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Abstract. Sequence differences in the tRNA-proline
(tRNApro) end of the mitochondrial control-region of
three species of Pacific butterflyfishes accumulated 33–
43 times more rapidly than did changes within the mi-
tochondrial cytochrome b gene (cytb). Rapid evolution in
this region was accompanied by strong transition/
transversion bias and large variation in the probability of
a DNA substitution among sites. These substitution con-
straints placed an absolute ceiling on the magnitude of
sequence divergence that could be detected between in-
dividuals. This divergence ‘‘ceiling’’ was reached rap-
idly and led to a decay in the relative rate of control-
region/cytb b evolution. A high rate of evolution in this
section of the control-region of butterflyfishes stands in
marked contrast to the patterns reported in some other
fish lineages. Although the mechanism underlying rate
variation remains unclear, all taxa with rapid evolution in
the 58-end of the control-region showed extreme transi-
tion biases. By contrast, in taxa with slower control-
region evolution, transitions accumulated at nearly the
same rate as transversions. More information is needed
to understand the relationship between nucleotide bias
and the rate of evolution in the 58-end of the control-
region.

Despite strong constraints on sequence change, phy-
logenetic information was preserved in the group of re-
cently differentiated species and supported the clustering

of sequences into three major mtDNA groupings. Within
these groups, very similar control-region sequences were
widely distributed across the Pacific Ocean and were
shared between recognized species, indicating a lack of
mitochondrial sequence monophyly among species.
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Introduction

Butterflyfish (Chaetodontidae) are common, vividly col-
ored inhabitants of coral reef communities across the
world. Because they are conspicuous and abundant, spe-
cies within this group have been the subject of a wealth
of ecological, behavioral, systematic, and biogeographic
research (Reese 1975; Burgess 1978; Allen 1980; Ander-
son et al. 1981; Blum 1989). Yet despite this attention,
the process of diversification in this group is poorly un-
derstood. Species richness is highest on reefs across the
tropical Indo-west Pacific (IWP), a marine biogeo-
graphic province spanning the Indian and much of the
Pacific Oceans. Molecular phylogenetic examination of a
number of species across this region highlights a recent
period of diversification. For groups of morphologically
similar species that differ in color pattern, slight genetic
differences in a 495-base segment of the mitochondrial
cytochrome b gene (cytb) suggest divergence times of
less than 2 million years (McMillan and Palumbi 1995).

The period of rapid diversification within the IWP is
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particularly marked within the West Pacific. Very small
genetic differences in the cytb gene among West Pacific
individuals of three ‘‘species-complexes’’ argues that
differentiation within this region occurred within the last
300,000–800,000 years (McMillan and Palumbi 1995).
The recent origin of these groups is further reflected in
their morphological and behavioral similarity and in their
geographic distributions. Species within each group are
distributed for the most part allopatrically. For example,
in the ‘‘punctatofasciatus’’ group, the three west Pacific
species,Chaetodon punctatofasciatus, C. pelewensis,
and C. multicinctus,neatly partition the tropical west
Pacific (Blum 1989).Chaetodon punctatofasciatusis
found on coral reefs from the Indonesian archipelago
eastward to the Marshall Islands and New Guinea where
it is replaced byC. pelewensis,whose range continues to
the Society Islands some 5000 km to the east.Chaetodon
multicinctus has the most limited distribution of the
three, and is restricted to reefs along the 1500-km Ha-
waiian archipelago and at Johnston Island some 1000 km
to the southeast. Species-defining color patterns are pre-
served across the range of each species (Burgess 1978;
Allen 1980; Blum 1989). A similar pattern of large, non-
overlapping ranges characterizes members of both the
‘‘ rhombochaetodon’’ and ‘‘ tinkeri’’ complexes (McMil-
lan and Palumbi 1995).

MtDNA variation, by contrast, is not partitioned
nearly so neatly within these groups. For the two com-
plexes from which we analyzed many individuals,
mtDNA lineages fail to cluster by species boundaries; it
is common to find individuals of different species, col-
lected from reefs thousands of kilometers apart, with the
same cytb sequence (McMillan and Palumbi 1995).
However, cytb differences among individuals are small,
and major mtDNA groups are defined by only 1 transi-
tion. Moreover, the rate of evolution across the cytb
gene, estimated to fall between 1% and 2.5% per million
years in vertebrates (Irwin et al. 1991; Martin et al.
1992), is such that it will take on the order of a hundred
thousand years before one might confidently expect a
substitution to differentiate closely related mtDNA types
(Palumbi and Kessing 1991). A more rapidly evolving
region would refine our picture of gene flow and demo-
graphic change and help to untangle the forces underly-
ing the discrepancy between mtDNA genes and species
boundaries in these brightly colored coral reef fish.

