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m Abstract Early studies of animal mitochondrial DNA (mtDNA) assumed that nu-
cleotide sequence variation was neutral. Recent analyses of sequences from a variety of
taxa have brought the validity of this assumption into question. Here we review analyt-
ical methods used to test for neutrality and evidence for nonneutral evolution of animal
mMtDNA. Evaluations of mitochondrial haplotypes in different nuclear backgrounds
identified differences in performance, typically favoring coevolved mitochondrial and
nuclear genomes. Experimental manipulations also indicated that certain haplotypes
have an advantage over others; however, biotic and historical effects and cyto-nuclear
interactions make it difficult to assess the relative importance of nonneutral factors.
Statistical analyses of sequences have been used to argue for nonneutrality of mtDNA,
however, rejection of neutral patterns in the published literature is common but not pre-
dominant. Patterns of replacement and synonymous substitutions within and between
species identified a trend toward an excess of replacement mutations within species.
This pattern has been viewed as support for the existence of mildly deleterious muta-
tions within species; however, other alternative explanations that can produce similar
patterns cannot be eliminated.
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INTRODUCTION

Evolutionary research has been greatly aided by technical advances in molecular
biology, allowing for more direct characterization of genetic variation. One marker
system in particular, mitochondrial DNA (mtDNA), has revolutionized evolution-
ary studies of animals (reviewed in 5, 6). Since its initial application in the 1970s,
this molecule has been widely used to examine evolutionary genetic questions
such as population structure, patterns of hybridization, and evolutionary relation-
ships of a variety of animal taxa. Although the advent of the polymerase chain
reaction (PCR) created the potential for examination of a much large number of
genes encoded in the nucleus, mtDNA has remained the molecule most often used
in evolutionary studies.

Several attributes of mtDNA were responsible for its rise to prominence and
continued popularity as a tool for evolutionary studies (reviewed in 5, 6). These
characteristics were initially derived from the study of a relatively small number of
vertebrate taxa, particularly mammals (reviewed in 17). Small size, duplex, circular
conformation, and high copy number allowed for isolation of a sufficient quantity
of mtDNA for use in direct characterization with restriction endonucleases (e.g.,
9, 19). Gene content and arrangement were thought to be conserved across most
animal lineages with few or no intervening noncoding sequences (reviewed in 17).
Studies of transmission indicated that mtDNA was inherited only through maternal
parents without recombination (e.g., 44, 65). Despite conservation of form, rates
of nucleotide substitution were much higher than for nuclear genes (4, 18, 126).
These properties made mtDNA an ideal marker system, and scientists utilized it
to examine a more diverse group of organisms.

Later studies identified the lack of generality of many of these features in non-
mammalian taxa (reviewed in 5, 6, 80). These deviations were so significant that
their impact on the utility of mtDNA as a marker for evolutionary studies required
additional assessment. As more information of major invertebrate and vertebrate
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taxa accumulated, considerable variation in gene arrangement was found (e.g.,
15,104, 109). While rearrangements among basal groups are common, order is
sufficiently stable within major groups (but see for example, 15, 64, 67) to allow
for production of universal primers for PCR amplification of specific fragments and
genes (e.g., 58,91). Several instances of paternal transmission have been identi-
fied (e.g., 43, 45, 59), and evidence for recombination has also been reported (e.g.,
10, 32); however, levels of paternal leakage and recombination appear in most
instances to be so low that they can be safely ignored (6, 63). Rates of mtDNA
evolution (e.g., 72,93, 114) and base composition (e.g., 62) were found to be sig-
nificantly different among lineages, making local calibrations essential for proper
use of a molecular clock.

Even considering these caveats, the general attributes of mtDNA still make it
one of the premier marker systems for analysis of population genetic (e.g., mea-
surement of gene flow and population subdivision, estimation of female effective
population size) and phylogenetic (e.g., reconstruction of relationships, estima-
tion of divergence times) questions. Most of these applications have taken place
under the assumption (explicit or otherwise) that sequence variation in mtDNA is
selectively neutral, but the basis and evidence supporting this assumption have not
been evaluated.

Considerations of the Neutral Theory

The Neutral Theory has long been debated by evolutionary biologists, especially
the role played by mildly deleterious mutations (55, 60, 90, 101). Here we present
no new information relevant to the resolution of this dispute; however, we provide
the necessary context within which we interpret information.

The neutral theory of molecular evolution (53,55) attempts to explain the
amount and pattern of DNA and protein polymorphism observed in natural pop-
ulations. It proclaims that “a large proportion of molecular variation within pop-
ulations is neutral or nearly neutral” (86, p. 3). Since the “polymorphism [within
species] is just a transient phase of molecular evolution [among species]’ (55),
this proclamation applies to molecular sequence diversity among species as well
as to within-population molecular variation. Therefore, the neutral theory applies
to patterns of observed variation within and among taxa.

Considerable confusion exists in the literature about the evolutionary processes
responsible for neutral evolution and their relationship with the neutral theory. To
resolve this confusion, let us examine the evolution of protein-coding genes. Con-
sider the subset of third codon positions containing fourfold degenerate sites. At
these positions, the fate of almost all mutations will be governed by chance [neutral
mutation-random drift (55)] because DNA sequence mutations do not manifest
themselves at the protein sequence level and have no effect on fitness. In fact,
fourfold degenerate sites are often considered to be completely neutral in nature.
Therefore, observed variation at these sites is explained by the neutral theory. Now
consider second codon positions. All second codon positions are 0-fold degenerate
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(i.e., all mutations produce an amino acid change); however, only a small fraction
of mutations persist at such sites as purifying selection will quickly eliminate all
other mutations. Because of the action of purifying selection, observed variation
at O-fold degenerate sites will be predominantly neutral or nearly so and gov-
erned mainly by neutral processes. When we contrast patterns of variation between
these two categories, the overall fraction of mutations that are selectively neutral
at 0-fold degenerate sites is much smaller than that at fourfold degenerate sites
under the neutral theory. Likewise, the average nucleotide sequence diversity at
0-fold sites frg) would be much less than fourfold sites,j. The observed pat-

tern of sequence variatiom § < 4) is explained by the neutral theory, but the
process generating this pattern is purifying selection that weeds out deleterious
mutations. Kimura (54) specifically developed this line of reasoning in the frame-
work of the Neutral Theory: “In my opinion, various observations suggest that
as the functional constraint diminishes the rate of evolution converges to that of
synonymous substitutions. If this is valid, such a convergence (or plateauing) of
molecular evolutionary rates will turn out to be strong supporting evidence for the
neutral theory.”

