenis due to the accumulation of adaptive synonymous sub-
associated with mutations that lead to NADH dehydro-stitutions between species. There is mounting evidence
genase deficiencies (Wallace 1994). The functionalthat selection on silent sites may play an important role
importance of genes associated with the mitochondrialin Drosophila (e.g., Akashi 1994, 1995; Akashi and
electron transport pathway argues against relaxation ofSchaeffer 1997). There are two reasons to doubt that
selection as a reasonable explanation for the observedthis is the main cause of the observed deviation in our
patterns.data. First, while selection on silent sites undoubtedly

Another possibility is that multiple amino acid poly-occurs, it is presumably weaker and less common than
morphisms are being maintained in populations byselection on changes affecting amino acid sequence and
some form of balancing selection. Although the unipa-protein structure. Second, the ratio of replacement to
rental inheritance of mtDNA precludes heterosis, it issilent changes seen between species in our data is in
possible that selection acting upon nuclear-cytoplas-good general agreement with this ratio for a variety of
mic interactions is maintaining mitochondrial variants.other genes in interspecific comparisons (e.g., Tucker

Many of the mitochondrial genes for which excessand Lundrigan 1993). It seems reasonable, therefore,
amino acid variation has been documented (ATPase,to consider explanations for the deviation that focus on
cytochrome b, cytochrome oxidase, and NADH dehy-the potential selective forces acting on nonsynonymous
drogenase complex) have subunits encoded by bothpolymorphisms.

One possibility is that selection pressures have the nucleus and mitochondrion. However, theoretical
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TABLE 7

Nucleotide heterozygosity for H. brasiliensis (N 5 82)

S k u (%) p (%) h (s) Tajima’s D Fu and Li’s D Fu’s Fs

All sites 24 2.593 1.397 0.751 10 21.405 22.062* 215.275**
Replacement sites 8 0.406 0.587 0.148 3 21.869* 21.125 28.289**
Silent sites 16 2.186 4.529 3.079 7 20.919 21.986* 27.780*

S, Number of segregating sites; k, average number of pairwise differences between sequences; h(s), number
of singletons; * P , 0.05; ** P , 0.01.

studies suggest that it is difficult to maintain multiple Interestingly, many mitochondrial diseases show adult
or late-onset (after reproductive maturity has been at-mitochondrial variants via cyto-nuclear interactions (Clark

1984). Another possibility is that variation is maintained tained); this is consistent with their relatively mild effect
on fitness. Second, several recent studies (e.g., Parsonsby selection that varies over space or time (e.g., Gilles-

pie 1991, 1994). Balanced polymorphisms are expected et al. 1997) have documented a much higher mitochon-
drial mutation rate in pedigrees than has been observedto be maintained in populations, on average, longer

than neutral polymorphisms, and are thus expected to in phylogenetic comparisons. Such a difference is ex-
pected if many mutations are weakly deleterious andbe present at higher than average frequencies. However,

some polymorphisms known to be targets of balancing rarely fix in populations. In fact, it is possible that the
per site mutation rate for mtDNA is sufficiently highselection are present at relatively low frequencies in

some populations; Adh variants in Drosophila (Berry that the excess replacement polymorphisms observed
in population samples may be explained by a simpleand Kreitman 1993) and Hbb variants in humans (Har-

ding et al. 1997) are two such examples. The frequency model of mutation-selection balance rather than by the
more complicated models that include a stochastic com-distribution of polymorphisms in this study shows that

replacement polymorphisms are only present at low fre- ponent (e.g., Ohta and Tachida 1990; Tachida 1991).
Parsons et al. (1997) estimated that the mutation ratequencies (Figure 4). It is difficult to envision how multi-

ple, linked replacement polymorphisms could be main- for the control region may be z1025 per site. We can
use this value and the average frequency of replacementtained at low frequencies by some form of positive

selection; additional theoretical models with temporally polymorphisms in our sample to estimate the average
selection coefficient on these polymorphisms assumingor spatially varying selection coefficients would be useful

for evaluating this hypothesis more carefully. variation is solely a result of the balance between muta-
tion and selection. The equilibrium allele frequencyA third explanation for these data is that many amino

acid mutations are weakly deleterious. First proposed under mutation-selection balance for a haploid is given
by m/s, where m is the mutation rate and s is the selectionby Ohta and Kimura (1971) and Ohta (1972), this

hypothesis suggests that many replacement mutations coefficient. The average frequency of replacement poly-
morphisms in our sample is 2.6%, leading to an averagefall within the neighborhood of |s| 5 1/Ne and, as such,

are expected to contribute differentially to heterozygos- selection coefficient of s 5 0.038. This calculation, while
extremely rough, shows that mutations with moderateity and to substitution (Kimura 1983). Specific models

of weakly deleterious mutations have been strongly criti- selection coefficients may still rise to appreciable fre-
quencies if mutation rates are high.cized, mainly on the grounds that they are improbable;

i.e., they exhibit their unique behavior only for a very The hypothesis that mitochondrial amino acid muta-
tions are mildly deleterious makes at least one testablerestricted set of conditions (Gillespie 1994). In particu-

lar, if |Nes| , 1, mutations will behave like neutral muta- prediction. Ohta and Kimura (1971) pointed out that
rates of evolution will be inversely proportional to effec-tions, and if |Nes| À 1, evolution will stop (Gillespie