We examine sequence evolution in an approximately
200-base section of the tRNApro end of the mitochondrial
control-region from 38 individuals of the three species
of the ‘‘punctatofasciatus’’ species complex. The mito-
chondrial control region, located between the tRNApro

and the tRNA phenalanine gene (tRNAphe) in most ver-
tebrates, has become an important marker in evolution-
ary and population studies (Saccone et al. 1991; Lee and
Kocher 1995; Lee et al. 1995). Sections of the control
region, in particular, the tRNApro end, evolve rapidly

relative to mitochondrial or nuclear coding regions in a
wide array of vertebrates and have become the focus of
studies examining the evolutionary relationships among
closely related individuals (Meyer et al. 1990; Wenink et
al. 1993; Edwards 1993; Wakely 1993; Lee and Kocher
1995; Lee et al. 1995). However, several recent reports
have challenged the generality of this observation, espe-
cially in fish. In a number of fish lineages, the pace of
sequence evolution in the ‘‘hypervariable’’ tRNApro end
is either comparable to the pace 1) at protein coding
regions within the mitochondrial genome or 2) across the
entire molecule (Shedlock et al. 1992; Bernatchez and
Danzmann 1993; Zhu et al. 1994). Variation in the rate
and pattern of molecular evolution at homologous loci is
frequently observed but poorly understood (Wolfe and
Sharp 1993). This is particularly true in the control-
region where our understanding of constraints on se-
quence change is still rudimentary (Lee et al. 1995). This
study thus offers additional insight into the mechanisms
underlying the conflicting patterns of evolution within
the 58-end of control-region.

Materials and Methods

Fish were collected from eight widely scattered localities across the
Pacific between 1990 and 1993. The species and populations sampled
were as follows: forChaetodon multicinctus,Oahu, Hawaii (n4 15);
for C. pelewensis,Moorea, Society Islands (n4 9), and Pago Pago,
American Samoa (n4 2); and forC. punctatofasciatus,Guam (n4 5),
Philippines (n4 3), and Bali, Indonesia (n4 4). In addition, twoC.
guttatissimus,the Indian Ocean member of this species-group, were
included as an outgroup (see McMillan and Palumbi 1995). Individuals
were either frozen at −70°C or preserved in 95% ethanol. With the
exception of the Philippine sample, all collections were made by either
WOM or a biologist working in the area. Individuals from the Philip-
pines were acquired directly from tropical fish collectors. Voucher
specimens for each population were deposited at the Bernice P. Bishop
Museum, Honolulu, Hawaii.

Genomic Preparations and PCR

For each fish, approximately 0.5 g of gill or muscle tissue was homog-
enized in 2.0 ml of cold grinding buffer (0.2 M NaCl/0.05 M EDTA,
pH 8.0). Tissue stored in 95% ethanol was soaked in 5.0 ml of grinding
buffer on ice for approximately 1 h before grinding. Approximately 0.5
ml of this homogenate was transferred into a 1.5-ml microcentrifuge
tube. Sodium dodecyl sulfate (SDS) and proteinase K (Sigma Chemi-
cals) were added to the homogenate so that the final concentration was
1% (v/v) and 20mg/ml, respectively. Following an overnight incuba-
tion at 50°C, this solution was extracted twice with equal volumes of
buffered phenol, once with an equal volume of phenol/chloroform/
isoamyl alcohol (25:24:1) solution, and lastly with an equal volume of
a chloroform/isoamyl alcohol solution (24:1). DNA was recovered by
cold-ethanol precipitation in the presence of sodium acetate (Sambrook
et al. 1989). The resulting pellet was dissolved in 100–200ml of sterile
1X TE solution.

Approximately 100 ng of total cellular DNA was subjected to 40
cycles in a DNA Thermal Cycler in a 100-ml reaction volume with 1.5
units of Taq DNA polymerase (Perkin Elmer Cetus). We used a 12s
rRNA primer (12sar) (58-CATATTAAACCCGAATGATATTT-3 8)
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and a Chaetodonspecific control-region primer (C.R.-1) (58- AC-
CATATTATGTACTAGGCAC-38) to amplify most of the control-
region of these fish (Fig. 1). This primer was designed from initial
sequences obtained from PCR amplifications using the 12s rRNA
primer and tRNApro primer, (58-CTACCTCCAACTCCCAAAGC-38).
The standard thermal cycle profile was 1) 45 s at 94°C, 2) 45 s at 55°C,
and 3) 45 s at 72°C. Following amplification, the double-stranded
product was collected by ethanol precipitation, resuspended in 10-ml
sterile water, and electrophoresed through a 1% agarose/0.5X TAE gel.
The resulting approximately 1200-base band was cut from the 1.0%
agarose/0.5X TAE gel, Gene cleaned (biolab 101), and resuspended in
7–30ml TE. Seven microliters of this product were used as the template
for double-stranded sequencing reactions (Palumbi et al. 1991). These
reactions were carried out using the reagents and DNA polymerase
enzyme provided in the Sequenase 2.0 DNA sequencing kit and using
the C.R. 1 primer (USB). Sequencing reactions were electrophoresed
through 6–8% polyacrylamide/7 M urea gels with a buffer density
gradient, dried under vacuum at 80°C and exposed to autoradiographic
film for 24–72 h. Sequences were examined only in one direction;
however, in a number of cases, separate PCR reactions from the same
individual yielded identical control-region sequences.