The popular use of the phrase neutral evolution confounds these two aspects
as it is often taken to mean that the fate of all mutations is governed by random
chance alone in all codon positions. This perspective (strict-neutrality) is accu-
rate only when considering the evolution of pseudogenes or nonfunctional genes.
Therefore, the neutral theory framework (55) explains the patterns of sequence
variation at different types of sites (in codons or parts of the gene) and clearly
allows for the existence of purifying selection in the process. There has also been
considerable debate over the incorporation of slightly deleterious mutations under
the Neutral Theory (60, 90). In this paper, we interpret neutrality (or neutral evolu-
tion) in the broadest sense (90). Evolutionary processes such as positive selection
or adaptive evolution produce nonneutral patterns of molecular variation and are
responsible for nonneutral evolution, whereas pattern shifts due to drift, mutation,
and/or purifying selection are consistent with the neutral theory.

Given these general considerations, the issue is not whether selection acts upon
mMtDNA, as it clearly does [the rate of synonymous substitution is many times
larger than the rate of nonsynonymous (replacement) substitution]. The important
questions are: Which processes act and how do they affect patterns of variation
(e.g., number and types of substitutions, base composition, etc.) observed in nat-
ural populations? Is variation in mtDNA nucleotide sequences driven by positive
selection or does it reflect the interaction of mutation, drift, and shifting selective
constraints?

Early Justification for Neutral Evolution
of Animal Mitochondrial DNA

Support for the assumption of neutral evolution of mtDNA was at first inferen-
tial, based on contrasts of evolutionary rates of nuclear and mitochondrial gene
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evolution. In one of the earliest reports of rapid evolution of mtDNA, Brown et al.
(18) hypothesized that the accelerated rate of sequence change (relative to nuclear
genes) could arise from low functional constraints on mitochondrial gene products.
They also provided other alternatives that implicated a higher rate of spontaneous
mutation of mtDNA or a slowdown in the mutation rate of nuclear DNA in the
observed discrepancy. Cann & Wilson (22) and Cann et al. (21) suggested that the
probability of fixation of mildly deleterious mutations might be higher in mtDNA
owing to hitchhiking through linkage to adaptive variants. However, Cann et al.
(21) concluded, ‘.. the high rate of evolutionary change in mammalian mtDNA

is probably the result of the blending of two forces. One could be increased mu-
tation pressure and/or lack of recombination, both of which would enhance the
frequency of change at all positions. The other could be relaxed translational con-
straints, which would have a major effect on the components of the translational
machinery and a minor effect on the mitochondrial genes coding for proteins.”
Therefore, increased rates of mtDNA evolution were hypothesized to result from
a higher mutation rate, relaxation of purifying selection, or a combination of these
two factors.

Avise (4) evaluated the available information on causes for the rapid rate of
mtDNA evolution and the issue of relaxed selective constraints. He concluded,
“...there is currently no compelling reason to suppose that most of the mtDNA
variants routinely assayed cannot be interpreted as neutral markers of the female
lineages in which they occur. This has been the working assumption in most pop-
ulation surveys of mtDNA.” Avise et al. (7) continued along this line of reasoning.
Since the majority of substitutions in mtDNA were found to be synonymous or
insertion/deletions in honcoding regions, they stated thost of the particular
mMtDNA genotypic variants segregating in populations probably have, by them-
selves, absolutely no differential effect on organismal fitness.” Avise et al. (7)
added the caveat that.". mechanistically neutral mtDNA variants may, through
linkage to selected mtDNA mutations, have evolutionary histories that are at times
influenced or even dominated by effects of natural selection.”

Given that the rapid rate of evolution was the original basis for assumed neutral-
ity of mtDNA, variation in rates of evolution become pertinent to the discussion
of neutrality. Several studies have demonstrated slowdowns in the rate of mtDNA
evolution for various lineages (e.g., 8, 72). Templeton (116) demonstrated how evo-
lutionary rates could vary in mtDNA because of the impact of different modes of
cladogenesis, even in relatively closely related taxa such as Havzaiiaophila
In a comparison of rates of mitochondrial and nuclear DNA evolution between
sea urchins and primates, Vawter & Brown (119) argued that the relatively rapid
rate of vertebrate mtDNA evolution was due mainly to fluctuations in rates of nu-
clear DNA evolution. Findings such as these indicate that the assumption of rate
constancy of mtDNA evolution is not valid.

Recently, many authors have tested for selection on mtDNA, and results of
these studies have generated concern over the use and interpretation of mtDNA
as a neutral marker (reviewed in 13, 83, 96, 100). Given these developments, it is
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important that evidence for selection on mtDNA be evaluated to allow for continued
informed use of this molecular marker. Here we review statistics that have been used
to test neutrality of mtDNA and hypotheses examined by these tests. We also review
recent studies that have examined the role of selection on mtDNA evolution and
evaluate their ability to discriminate among competing hypotheses. The extensive
literature makes it difficultto incorporate all publications on this subject. Therefore,
we focus our efforts on statistics and experimental approaches most commonly
used to examine the role of selection on mtDNA evolution.