1994, 1995). The difficulty with this explanation for the tive population size under a slightly deleterious model.
Ohta (1993, 1995) tested this prediction with nuclearmitochondrial data in general is that marsh rats, house

mice, fruit flies, and humans all presumably have differ- gene sequences from flies and mammals and confirmed
that nonsynonymous rates of evolution varied inverselyent effective population sizes, yet all show an excess of

intraspecific replacement polymorphism. with effective population size. Similar tests could be
made with rates of mitochondrial protein evolution inThere are, however, other lines of evidence that sup-

port the view that deleterious mutations may be com- species with different effective population sizes.
Frequency distribution of polymorphisms in H. bra-mon in mtDNA. First, a number of mitochondrial mis-

sense mutations are known to cause disease in humans, siliensis: Tests of the frequency distribution were consis-
tent in revealing an excess of rare sites (Table 7). Theseand some disease phenotypes appear to be due to multi-

ple mutations, each of small effect (Wallace 1994). departures from neutral expectations were observed for
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Figure 4.—Frequency distribution of polymorphic sites.
Twenty-four polymorphic sites were observed among the 82
H. brasiliensis sampled. Silent sites are shown with hatch bars
and replacement sites are shown with solid bars. Replacement
sites are only present at low frequencies; however, silent sites
are observed at both low and moderate frequencies.

Figure 5.—Hypothetical gene tree depicting the effects of
relaxed selection. The arrow indicates when a relaxation of

both nonsynonymous and synonymous sites. These re- selective constraint occurred. After selection is relaxed, re-
placement polymorphisms accumulate within species B but dosults could be due to a population expansion or a selec-
not affect the ratio of replacement to silent fixed differencestive sweep on the mitochondrial genome (Tajima

between species A and B. The hypothesis that relaxed selection1989). Population subdivision may also produce a skew accounts for the higher than expected levels of intraspecific
in the frequency distribution if rare sites are restricted polymorphisms requires that species are sampled at a specific
to single populations, as is the case for some of the point in time relative to the relaxation of constraint. If selec-

tion were relaxed earlier (i.e., if the arrow were moved basallypolymorphisms in our data (Table 1 and Figure 3).
down the tree), the accumulation of replacement polymor-Sampling additional loci would help distinguish be-
phisms would affect both polymorphism and divergence.tween demographic and selective explanations for the

observed frequency distribution.
Generality and implications of nonneutral mtDNA

morphism, while ND3 does not (Rand and Kann 1996).evolution: The results presented here show that the
Thus, the patterns observed in this study, while com-nonneutral patterns first documented for humans,
mon, are not characteristic of either all mitochondrialhouse mice, and fruit flies are not unique to those spe-
genes or of one gene in all species.cies. This study, in conjunction with a recent analysis

Another question raised by these observations isof published mtDNA datasets (Nachman 1998) raises
whether excess intraspecific amino acid polymorphismsthe possibility that weakly deleterious amino acid poly-
are specific to mtDNA, or whether these observationsmorphisms may be a common feature of animal mtDNA.
may also extend to nuclear loci. Few data exist withThe pattern, however, is not ubiquitous, and some im-
which to address this issue, and most polymorphismportant questions remain. The ND3 gene has now been
and divergence data from nuclear genes come fromstudied from this perspective in marsh rats (this study),
Drosophila. In D. melanogaster, while some genes showhumans (Nachman et al. 1996), Mus (Nachman et al.
an excess of intraspecific replacement polymorphism,1994), and Drosophila (Rand and Kann 1996). All three
most do not (e.g., Brookfield and Sharp 1994; Mori-mammals show an excess of intraspecific replacement
yama and Powell 1996). For example, McDonald-polymorphisms, while the patterns observed in both
Kreitman tests performed on 12 different loci usingDrosophila melanogaster and D. simulans fit the predictions
polymorphism data from D. melanogaster yielded onlyof a neutral model. Thus the same gene in different
two significant results (Moriyama and Powell 1996).species may be under different selective pressures, or
One locus, Zw, showed an excess of interspecific nonsyn-differences in effective population size may render mu-
onymous substitution; conversely, another locus, Pgi,tations neutral in some species and visible to selection
showed an excess of intraspecific nonsynonymous poly-in other species. Further, different genes in the same
morphism. Adh data from some crop plants also show aspecies may show different patterns. In D. melanogaster
slight excess of intraspecific replacement polymorphismand D. simulans, cytochrome b (Ballard and Kreitman

(Gaut and Clegg 1993a,b). In addition, examination1994) and portions of ND5 (Rand et al. 1994; Rand

and Kann 1996) show an excess of replacement poly- of Li and Sadler’s (1991) human polymorphism data
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