Phylogenetic Analysis

Sequences were aligned by eye, and phylogenetic analysis was per-
formed using both parsimony and distance methods (Saitou and Nei
1987; Swofford 1993). For parsimony analysis, the large number of
taxa made the evaluation of all possible topologies impractical. As a
result, a subset of possible trees was evaluated using the phylogenetic
package PAUP (3.1.1 Swofford 1993) under the heuristic search setting
with random sequence addition. This type of search was repeated 100
times so as to reduce the probability that any one search converged on
a local minimum (Swofford 1993). The tree bisection and reconnection
(TBR) branch swapping algorithm was chosen to search for optimal
trees within this framework. To determine the effect that transition/
transversion weighting had on parsimony trees, we examined changes
in tree topology when transversions were weighted 1, 10, or 20 times
more than transitions. Distance tress were produced using the Neigh-
bor-joining method. For control-region sequences, we used the gamma-
corrected version of Tamura and Nei’s (1993) model to estimate dij

(MEGA, Kumar et al. 1993). We seta, the shape parameter of the
gamma distribution, to 0.6. We chose this value ofa based on the fit
of the average number of changes per site across this region to a
negative binomial distribution (see Results). For estimating sequence
divergence within the cytb gene, we also used Tamura and Nei’s (1993)
model but assumed that all sites had the same probability of changing
(i.e.,a 4 `). We felt justified in using this model because 37 of the 40
polymorphic positions within this region were at the third position of a
codon. Recent analysis of sequence evolution in mitochondrial genes,
including the cytb, has demonstrated that site to site variation in the
probability of a substitution is minimal at third codon positions (Kumar
1996). All phylogenetic trees were rooted using aligned sequences from
the twoC. guttatissimus.This species differed by approximately 2.0%
in a 500-base portion of the mitochondrial cytb, and previous phylo-
genetic analysis of a number of Indo-west Pacific butterflyfish within
the subgenusExornator identified it as the most closely related out-
group (McMillan and Palumbi 1995).

The relative strengths of major nodes within Neighbor-joining trees
were examined by bootstrap resampling of the original data matrix 100
times using the computer program MEGA (Felsenstein 1985; Kumar et
al. 1993). In addition, we used the randomization procedure described
by Faith (1991) to evaluate alternative phylogenetic hypotheses. In this
procedure, the observed differences in length between alternative phy-
logenies were compared to differences obtained by randomly permut-
ing the original data matrix 500 times (program courtesy of G. Ro-
derick, University of Hawaii, Honolulu, HI). In these comparisons, the
sequence of the outgroup taxa was not randomized.

Results

The DNA primers used to initiate PCR reactions ampli-
fied a single fragment of approximately 1200 bases. Sev-
eral observations suggested that our PCR product was in
the mitochondrial genome and not a ‘‘fossil’’ mitochon-
drial fragment embedded in nuclear DNA. First, the 38-
end of this piece aligned well to vertebrate 12s rRNA
sequences. Strong functional constraints are expected to
preserve sequence similarity over broad taxonomic

Fig. 1. Alignment of the tRNApro end of the control-region of the
butterflyfishChaetodon multicinctus(Chaetodontidae) to two cichlids,
Tropheus annectensand Cyathopharynx furcifer(Cichlidae) (Sturm-
bauer and Meyer 1992). Alignment was done with the computer pro-
gram Clustal-V setting the gap penalty to five and using a window size

of four bases (Higgins et al. 1992). In this figure, ‘‘d’’ represents
positions where nucleotides are identical and ‘-’ represents hypoth-
esized additions. Regions with greater than 80% sequence conservation
between cichlids and butterflyfish are boxed. The 195-base region that
we have sampled from all 40 individuals is underlined.
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boundaries in the 12s rRNA region. Alignment of the
58-end was more problematic. We could, however, con-
fidently align three regions of this end to the tRNApro

end of the mitochondrial control-region of Cichlids (Fig.
1). The high rate of sequence change within this region,
plus the over 80-million year separation between cichlids
and butterflyfish, probably accounted for the alignment
difficulty (Meyer et al. 1990; Saccone et al. 1991; Choat
and Bellwood 1991; Vigilant et al. 1991; Brown et al.
1993; Wenink et al. 1993; Lee et al. 1995). Second, the
high A-T composition, roughly 65% (Table 1), of the
58-end of this sequence was similar to that reported in the
control-region of other teleost fish (Meyer et al. 1990;
Shedlock et al. 1992; Fajen and Breden 1992; Bernatchez
and Danzmann 1993; Brown et al. 1993; Zhu et al.
1994). Third, the pattern of nucleotide change within the
58-end of this region, which included a very high muta-
tion rate and transition/transversion bias (see below), was
expected if the fragment was of mitochondrial origin. A
mitochondrial fragment transposed into the nucleus, by
contrast, would be expected to have a much slower rate
of nucleotide change (Zischler et al. 1995).