STATISTICAL TESTS FOR DETECTING DEPARTURES
FROM NEUTRALITY

A number of tests have been developed over the past 25 years to examine whether
observed patterns of DNA or protein polymorphism are consistent with predic-
tions of the Neutral Theory (for a recent review, see 61). These measures are
generally based upon the relationship of different estimates of diversity within and
between populations, including the number of segregating sites, heterozygosity,
gene diversity, and the ratio of synonymous and replacement substitution rates
(see 55, 66, 86, 87). Here we present a brief summary of some of these tests, and
discuss the null hypotheses tested when they are applied for the mtDNA analysis.

Single-Locus Tests of Protein and DNA
Polymorphism Within a Species

Watterson (121, see also 29) developed atest that contrasts observed heterozygosity
for a given locus with the theoretical distribution of single-locus heterozygosity
given the observed number of alleles. If the fit of the observed and theoretical
distributions is adequate, the Neutral Theory cannot be rejected. Such tests are
extremely conservative (86). Of course, rejection of the null hypothesis of neutrality
in these tests could also occur if one or more of the underlying assumptions (e.qg.,
constant population size) are violated (111).

Tajima’s (110) D statistic is widely used to examine the distribution of DNA
polymorphisms within species. It is based on the examination of the relationship
between the estimates of the population parantgteiNeu, whereNg is the effec-
tive population size angd is the mutation rate), which can be calculated from the
number of segregating siteds] and the nucleotide diversitg{) in a sample of se-
guences from a panmictic population. The difference between these two estimates
(A6 = 6, — 09 and its variance provides a test for neutrality. Both estimates of
6 are expected to be the same when a population achieves a neutral mutation-
drift equilibrium (A6 = 0). Significant positive values af are consistent with
balancing selection that may leave its signature in the form of increased allele
frequencies. The existence of many deleterious mutations in the population will
produce an excess of rare alleles, which will lead to a negative valusfdnter-
pretation of observed departures from neutrality are only valid if the assumption
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of neutral mutation-drift balance is satisfied. It is now well appreciated that the
sign of A@ depends on the population history if a population has recently under-
gone abottleneck (111). Therefore, Tajima’s test measures skew of allele frequency
spectra (61). Fu & Li (38) developed a test similar to Tajima’s D in which polymor-
phisms were separated into recent and ancestral categories based on a phylogenetic
tree; however, it has been used less frequently for mtDNA.

Comparing Variation Within and Between
Species for Two Loci

This approach takes advantage of the Neutral Theory prediction that “polymor-
phism [within species] is just a transient phase of molecular evolution [among
species]” (55). The best example is the Hudson-Kreitman-Aguade (HKA) test
(46), which compares within-species polymorphism and between-species diver-
gence at two (or more) loci simultaneously. If the two loci are evolving at different
rates, then the locus with a higher rate is expected to exhibit higher levels of poly-
morphism under the Neutral Theory. Kreitman (61) noted that the requirement of
free recombination between loci makes this test simply a test of neutral substitu-
tion rate differences between loci when genes from mtDNA or Y-chromosome are
compared, because they evolve as a linked unit. Therefore, its utility is limited to
comparisons between mitochondrial (or Y-chromosome) and nuclear loci.

Comparing Synonymous and Replacement
Substitutions Within or Between Species

In protein coding genes, we can estimate the rates of synonymguang non-
synonymoust{y) substitutions. Because synonymous substitutions are usually free
from selectionrsis often equated with the neutral substitution rate (76). For neu-
tral evolution in generaty < rsbecause a large fraction of replacement mutations
is likely to be eliminated by purifying selection (55). Therefore, a gene showing
rn > rs, a pattern of molecular variation opposite from that expected under neu-
trality, is considered to be caused by positive Darwinian selection (47,55, 87).
Sincery andrs are both computed from the same set of sequences, they share
the same evolutionary history and time of divergence. Therefore, a comparison of
ryandrscan be conducted by comparidgandds, wheredsis the number of syn-
onymous substitutions per synonymous site éqds the number of replacement
substitutions per replacement site. These tests can be applied in the same way for
within-species polymorphism as well as between-species comparisons.
Specifically, we test the null hypothesisayf = dsin a one-tailed test, as the
alternative hypothesis being testedlis> ds. A common practice for conducting
this test is to compute the differenead (= dy — dg) and construct a normal de-
viate test by using either analytical or bootstrap varianca@{reviewed in 87).
lllustrated examples and relative usefulness of different methods for computing
dy anddsare given in Nei & Kumar (87). If the sequences compared are closely re-
lated (e.g., individuals from the same population), the number of synonymous and
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replacement differences observed might be small and the large-sample assump-
tion made in the normal deviate test is not satisfied. This may make the normal
deviate test liberal in rejecting the null hypothesis (131). Under these circum-
stances, Fisher’s Exact Test is more appropriate, typically performed as2a 2
contingency table in which the nucleotide sites are partitioned into two pairs of site
categories, synonymous and replacement sites with and without substitutions (87,
131).

Comparing Synonymous and Replacement Substitutions
Within Species (Polymorphisms) and Between Species
(Fixed Differences)

Tests in this category are built on the same principle as that for the HKA test
and others: Neutral evolution within species is expected to show the same pat-
tern as that observed between species. When substitutions are partitioned into
synonymous and replacement types, then estimateg/df within a population
should be similar to that observed between species if the given gene is evolving in
the same manner between species and within populations. This is exactly what the
McDonald-Kreitman [MK test (75)] test examines. In this casexaZxontingency

table is constructed that contains the numbers of synonymous and replacement sites
showing fixed differences between two species and polymorphisms within a pop-
ulation. Rejection of the null hypothesis of the same evolutionary pattern suggests
shifts in patterns consistent with either neutral or nonneutral evolution. This can
be examined by comparing the ratio of replacement to synonymous substitutions
(R) computed from the elements of thex2 table for within-populationRp) with

that obtained from between-species analyRi3.(The null hypothesis tested in the

MK test is simply thaRp = Rr. The ratioRp/Rr is the Pattern-Shift Index (PSI)

that provides an estimate of the extent of evolutionary pattern shift observed within

a population relative to that observed between species. PSl is exactly the same as
the neutrality index of Rand & Kann (99).

There are several potential interpretations of MK test results. If a gene is evolv-
ing under positive selection among species as well as within populations, then
dn > ds(Rr > 1 andRp > 1) for both among-species and within-population analy-
ses. Inthis case, the nonneutral nature of sequence variation is obvious irrespective
of results of the MK test.

For mtDNA, the value oflsis rarely smaller thady, and, therefore, the applica-
tion of the MK test usually leads to test of the shifts in neutral evolutionary patterns
over time. In some instances, one may filyd> Rp, which indicates an excess of
replacement between species as compared to the population polymorphism data.
If Rpis assumed to be the ratio expected under neutrality, one may invoke positive
selection as the cause behind the increased number of replacement substitutions
between species. However, if we assume Rras the neutral expectation, then an
Re lower thanR: potentially indicates depression of the replacement substitution
rate or an increase in synonymous substitution rates within populations.
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The other possible outcomy, > Rr, may indicate depression of the replace-
ment substitution rate or an increase in synonymous substitution rates between
species if we assume thas is the neutral expectation. The most popular interpre-
tation of the MK test results assumes tRatreflects the neutral ratio. Therefore,
whenRp > Rr, there is an excess of replacement variants within species that s often
equated with the overabundance of mildly deleterious mutations within popula-
tions. In this case, existence of a few newly arisen, positively selected replacement
mutations may also lead to an overabundance of replacement substitutions within
populations. This does not necessarily mean that the evolutionary patterns within
species are nonneutral under Kimura’s (55) framework, as the majority of replace-
ment mutations may be still neutral in nature (2).

PAST STUDIES AND AVAILABLE EVIDENCE

Even as mtDNA was becoming an important marker for use in evolutionary genetic
studies, neutrality of the molecule was called into question (e.g., 129). Several early
studies focused on selective differences among length variants (e.g., 98, 126), pos-
sibly due to faster replication of smaller molecules. Because such variation appears
not to affect long-term fitness (e.g., 3, 23, 132), selection on length variation is not
considered further. Instead we focus on how selection may shape the distribution
of observed nucleotide sequence variation within and among species.

Studies of neutrality of nucleotide sequence variation fall into three broad cat-
egories: §) observed differences in performance among haplotypsjuantifi-
cation of shifts in haplotype frequency in experimental populations, @rmb-
parison of observed patterns of nucleotide sequence variation with those expected
under the neutral model. These categories are simply designated for convenience
of discussion, as some overlap exists among them.

Observed Differences in Performance Among Haplotypes

Several lines of evidence have been used to examine and/or infer differential per-
formance among mtDNA haplotypes. Some of the strongest evidence for purifying
selection comes from studies of disease, with well-known disorders in humans and
mice resulting from mutations in mtDNA (120). However, some of these diseases
appear late in life and may have limited repercussions on the reproductive contri-
bution of affected individuals (e.g., 77). Other diseases appear to have different
fitness effects in males and females (e.g., 103), potentially leading to persistence
of deleterious mutations (36).

In some instances, selection between haplotypes is inferred from patterns of
variation, with limited support. Malhotra & Thorpe (69) found parallel patterns
of morphological and mtDNA variation and ecological gradients in lizards from
two Caribbean islands. Based on high leveld 2%) of sequence divergence at
cytochromeb (cyth) and lack of plausible vicariant events, the authors concluded
that observed patterns resulted from natural selection. In a study of hybridization
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between arctic charSalvelinus alpinusand brook charg. fontinaliy, Glémet

et al. (40) found that introgressive hybridization had resulted in complete replace-
ment of brook char mtDNA by that of arctic char in one river subdrainage in
Québec. Physiological studies indicated nonequivalence of thermal sensitivity of
cytochrome oxidase and pyruvate oxidation by red muscle mitochondria from in-
trogressed and nonintrogressed brook char; however, tests of individual fish failed
to identify a significant advantage for either haplotype (cited in 40). Duvernell
& Aspinwall (28) found that haplotypic variation in the cyprinid fighuxilus
chrysocephalugvas consistent with geography and concluded that observed pat-
terns of variation were determined by selection. Dowling et al. (27) noted that
distribution of haplotypes is affected by introgression and glacial history, mak-
ing it difficult to eliminate a role for historical factors in explaining patterns of
haplotypic variation.

The direct impact of mitochondrial haplotypes on various performance at-
tributes has also been examined. Schizas et al. (105) quantified differential sur-
vivorship to pesticide exposure among three haplotype lineages (designated I, 11,
1) of the marine copepod\licroarthridion littorale. When a random mixture of
adults containing these three lineages was exposed to pesticides, lineage | exhibited
a significant increase in frequency over control lines, whereas lineages Il and Ill
showed nonsignificant reductions in frequency relative to the controls. These re-
sults were consistent with frequencies of these haplotypes at clean and toxic sites,
suggesting a relationship between haplotype and persistence in natural popula-
tions. Studies of the association between mtDNA haplotypes and size-associated
parameters (e.g., body weight, growth rate) in rainbow trout yielded mixed results
(25, 33). Some haplotypes exhibited significantly enhanced growth; however, there
was considerable variation among strains, leading the authors to hypothesize that
time of spawning may also play a role in growth dynamics.

These studies demonstrate the significance of mtDNA gene products for or-
ganismal fitness; however, it can be difficult to eliminate the impacts of cyto-
nuclear interactions in producing the observed patterns of variation. The signifi-
cance of cyto-nuclear interaction has been demonstrated through examination of
polymerase function in cell lines or manipulated eggs (reviewed in 80). These
generally indicated improved performance when mitochondrial and nuclear gene
products were derived from the same or similar species, indicating coevolution of
nuclear and mitochondrial gene products. King & Attardi (56) used human cell
lines depleted of mitochondria to demonstrate that source of exogenous mitochon-
dria influenced cytochrome oxidase (COX) activity. Additional studies of human
cell lines indicated that it is possible to replace human mtDNA with that of apes;
however, human mtDNA always comes to predominate in lines initiated through
fusion of ape cytoplasts with human cells, even when the human mtDNA has large
deletions (79). The impact of cyto-nuclear interactions on performance has also
been demonstrated in other organisms. Burton et al. (20) examined the interac-
tion between mitochondrial cytochrome oxidase genes (COI, COIl) and nuclear
cytochromec sequences in the copepdjriopus californicus Crosses between
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natural populations from different regions resulted in decreased COX activity by
the F, generation, whereas intrapopulation crosses undergoing the same treatment
yielded an increase in COX activity.