Pattern of Nucleotide Substitution

We sequenced 195 overlapping bases (underlined in Fig.
1) of the 58 end of this fragment from 15C. multicinctus,
11 C. pelewensis,12 C. punctatofasciatus,and 2C. gut-
tatissimus.Ninety-three of the 195 nucleotide positions
were variable, yielding a total of 35 unique sequences or
haplotypes from our sample of 40 individuals (Fig. 2).
Even the most distantly related sequences were easy to
align by eye as nearly all differences were single-base
substitutions (Table 1). The only exception was a single
base addition within 12 of the 15C. multicinctus.

Across this region, transitional substitutions were
much more likely to occur than transversions (Table 1).
Nevertheless, the number of transitions between any
pairwise comparison seldom exceeded 35, even as the
number of transversions increased from 0 to 6 (Figure 3).

The transition/transversion ratio rose as high as 25:1 in
comparisons of similar sequences before decreasing to
slightly more than 3:1 in the most divergent comparisons
(Fig. 3). The mean transition/transversion ratio among all
pairwise comparisons was 20:1 under a Tamura/Nei
(1993) model. The mean transition/transversion esti-
mated from randomly chosen pairwise comparisons in
which only a single transversion occurred was identical.
This 20:1 transition bias was used to construct initial
parsimony trees for exploring the pattern of substitutions
across this region.

With the exception of the strong transition bias, there
was no striking differences in the relative probabilities of
the different types of transitional or transversional sub-
stitutions (Table 1). There were, however, additional
constraints on molecular evolution across the 58-end of
the control-region due to an exceptionally strong site to
site variation in the probability of a substitution: along
this region, some positions changed up to 7 times while
others did not change at all. The number of sites that
were observed to change 1, 2, 3, . . . 9 times did not fit a
Poisson model in which all sites along this sequence had
an equal probability of changing (x24 129.864, df4 6,
p4 0.0001). Instead, the observed distribution fit a nega-
tive binomial distribution, where variation in evolution-
ary rate among sites (estimated by the parametera) is
assumed (x24 2.943, df4 6, p4 0.816). Our very low
estimated value ofa, 0.6, indicated strong rate variation
among positions along this region (Uzzell and Corbin
1971; Southwood 1978; Kocher and Wilson 1991;
Wakeley 1993). Indeed, 102 of the 195 sites did not
change at all in our sequences. Slightly over half (55) of
these sites fell within regions of high-sequence homol-
ogy with cichlids. When these regions were excluded
from the analysis, the distribution of number of sites with
0, 1, 2, . . . 6 substitutions still departed significantly
from a random Poiison model (x24 33.50, df4 5, p4
0.0001). In this distribution there was an excess of both
invariant positions and hypervariable positions indicat-
ing a more complex mosaic of constraints than would be

Table 1. Pattern of nucleotide substitution in a 195-base portion of the tRNApro end of the mitochondrial control-region of Butterflyfish

Nucletoide replaced Nucleotide frequencya

Substitution probabilityb

Nucleotide introduced

G A T C

G 0.139 (0.108–0.179) — 0.251 0 0.012
A 0.393 (0.349–0.415) 0.174 — 0.015 0.011
T 0.258 (0.221–0.282) 0.011 0 — 0.276
C 0.181 (0.159–0.226) 0 0.008 0.233 —

a Averaged over all 40 sequences. Numbers in parentheses are the minimum and maximum percentages observed.
b Weighted probability of the different types of transitional and transversional substitutions (see Tamura and Nei 1993). Average number of
unambiguous substitutions were estimated from 250 equally most parsimonious trees generated from a heuristic search using the phylogenetic
program MacClade (Madison and Madison 1992). Parsimony trees constructed under 1:1, and 10:1 transition to transversion weighting, as well as,
Neighbor-joining trees generated from uncorrected and gamma-corrected distance matrices yield similar substitution probabilities.
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expected under a simple two-class model with invariant
and variant sites.

Cytb/Control-Region Comparison

For all individuals examined here, we had previously
sequenced a 500-base segment of the mitochondrial cytb
gene (McMillan and Palumbi 1995). Nearly every indi-
vidual possessed a unique sequence at both loci, and
genotype diversity was high (ù0.90) and similar for both
regions (Table 2). By contrast, the absolute number of
changes among individuals was much higher in the con-
trol-region, generating more than twenty times more
variation within this region relative to variation in the
cytb gene (Fig. 4; Table 2). For example, average pair-
wise difference among the 38C. punctatofasciatus, C.
pelewensis,and C. multicinctuswas 1.0% in cytb, and
the largest sequence difference observed between cytb
haplotypes was 2.5%. By contrast, within the much
smaller control-region segment, average sequence diver-
gence was 24.5% and gamma-corrected pairwise dis-
tances reached over 40% (Table 2).

Despite differences in levels of variation, the major
features of the phylogenetic relationships among indi-
viduals inferred from these two portions of the mitochon-
drial genome were similar. Both regions identified three

major mitochondrial lineages or clades (A, B, and C in
Figure 5). However, these clades were identified by at
most a single transition in the cytb data, whereas the
phylogeny constructed control-region sequences showed
the three major lineages separated by between 6 and 20
substitutions. This higher resolution greatly extended the
confidence that could be placed in these phylogenetic
groupings and bootstrap values defining clades A, B, and
C fell between 68% and 100%.