Nevertheless, certain haplotypes may perform better regardless of nuclear back-
ground. Takeda et al. (113) used heteroplasmic mice created through reciprocal
cytoplast transfer of two lines (C57BL/6 and RR) to examine temporal shifts and
tissue-specific segregation of mtDNA haplotypes with different control regions.
While equivalent amounts of the two forms were detected in early stage embryos,
RR became abundant in most tissues regardless of nuclear background, possibly
due to a replicative advantage of RR during development and differentiation.

Experimental Manipulation and Frequency Variation

Early experimental tests of fitness and neutrality of mtDNA were first conducted
on lab populations obrosophila Although labor-intensive, this approach allows

for direct examination of fitness effects due to mtDNA variation. In one of the
earliest of these studies, MacRae & Anderson (68) tracked frequencies of two
mtDNA haplotypeslfogotafrom Colombia, South America, and AH from Apple

Hill, California) over 32 generations in one line BX. pseudoobscurdnitially
present at 30%, theogotahaplotype increased t880% by generation 4, where

it remained for 18 generations. At generation 22, addition of more AH haplotypes
reduced the frequency bbgotato below 60%; however, the population returned

to the pre-perturbation frequency within one generation. Attempts to replicate
these results were unsuccessful, although mtDNA frequencies were observed to
change significantly during the course of 10 generations in other experiments
reported in the same paper. MacRae & Anderson concluded that nonneutral forces
controlled mtDNA haplotype frequencies and suggested that sporadic selection can
favor one haplotype over the other, possibly as a result of cyto-nuclear interactions.
Selection was also invoked in other test®osubobscurd34) because haplotypes
went to fixation faster in large populations. Haplotypes within their own nuclear
background were positively selected, but in a mixed nuclear background, one
particular haplotype predominated in all instances.

In early tests implicating selection, other explanations were forwarded to ex-
plain deviations from neutral behavior in mtDNA frequencies. Singh & Hale (107)
note that studies db. pseudoobscuramployed haplotypes derived from differ-
ent subspecies and that observed variation was consistent with known variation
in reproductive compatibility. Similar results and conclusions were presented in
studies oD. simulangopulations established to detect selection on mtDNA (89),
except that partial reproductive isolation due to maternally transniRiekkttsia
was considered to be sufficient to account for apparent departures from neutrality.
Jenkins et al. (49) examined the potential impacts of assortative mating and ma-
ternally transmitted cytoplasmic incompatibility factorddnpseudoobscurand
concluded that neither of these factors could explain patterns of frequency change
observed in the earlier experiments of MacRae & Anderson (68).
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Several sets of experiments have been conducted that were specifically designed
to account for the effects described above. Nigro (88) examined frequency vari-
ation in transplasmic lines drosophila simulangreated for bacterial infection
and found that thsill haplotype was positively selected when placed in the nu-
clear background of its own strain but negatively selected when isilthauclear
background. DeStordeur (26) used microinjection to study partitioning of mito-
chondrial haplotypes in heteroplasniic simulansandD. mauritianiaand found
results consistent with those of Nigro (88). In a study involMihgpseudoobscura
andD. persimilis Hutter & Rand (48) found asymmetric cyto-nuclear fithess as-
sociations. Gane-Martinez et al. (39) performed experiments on experimental
populations ofD. subobscuraOne haplotype went to fixation in all four cages,
yet tests of neutrality found no departure from neutral expectations (see below).
Results such as these have generally been seen as evidence for selection on mtDNA
haplotypes as well as cyto-nuclear interactions.

Not all experiments identified fitness differences among haplotypes. Kilpatrick
& Rand (52) established population cages with two divergent, reproductively com-
patible strains oD. melanogastein replicate populations. Mitochondrial frequen-
cies were examined on each of the two nuclear backgrounds, as well as a hybrid
nuclear background. Haplotype frequencies did not change on the three nuclear
backgrounds, and perturbation to test for departures from drift revealed no evi-
dence for purifying or positive selection of one mtDNA haplotype over the other,
regardless of the nuclear environment. This result was not restricBrdsophila
as Khambhampati et al. (51) also found no evidence for selection among mtDNA
haplotypes in similar experiments on caged populations of the mosgeies
albopictus

Nucleotide Sequence Variation and Neutral
Theory Expectations

As characterization of DNA sequences became easier, mtDNA neutrality could be
tested by statistical analyses of sequence data. Because of the general availability
of PCR primers, much of the early data comes from humans and associated com-
mensal taxa (e.gDrosophilaand mice). Development of universal PCR primers
allowed for sequencing of noncommensal species, providing additional data for
analyses of patterns of evolution.

DROSOPHILA Ballard & Kreitman (12) examined evolution of &in Drosophila
melanogasteD. simulansandD. yakuba MK tests identified a significant excess

of replacement polymorphisms within all species poolRsl Rr), whereas the

HKA test [using the nuclear genes alcohol dehydrogenadh) @ndperiod only
identified departures from neutrality v simulans The Watterson test identified

an excess of rare haplotypedinmelanogasteand was suggestive of such excess

in D. simulans The authors hypothesize recent selective sweeps in both species to
explain these results.
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Rand et al. (97) examined sequence variation in subunit five of the NADH
dehydrogenase gene (ND5)Df melanogasteandD. simulansfrom diverse lo-
calities worldwide. Three tests were employed in this study: MK, HKA (using the
nuclear geneAdh Pgd andperiod), and Tajima’s D. Although this paper is often
reported as supporting the case for nonneutrality of mtDNA, neutrality was not
rejected using the MK test except for one region of the gene in both species. HKA
test results also were not significant using DNA sequences, whereas Tajima’s D
failed toreject neutrality for all tests except for the carboxy-terminal end of the ND5
gene inD. simulans Rand & Kann (99) also examined sequence variation in the
ND3 and ND5 genes among many linedbfmelanogasteandD. simulanssam-
pled from around the world. As in their earlier studies, applications of the MK test
failed to detect significant departures from neutrality in these data, and Tajima’s D
was consistent with neutrality except for replacement sites in the ND5 gene. Al-
though these tests were not significant, the authors noted a consistent excess of
amino acid polymorphism over that which they expected from neutr&jty-(Rg)
and attributed this pattern to selection. GarMarthez et al. (39) examined 984
bases of the ND5 gene from 45 haplotype®okubobscuraampled from a di-
versity of localities. Tajima’s D, Fu & Li's D and F (38), and the MK test did not
identify significant departures from the null expectation, inconsistent with fithess
tests on observed changes in haplotype frequences.

PRIMATES In the earliest tests of selection on human mtDNA, examination of
allelic variation detected by RFLPs (125) found 71% of the diversity values from
comparisons of allele frequency distributions to expected distributions fell within
the range expected under the Neutral Theory. The greatest deviations from neu-
trality were found in protein-coding loci. Explanations for departures from neu-
trality were recent range expansion and historical purifying selection. Excoffier
(30) found that all African human populations examined conformed to Neutral
Theory expectations, but Oriental and Caucasoid populations did not. Diversity-
reducing factors in Oriental and Caucasoid population dynamics, including popu-
lation expansion, were proposed to account for these nonneutral patterns. Rogers
& Harpending (102) found that the distribution of pairwise nucleotide differences
for human mtDNA does not conform to the neutral model, due to either a rapidly
expanding population size or a bottleneck caused by a selective sweep.
Nachman et al. (85) analyzed mtDNA sequence variation in humans, chim-
panzees, and gorilla in several ways. First they sequenced the ND3 gene from
humans, chimpanzees, and one gorilla. Using the MK test they could not reject
neutrality within humans. They did reject neutrality within the chimpanzee data
but concluded that this was likely due to inclusion of more than one subspecies
in the sample. Using RFLPs from the whole genome and other published mtDNA
sequences, they identified departures from neutrality within humans using chim-
panzee and gorilla as comparative taxa. Tajima’s D was also computed for the
human RFLP-derived data, and significant departures from neutrality were found
among the non-African human samples. Templeton (117) examined sequences



552

GERBER ET AL.

from COIl in hominoid primates. Contingency tests were used to detect depar-
tures from neutrality in mtDNA sequences from humans, chimpanzees, pygmy
chimpanzees, gorillas, and an orangutan. Unlike the MK test, these contingency
tests (first proposed in 116) allowed for examination of the ratio of replacement
to silent substitutions between species among a number of categories, including
“older” to “younger” haplotypes as represented by interior and tip haplotypes,
respectively, from phylogenetic networks. Replacement mutations in the cytosolic
regions of the COIl gene appeared to be deleterious, whereas replacement muta-
tions from the transmembrane region and all silent mutations behaved according
to neutral expectations.

A similar nested contingency method was employed by Wise et al. (128) to ex-
amine variation in the ND2 gene of humans and chimpanzees. Contingency tests
based on parsimony networks of haplotypes from humans and chimpanzees identi-
fied a significant excess of replacement polymorphisms within the transmembrane
regions in humans but not in chimpanzees. Tajima’s D and the Fu & Li tests also
rejected neutrality in the human data, but not in the chimpanzee data.

MICE Nachman et al. (84) examined sequence data from the ND3 gené&/fusm
domesticugM. musculusandM. spretusUsing the MK test, a significant excess of
replacement mutations was found in each species. However, frequencies of protein
variants were not significantly different from neutral expectations when tested by
the methods of Watterson and Tajima’s D, leading the authors to conclude, “it
is possible that some of the amino acid substitutions in our sample are strictly
neutral.”

NONCOMMENSAL SPECIES  Initial results from studies discussed above have been
usedto argue for rejection for neutrality (e.g., 12, 85, 97, 128). The tendency toward
an excess of replacement polymorphism within sped®s-(Rr) has been gene-

rally interpreted as evidence for the persistence of mildly deleterious mutations.
Because selection against these variants is weak, replacement polymorphisms are
observed within species but do not persistlong enough to become fixed differences
between species.

Concerns were raised by the possibility that relaxation of selectidtoimo
sapieng(112) could be responsible for the apparent excess of replacement poly-
morphisms in humans and their commensals, specifi€abgophilaand mice.

To determine whether the findings for humans and their commensals represent a
general phenomenon, sequences of numerous noncommensal species have been
reviewed and analyzed using the MK test (83, 100, 101, 123). In these analyses, the
MK test was generally performed on species whose DNA was collected for phy-
logeographic analyses and included mammals, birds, reptiles, amphibians, fishes,
and invertebrates (summarized in Table 1).

Additional comparisons in noncommensal species have subsequently been
reported (also included in Table 1). Some recent reports include the data for
MK tests (e.g., 14,118), whereas others provide only discussion of the outcome
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(e.g., 24,37,70). An additional 28 MK test comparisons (26 significant) were re-
ported by Peek et al. (92) on COI sequences from deep-sea clams. These results
are not included in Table 1 as they represent all pairwise comparisons among
small samples of eight species (from three different genera). Some comparisons
in Table 1 contain partial replicates across studies; however, they were never re-
ported as identical [e.dsothrix bistriataandMesomys hispidu83, 100)]. Of the

53 comparisons in Table 1, the MK test was significant in only 18 instances and
marginally significant (0.0% P < 0.10) in 3 others. In most cases with defined
values, the pattern shift index was greater than 1, but was not significant (24 of 38
nonredundant comparisons, one-tailed binomial test, @.072). Potential bias in
these samples (e.g., nonindependence of comparisons) makes this result difficult
to interpret. We tentatively conclude that there is a trend toward an excess of re-
placement mutations within species relative to replacement substitutions between
species, with further analyses required to rigorously test this hypothesis.