A conspicuous feature of the three clades identified by
both regions was the lack of species and geographic
specificity. Of the three phylogenetic groupings, only
clade B contained exclusively individuals of one species.
Clade A and C were composed of individuals from two
or more recognized species. For both these clades, indi-
viduals from different species possessed similar or iden-
tical sequences. As an example, clade A contained
multiple C. multicinctus, C. pelewensisandC. punctato-
fasciatus.Within this clade, twoC. multicinctuscol-
lected on reefs in Hawaii and aC. punctatofasciatus
collected nearly 8500 km away in the Philippines had
identical control-region sequences. The observed short-
est length trees (for both control-region and cytb se-
quences) were significantly shorter than trees in which
sequences were grouped by species designation (p >
0.001, Faith’s (1991) cladistic permutation test). This

Fig. 2. Variable sites within the 195-base section of the tRNApro end of the mitochondrial control-region of the butterflyfish,C. multicinctus(Cm),
C. pelewensis(Cpel),C. punctatofasciatus(Cp) relative toC. guttatissimus(Cgut). Position along sequence is given relative to theC. multicinctus
sequence in Figure 1. Collection localities are as follows: Ha- Oahu, Hawaii; G-Guam; Ph-Philippines; I-Bali, Indonesia; AS- Pago Pago, American
Samoa; TA- Moorea, Society Islands.
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result showed the polyphyletic nature of mtDNA se-
quences relative to species-defining color patterns.

Discussion

In butterflyfish, the tRNApro end of the control-region
shows a complex pattern of evolutionary constraints in-
cluding both a strong transition bias and extreme varia-
tion in the probability of a substitution among sites. Both
the transition bias and differences in substitution prob-
abilities among sites narrow the space over which evo-
lutionary change can accumulate and place a ‘‘ceiling’’
on the magnitude of sequence divergence that could be
directly observed between individuals using this region.

The number of transitions quickly reaches a plateau rela-
tive to the number of transversions, and subsequent evo-
lution is largely obscured by back mutations.

Similar constraints to sequence change in the control-
region are evident in other vertebrates, including some
fish lineages. Within the tRNApro end of the human con-
trol-region, the transition/transversion bias is 37:1 (Horai
and Hayasaka 1990). In addition, more than an order of
magnitude difference in the probability of a substitution
exists across sites in this region (Wakeley 1993). The
homologous control-region segment in cichlids (under-
lined in Fig. 1) reveals a similar strong transition bias and
extreme site to site variability in substitution probabili-
ties (data from Sturmbauer and Meyer 1992). Fit of the
number of positions with 0, 1, 2, . . . n substitutions to a

Fig. 3. Number of transitions plotted against
the number of transversions within a 195-base
section of the tRNApro end of the
mitochondrial control-region of butterflyfish
(Chaetodontidae). The mean number of
transitions for 1, 2, 3, 4, 5, and 6 transversions
is given by the shaded bar. Each point
represents one of the 780 possible pairwise
comparisons. Missing data and the single
addition were removed when calculating
pairwise transition/transversion differences.

Table 2. Comparison of within and between species mtDNA variation using a 500-base segment of the cytb gene and a 195-base segment of the
tRNApro end of the mitochondrial control-region

Number of types Genotype diversity indexa % seq. differenceb

CYTB Control CYTB Control CYTB Control

All individuals
(n 4 40) 31 36 0.97 0.98 1.00 24.5

C. multicinctus(n 4 15) 10 12 0.90 0.97 0.60 13.6
C. punctatofasciatus(n 4 12) 11 12 0.98 1.00 0.90 15.5
C. pelewensis(n 4 11) 9 11 0.97 1.00 0.60 17.2

a Genotype diversity is given by h4 (1 − Sxi
2)n/(n − 1), wherexi is the frequency of the ith type and n is the sample size

b Percentage sequence difference is the average pairwise divergence among individuals. Genetic differences between individuals were calculated
using Tamura and Nei’s (1993) model. For the control region this model was corrected for site to site differences in the probability of a substitution
using a gamma correction ofa 4 0.6 (see methods).
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negative binomial distribution witha 4 0.38 (x24
9.025, p 4 0.06, df 4 5) indicates a slightly higher
variation in the probability of change among sites across
this region in cichlids than in butterflyfish.

Relative Rate of Change in the tRNApro End of the
Control-Region in Butterflyfish

The cytb gene is one of the most thoroughly studied
regions of the mitochondrial genome. Importantly, for
our purposes, the rate of sequence evolution of this gene
has been calibrated in a number of vertebrate lineages
and, at least over short periods, substitutions accumulate
linearly with time (Martin et al. 1992; Irwin et al. 1991).
Comparison of the relative rate of cytb to control-region
change, therefore, provides a convenient meter to gauge
the tempo of control-region evolution in these butterfly-
fish.