In addition to the MK test, Tajima’s and Fu & Li's approaches have been applied
inrecentstudies (42, 92, 118). These tests generally failed to detect deviations from
neutrality, with rare rejections reported in the study of deep-sea clams [one of eight
tests (92] and geckos [combined clades but not independent population samples

(42)].

CONCLUSIONS

Opinion on the subject of neutrality of mtDNA appears to have shifted over the
past decade, with the general assumption in the literature that mtDNA has been
proven to evolve nonneutrally. Studies that present evidence for nonneutral behav-
ior in mtDNA generate attention because so many evolutionary biologists have
used mtDNA loci for population genetic and phylogeographic studies under the
assumption (explicit or implicit) that this marker is neutral and evolves in a clock-
like fashion. The conclusion of nonneutral evolution, largely based upon results
from ratio comparisons, has clearly been convincing to many.

There can be no doubt that some forms of selection act on mitochondrial DNA.
Evidence from performance experiments suggests that certain haplotypes have a
selective advantage; however, it is difficult to eliminate a role for historical and
ecological factors as well as cyto-nuclear interactions. In fact, most evidence is
consistent with coevolution of mitochondrial and nuclear gene products. Exper-
imental tests of differential fithess among haplotypes (mostly in insects) have
suggested a role for selection; however, it is difficult to exclude the influence of
mating preference, cytoplasmic effects imposedNpibachia and, most impor-
tantly, cyto-nuclear interactions.

Statistical analyses of sequences have been the most influential and have been
most often cited in support of nonneutral evolution of MtDNA. Early studies fo-
cused on humans and their commensals; however, relaxation of selection pres-
sure was proposed as an explanation for apparent departures from neutrality. This
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explanation was further scrutinized through analyses of DNA sequences from
a variety of noncommensal organisms reflecting a diversity of animal taxa. Se-
guences used in these analyses were typically drawn from GenBank, often having
been collected for analysis of population structure and phylogenetic relationships.
Test results have been mixed, sometimes yielding patterns consistent with non-
neutral evolution. One regular outcome of these comparisons has been an excess
of replacement mutations within species relative to the number of replacement
substitutions between species, leadindgRpo> Rr in contrast to patterns seen in
nuclear genes (123).

Although published sequences have been an important resource for evolution-
ary biologists, tests of neutrality rely upon assumptions that may not be met by
these data. If this happens, rejection of the null hypothesis may not mean that
selection is responsible but may reflect violation of one or more of these assump-
tions (reviewed in 122). For example, significantly negative values for Tajima’'s D
have been interpreted as evidence for selection; however, the same pattern can
result from recent changes in population size or structure (61, 111). Other biotic
factors can produce patterns that mimic selection, as exemplified by the impact of
Wolbachia(11). Many of these tests assume that intraspecific samples are drawn
from a panmictic population; however, this assumption is rarely met as samples
were often drawn from several populations sampled for phylogeographic analyses.
In addition, sample sizes may be too small to effectively test the null hypotheses.
Simonsen et al. (106) suggested that the power of Tajima’s D to detect nonneutrality
is weakened in sample sizes less than 50 individuals (but see 37).

The MK test has become widely used because of its simple, elegant design, and
the conclusion of nonneutrality of mtDNA is largely based on analyses using this
test. However, a number of potential problems with the test have been identified.
Maynard Smith (74) noted that differences in the mutation rate of transitions and
transversions and codon biases can produce patterns that mimic selection (in his
case positive selection) and suggested thatthe potential dangers of using his
method [MK test] uncritically should be recognized.” Graur & Li (41) argued that
rules for designating sites as fixed or polymorphic may underestimate the amount
of between-species variation. This has led to the development of several methods
for counting sites, the choice of which may influence the result (66, 95, 100).
The number of individuals used may also affect the results of the MK test. In
addition to typical difficulties associated with small samples sizes (see replicate
BrachyramphusndMelospizecomparisons in Table 1), use of too few individuals
in one or both species may result in an overestimate of fixed sites (41).

Another potential difficulty is created by divergence among species compared
(200, 122, 130) because multiple substitutions at the same site are not accounted
for in the MK test (41, 124). To avoid the effects of saturation, the MK test is
expected to be most useful when used between closely related taxa (75, 82). This
problem is expected to be more severe for animal mtDNA as it often evolves much
faster than nuclear genes, particularly for vertebrates. To illustrate the potential
influence of divergence on the MK test, ND2 sequences from fishes of the North
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TABLE 2 Summary statistics for MK tests afixilus

Polymorphic Fixed

Species for Species for .-

polymorphism N divergence N bp Divergence R° &° R ¢ P PSI

L. chrysocephalus 27  L.sp. 2 1047 0.064 36 128 5 31 0.391 1.74
L. chrysocephalus 27 L. cornutus 1 1047  0.110 36 128 9 47  0.337 1.47
L. chrysocephalus 27  L.cerasinus 1 1047  0.154 36 128 13 78 0270 1.69
L. chrysocephalus 27  L.cardinalis 1 1047 0.164 36 128 9 91 0.005 284

Jukes-Cantor estimate of sequence divergence.
bReplacement sites.

°Silent sites.

d_evel of significance determined by Fisher's Exact Test.