A plot of the number of transitions in our 200-base
region of the tRNApro end of the control-region against
the number of changes along a 540-base section of the
cytb reveals how rapidly transitions in the control-region
accumulate in these butterflyfish but also how quickly
‘‘evolutionary space’’ is saturated (Fig. 6). The large
variation around each mean point in this figure can be
mostly attributed to the correlation among individuals
due to common ancestry and sampling variance intro-
duced by the short length of these sequences. Despite this

high variance, the pattern revealed in Figure 6 is striking.
Transitional substitutions in the control-region segment
rise extraordinarily rapidly relative to substitutions in the
cytb gene region but quickly reach a plateau. When more
than 3 substitutions are observed between individuals in
a 540-bp section of the cytb gene, sites free to vary
within the control-region segment are apparently satu-
rated and subsequent transitional mutations go undetect-
ed. Interestingly, although a gamma-corrected Nei-
Tamura multiple substitution model raises the ‘‘ceiling’’
on the number of transitions, this model does not alter the
rate at which the ‘‘ceiling’’ is reached. Under this model
and other correction models (not pictured), as in the ab-
solute comparisons, after only three changes in cytb the
estimated number of transitions does not change relative
to the build-up of differences in cytb (Fig. 6).

The failure of the gamma-model to correct for mul-
tiple substitutions could be due to 1) an error in our
estimation of the gamma parameter, 2) nonlinearity of
evolution with cytb gene, or 3) a more complicated
model of control-region evolution. Of these three, it is
easiest to explore howa influences the relationship be-
tween control-region and cytb changes. Estimatinga us-
ing the fit to a negative binomial generally gives an
underestimation of the true value of this parameter (Yang
1996). However, we find that values ofa as low as 0.06
do not alter the pattern in Figure 6. Although it is more
difficult to evaluate, it seems likely that changes in the
cytb gene are accumulating roughly linearly over the

Fig. 4. Matrix of the absolute number of changes within a 540-base section of the cytb gene (upper) versus the number of changes in a 195
base-pair portion of the control region (lower). For the cytb gene, all changes, save three, were synonymous changes at the third codon position.
The three amino acid changes resulted from transitions at the first codon position and were all valine to isolucene or isoleuene to valine amino acid
changes.
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short time period that these individuals diverged from a
common ancestor. All except three of the cytb changes
occur at third codon positions. Third codon positions,
unlike first and second, have an equal likelihood of sub-
stitution in vertebrates (Kumar 1996), and there is no
compelling evidence for saturation of these changes in
our data. Only 20% of the third positions have undergone
a substitution. Of the 40 polymorphic positions within
cytb, only 5 appear to have undergone more than one
substitution. Our conclusion that substitutions in the cytb
gene are accumulating roughly linearly is reinforced by
the observation that transversional substitutions in the
control region rise linearly, but less than half as fast,
relative to the changes in cytb (y4 0.437× − 0.126,
r24 0.55) (Fig. 6). Thus, transversional substitutions are
a better indicator of the absolute level of control region
divergence but, because they accumulate much more
slowly, they are of limited phylogenetic use in cases of
very recent divergence. It is most likely that the pattern
of evolution within the control-region is even more com-
plex than that assumed under standard models of nucleo-
tide change. In particular, the assumption of indepen-
dence of nucleotide sites is probably violated in the
control-region. Secondary structure, for example, would
mean that some sites would evolve in tandem. Sequences
from the entire control region from more individuals are
needed to explore how the probability of a change at one
site influences changes at neighboring and more distance
sites.

Because multiple substitutions are less likely to affect
more closely related pairs we can use these pairs to es-
timate the relative rate of control-region to cytb evolu-
tion. Those individuals that differ by only 0.2% of their
cytb sequence differ on average by 6.5% (gamma-
corrected) in their control-region sequences. Similarly,
those individuals that differ by 0.4% of their cytb se-
quence differ on average by 17% (gamma-corrected) in
the control-region, suggesting a relative control-region/
cytb rate of between 33:1 and 43:1. Assuming that the
cytb gene of these butterflyfish evolves somewhere be-
tween the 1.0% and 2.5% (averaged over all sites) esti-
mated for mammals and sharks, then this small segment
of the control-region changes at an initial rate of between
33% and 108% per million years (Irwin et al. 1991;
Martin et al. 1992). This estimate is considerably higher
than the 11.5%–20% reported in other vertebrates and
may be due to rate heterogeneity within the control-
region (Saccone et al. 1987, 1991; Vigilant et al. 1991;
Brown et al. 1993). For example, there is a twofold dif-
ference in estimated substitution rate between hypervari-
able domains I and II of the human control-region (Ward
et al. 1991). Rate heterogeneity over even smaller spatial
scales is clearly evident within the tRNApro end of the
control-region sequences in cichlids (Sturmbauer and
Meyer 1992). Most of the variable positions in the 350-
base piece of theTropheuslineage of Lake Tanganyika
cichlids fall within a small 125-base region (position

Fig. 5. Neighbor-joining tree for 38 individuals from three species of
butterflyfish [Chaetodon multicinctus(n 4 15), C. pelewensis(n 4