American minnow genukuxilus (T.E. Dowling, unpublished data) were aligned

and tested (Table 2). As in many of the previous examples, samples were col-
lected for phylogeographic and phylogenetic analyses and do not represent samples
from panmictic populations. This specific analysis includes geographic samples of
L. chrysocephalysa closely related undescribed species from the Central High-
lands region in Arkansad.(sp.),L. cornutus L. cerasinus andL. cardinalis

In these comparisons, the taxon being examined for polymorpHismohfyso-
cephalu3 was held constant, while several different outgroup species were ap-
plied sequentially to examine the impact of levels of divergence on outcome of
the analysis. When less divergent taxa (eLg.sp.,L. cornutus andL. cerasi-

nug were used to identify fixed differences, the MK test failed to reject the null
hypothesis (Table 2); however, use of the most divergent taxon as the between-
species reference identified a significant excess of replacement substitutions within
L. chrysocephalusSince within-species polymorphism has been held constant
among these comparisons, this result must reflect a shift in the ratio of replace-
ment and synonymous substitutions among species, and therefore a change in the
perceived null hypothesis.

In most instances, the number of fixed replacement substitutions tends to
be smaller than the number of polymorphic replacement mutations, leading to
R < Rp. This has generally been interpreted as support for the existence of
mildly deleterious mutations within species; however, this conclusion requires that
Rrreflect the ancestral condition. Alternatively, the observed patterns could be due
to a downward bias ifRe away from the ancestral condition. This bias could re-
sult from relatively rapid accumulation of fixed synonymous sites that have arisen
within populations during divergence. Because most replacement mutations are
expected to be deleterious, this should lead to a relative increase in the number
of fixed synonymous sites and deflde erroneously. Comparison of distantly
related taxa will add to the bias toward finding an excess of changes within species
(122), leading to incorrect inference about shifts in patterns that do not reflect the
impact of selection. Under these circumstané&swill not reflect the ancestral
condition, making this comparison inappropriate.
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This difficulty is further exacerbated by shifts in base composition and codon
usage (1, 31). MtDNA is notorious for shifts in GC content (reviewed in 104).
In insect mtDNA, there is a strong bias towardAl, and the GC content at the
third position varies among species (e.g., 115, 127). Vertebrates also show consid-
erable variation in GC content (e.g., 57,71, 104). The strength of compositional
asymmetry at synonymous positions and between replication strands supports the
conclusion that bias is driven by mutation pressure (35, 78), possibly due to asym-
metric replication of the molecule (reviewed in 104). Under this scenario, shifts in
ratios examined may not be indicative of selection but may instead identify shifts
in mutational patterns or base compositional biases (31, 74).

Problems in interpreting MK test results and PSI reflect challenges in deter-
mining whether there are significant differences in ratios obtained from within-
population and between-species comparisons. As noted by Nei & Kumar (87),
“the ratio of two quantities is disturbed more easily by different factors than a
difference.” In general, caution is essential when drawing inferences from statisti-
cally significant results from any statistical test that compares ratios of synonymous
and replacement substitutions from two phases of molecular evolution (see also
16, 81, 87).

The above example and discussion clearly demonstrate the difficulties that high
levels of divergence and variation in base composition pose for the MK test. As in
theLuxilusexample, the MK test may be more likely to reject neutrality when used
between divergent taxa. Many of the previously reported significant tests (e.g.,
human-chimpanzed)rosophila species) involve divergent taxa (by necessity),
making these results difficult to interpret.

Where Do We Go From Here?

In the mid-1980s, it was widely assumed that mtDNA was evolving neutrally,
leading many investigators to use this locus for population-level and systematic
studies. It now appears that we have exchanged one set of assumptions (neutrality
of mtDNA loci) for another (nonneutrality of mtDNA). Positive selection almost
surely plays some role in the evolution of mtDNA; however, if positive selec-
tion were infrequent the evidence of such events would disappear rapidly. There-
fore, it would appear that existing patterns of polymorphism in mtDNA reflect
some combination of mutation, drift, and selection perhaps on mildly deleterious
mutations.

The available data and statistical approaches make it difficult to assess the
relative significance of selection on the evolution of mitochondrial DNA. To ap-
propriately address this question, samples need to be collected in such a way as
not to violate assumptions of statistical methods used. At this time, evidence for
nonneutral evolution of mitochondrial DNA (i.e., process) has been inferred from
the ratios of replacement and synonymous variants within and between taxa (i.e.,
pattern). In order to truly make the connection between pattern and process, itis es-
sential that two major issues be addressaxthe influence of biases in the data on
outcome of statistical analyses ai) the elimination of alternative explanations
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consistent with the anticipated pattern shifts. Until this is achieved it will not be
possible to conclude that mitochondrial DNA evolves in a nonneutral manner.

Regardless of one’s interpretation of neutrality and patterns of mtDNA evo-
lution, we must understand the impact selection will have on phylogenetic and
population genetic studies. Unfortunately, the influence of selection on questions
such as these has not been specifically considered for mtDNA. Positive selection
will clearly be disruptive to evolutionary studies, but the rapid rate of mtDNA evo-
lution will likely reduce the time period of significant impact (if we assume that
such bouts are relatively infrequent). Purifying selection (weak as well as strong)
on asingle site would have limited effect on the length and shape of a phylogenetic
tree; however, recurrent mutation of multiple, strongly deleterious alleles will re-
duce the length of the tree but not affect the topology (reviewed in 94). Even though
the tree is consistent with neutral expectations, estimates of 8 aralinfluenced
by weak purifying selection on single sites. Therefore, phylogenetic reconstruction
is not likely to be impacted by patterns of selection generally observed for mtDNA,
but estimates of divergence time and effective population size could be affected,
depending upon the number of sites selected and the intensity of selection.

This still leaves us with the question: Is it appropriate to use mtDNA sequences
for evolutionary studies? The answer is a qualified yes. Previous cautionary notes
sounded by Ballard & Kreitman (13), Rand and coworkers (96, 100), and Nachman
(83) (to name but a few) have provided a valuable service to the scientific commu-
nity by forcing closer examination of the assumptions made when testing hypothe-
ses. Clearly, further studies need to be conducted to address the impact of selec-
tion on population genetic and phylogenetic studies. Regardless, we always need
to maintain a state of vigilance over assumptions behind analytical methods used
to characterize evolutionary patterns and processes of molecular markers such as
mitochondrial DNA.
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