11), andC. punctatofasciatus(n 4 16)] inferred from substitutions
within a 195-base portion of the tRNApro end of the mitochondrial
control-region. This tree was constructed from pairwise distance ma-
trices corrected for multiple substitutions at the same nucleotide posi-
tion using a Tamura-Nei distance with a gamma correction (a 4 0.6)
(Kumar et al. 1993). The relative strength of major nodes within each
phylogeny was given by the percentage agreement in a consensus of
trees produced from 100 bootstrap simulations of the data set (above
each branch) and the number of transition/transversions (below each
branch). The major features of this tree were remarkably robust to the
method of phylogenetic inference. For example, trees constructed using
parsimony under various weighting designs were nearly identical, with
one important exception. Within the control-region sequence, aC. pele-
wensisshared a substitution with the twoC. guttatissimus.In parsi-
mony trees generated using a 10:1 or 20:1 transition/transversion ratio,
this C. pelewensiswas made ancestral to the other members of Clade
C. All members of this clade remained clustered in the same region of
the phylogenetic tree, but the clade was no longer monophyletic. Con-
sistency and retention indexes for these trees generated under a 20:1
weighting scheme were 0.49 and 0.79, respectively. Sampling locations
are given in Figure 2. The smaller tree in this figure was constructed
from the same individuals using variation within a 540-base portion of
cytb. Tick marks along the branching network of this tree are the
number of substitutions (all transitions) that supported the three major
phylogenetic groupings (see McMillan and Palumbi 1995). Control-
region and cytb sequences are available from GenBank.
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75–200 in theT. annectinssequence in Fig. 1), much of
which is apparently homologous to the 195-base portion
of the control-region that we sequenced in butterflyfish.
In addition, the pattern of control-region saturation in
these cichlids is similar to butterflyfish. The 10% (un-
corrected) divergence ‘‘ceiling’’ in the cichlid control-
region is reached quickly relative to the build-up of dif-
ferences in the cytb gene. Using gamma-corrected
distances for this region (a 4 1.02) suggests a relative
rate of control-region/cytb evolution in these fish of near
15:1 or between 15% and 38% per million years.

Despite the similarity between cichlids and butterfly-
fish, rapid control-region evolution is not universally ob-
served, and other fish lineages show a much lower rela-
tive rate. In rainbow fish, salmon, and charr, the rate of
sequence change across the tRNApro end of the control-
region is similar to the rate of evolution observed in
either the cytb gene or across the entire mitochondrial
genome (Shedlock et al. 1992; Bernatchez and Danz-
mann 1993; Zhu et al. 1994). Presently, it is difficult to
reconcile the extreme differences in the relative rate of
control-region evolution across these fish lineages. It
seems plausible that the observed differences in the rela-
tive rate are linked to differences in functional or struc-
tural constraints on this region. Bernatchez and Danz-
mann (1993) attributed the depression in the relative rate
of sequence change in the control-region of charr to con-
straints imposed by the need to maintain a high A:T bias.

However, cichlids, butterflyfish, rainbow fish, charr, and
salmons all have high (>65%) and comparable A:T bi-
ases, despite more than an order of magnitude difference
in relative rate of control-region evolution (Table 3). By
contrast, differences in the transition/transversion ratio
correlate well with differences in the relative rate of sub-
stitution in the control-region. In those lineages with
moderate/fast control-region evolution, transition/
transversion ratios are between 10:1 and 28:1. In lineages
where the pace of control-region evolution is roughly
equal to the pace in protein coding regions, the transition
to transversion ratio is dramatically smaller, near 2:1
(Table 3). Salmon and rainbow fish both have a high
transition bias within their cytb indicating that a reduc-
tion in the probability of a transitional substitution is not
a general property of their mtDNA genomes.

Phylogenetic Usefulness

The striking speed with which the divergence ‘‘ceiling’’
is reached in the control-region means that the usefulness
of this section of DNA for providing phylogenetic infor-
mation is restricted to very short divergence times. For
example, in Figure 6, gamma-corrected differences rise
approximately linearly only up to 27% or for about
250,000–830,000 years assuming a 33%–108% per mil-
lion year rate of molecular evolution. After this period,

Fig. 6. Mean of transitions and
transversions with one standard
deviation error bars in a
195-base-pair portion of the
tRNApro end of the mtDNA
control-region relative to transitions
in a 500-base segment of the
mitochondrial cytb gene of
butterflyfish. Number of transitions
within the control-region were
uncorrected (black squares) or
corrected for multiple hits at the
same nucleotide position using a
Tamura-Nei gamma correction with
a 4 0.6 (black circles) (Kimura et
al. 1993). Similarly, the number of
transversions were either
uncorrected (white squares) or
gamma-corrected (white circles).
We estimated the number of
gamma-corrected changes by
multiplying the estimated sequence
divergence (dij) by the total number
of positions (excluding gaps and
unresolved nucleotides).
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parallel mutations quickly obscure the relationship be-
tween the genetic distance and time. This conclusion is
reinforced by the observation that we cannot resolve the
relationships among the three major lineages in the
mtDNA phylogeny of this group (Fig. 5). Although this
figure shows 11 transitions supporting clade C as the
outgroup of clades A and B trees with either A or B
defined as the outgroup are only 1 or 2 steps longer.

In spite of this temporal restriction, rapid evolution of
control-region sequences is well suited for better defin-
ing the relationship between mtDNA variation, geogra-
phy, and species affinity in these brightly colored coral
reef fishes. All three species are polyphyletic with re-
spect to mtDNA sequences. This pattern may reflect
mtDNA polymorphism present in an undifferentiated an-
cestral population or a history of hybridization and
mtDNA gene flow among species (McMillan and
Palumbi 1995). If the genetic pattern reflects shared an-
cestral mtDNA variation, then the origin of barriers to
gene flow must have occurred very recently. This is be-
cause very similar, indeed identical, control-region se-
quences are shared between species. For example, aC.
multicinctus from Hawaii and aC. punctatofasciatus
from the Philippines have identical control-region se-
quences. Given the rapid rate of control-region evolu-
tion, this pattern is expected only if color pattern differ-
ences amongC. multicinctus, C. punctatofasciatus,and
C. pelewensisevolved within the last 10,000–30,000
years. Traits, like color pattern, important in intraspecific
signals can change rapidly under strong sexual selection
leading to discrepancies between gene and species trees
(West-Eberhard 1983; Neigel and Avise 1986; Moran
and Kornfield 1993).

Alternatively, if hybridization accounts for the dis-
crepancy between species boundaries and mtDNA genes,
then the formation of the species-defining color patterns
probably occurred in the more distant past. Given the
presence of three major mtDNA lineages distinguished
by many mutations, it seems plausible that there was an
initial concordance between mtDNA haplotype and spe-
cies designations that has been eroded by hybridization
and introgression. This scenario would explain the strong
specificity of clade B withC. multicinctus.Under this

scenario, a minimum timing of speciation can be esti-
mated from levels of sequence divergence present within
the three clades. For example, average gamma-corrected
pairwise diversity within clade A is approximately 9%
suggesting that the three distinct color pattern types
emerged at least 80,000–270,000 years ago.

Distinguishing these two scenarios will require a more
detailed description of the pattern of mtDNA variation
around the Pacific and more information about the rela-
tionship between color pattern and mate choice. How-
ever, even with the small number of individuals thus far
examined, several features about the geographic pattern
of mtDNA variation across the tropical Pacific are
emerging. First, Hawaiian populations ofC. multicinctus
are clearly genetically differentiated fromC. pelewensis
and C. punctatofasciatuswith nearly all of theC. mul-
ticinctus possessing a mtDNA haplotype falling within
clade B (Fig. 5). This pattern may reflect a case of peri-
patric differentiation at the edges of the tropical Indo-
west Pacific. Populations ofC. pelewensisfrom Tahiti,
however, are not obviously genetically differentiated
from western Pacific populations ofC. punctatofasciatus
yet they are also clear morphological species (Blum
1989). Why the mtDNA patterns in peripheral archipela-
goes like Hawaii and Tahiti differ remains unclear. Sec-
ond, across the central tropical Pacific, very similar
mtDNA haplotypes are often distributed broadly such
that there is no striking correlation between geographic
and genetic distance (r4 0.10622 is not significantly
different from zero; Mantel’st4 1.761,p4 0.064 based
on 1000 randomizations); a conclusion supported by
more extensive collections and highlighting the extraor-
dinary dispersal potential of the 40- to 60-day planktonic
larval stage of this group (Hourigan and Reese 1987;
McMillan and Palumbi, submitted).

For very recent divergence times, the high rate of
control-region sequence evolution thus provides a pow-
erful phylogentic tool to discern evolutionary process.
This tool is unavailable in taxa like rainbowfish and
salmon which show a much slower relative rate of con-
trol-region evolution. Although we do not know the fun-
damental reason for differences in control-region evolu-
tion, high mutation rate and high transition bias are

Table 3. Relative rate and properties of control-region evolution for various fish lineages

Relative ratea TS/TV(cont) %A:T(cont) TS/TV(cytb) Reference

Butterflyfish Fast 20:1 65 15:1 This article
Cichlid fish Fast 10:1 65 8:1 Sturmbauer and Meyer 1992
Sturgeons Moderate 27:1 59 NA Brown et al. 1993
Rainbowfish Slow 2:1 70 4.7:1 Zhu et al. 1994
Charr Slow 2:1 66 NA Bernatchez and Danzmann 1993
Brown trout Slow 2:1 68 14:1 Bernatchez et al. 1992

Bernatchez and Danzmann 1993

a Here a lineage was defined as fast if the relative rate of control-region evolution was more than 10 times the rate observed either in mitochondrial
protein coding regions or over the mitochondrial genome. A lineage is defined as slow if this relative rate was within a factor of two and moderate
if the relative rate was within a factor of five.
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correlated (Table 3). This correlation may prove useful in
future research examining the forces that alter the rela-
tive rates of molecular evolution.
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