Sequence Evolution and Phylogenetic Signal in Control-Region and Cytochrome
b Sequences of Rainbow Fishes (Melanotaeniidae)
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The nucleotide sequences of segments of the cytochrome b gene (351 bp), the tRNAT™ gene (49 bp), and the
control region (~313 bp) of mitochondrial DNA were obtained from 26 fish representing different populations
and species of Melanotaenia and one species of Glossolepis, freshwater rainbow fishes confined to Australia and
New Guinea. The purpose was to investigate relative raies and patterns of sequence evolution. Overall levels of
divergence were similar for the cytochrome b and tRNA control-region sequences, both ranging from <1% within
subspecies to 15%—19% between genera. However, the patterns of sequence evolution differed. For the cytochrome
b gene, transitions consistently exceeded transversions, the bias ranging from 4.2:1 to 2:1, depending on the level
of sequence divergence. However, in the control-region sequence, a bias toward transitions (2:1) was observed
only in comparisons between very similar sequences, and transversions outnumbered transitions in comparisons
of divergent sequences. Graphic comparisons suggested that the control region was saturated for transitions at
relatively low levels of sequence divergence but accumulated transversions at a greater rate than did the cytochrome
b sequence. These distinct patterns of base substitution are associated with differences in A+T content, which is
0% for the tRNA control-region segment versus 50% for cytochrome b. A test for skewness in the distribution of
lengths of random trees indicated that both segments contained phylogenetic signal. Parsimony analyses of the
data from the two regions, with or without weighting schemes appropriate to the respective patterns of sequence
evolution, identified the same five groupings of sequences, but the relationships among the groups differed. However,
in most cases the branches uniting different combinations of groups were poorly supported, and the differences
among topologies were insignificant. Considering the observed patterns of base substitution and the results of the
phylogenetic analyses, we deduce that both the control region and cytochrome b are appropriate for population
genetic studies but that the control region is less effective than cytochrome b for resolving relationships among

divergent lineages of rainbow fishes.

Introduction

The development of direct sequencing using the
polymerase chain reaction (PCR ) has led to widespread
and rapidly increasing us¢ of mitochondrial DNA
(mtDNA ) sequence information over a broad range of
taxonomic levels, from populations to those among
phyla, This breadth of applications is made possible by
differences in evolutionary rates among different
miDNA genes and among different positions within
genes (reviewed by Brown 1985; Kondo et al. 1993).
At the extremes, the genes encoding ribosomal RNA
and some proteins evolve relatively slowly, enabling dis-
tant comparisons and resolution of deep phylogenetic
branches (e.g., see Meyer and Wilson 1990; Ballard et
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al. 1992), whereas sections of the nonceding controi
region (CR ) in vertebrates evolve rapidly and are sujtable
for resalving relatively recent relationships (e.g., see Ed-
wards 1993).

The phylogenetic utility of gene sequences has been
augmented by considering patterns of nucleotide sub-
stitution and weighting characters as appropriate (e.g.,
see Irwin et al. 1991; Moritz et al. 1992). A common
observation has been that transitions (TS) greatly out-
number transversions {TV) among closely related
mtDNA sequences, the bias ofien exceeding 10:1
(Brown et al. 1982). This bias is reduced between more
distantly related sequences, presumably because of sat-
uration of TS and obliteration of TS by TV (e.g., see
DeSalle et al. 1987). However, there have been reports
of differences among genes in the extent of the bias
(Kocher and Wilson 1991; Pumo et al. 1992).

Recent studies of poikilothermic vertebrates have
revealed differences relative to homeotherms in the dy-
namics and patterns of mtDNA evolution that could




well affect the way in which the molecule is used in sys-
tematics. Poikilotherms appear to have a substantially
slower rate of nucleotide substitution (Martin and Pal-
umbi 1993}, and the rate of amino acid substitution
appears to be slower in saimonids (Thomas and Beck-
enbach 1989) and other cold-blooded vertebrates ( Ada-
chi et al, 1993). Also, length variation within and around
the noncoding region appears te be more common in
cold-blooded than in warm blooded vertebrates (re-
viewed by Moritz et al. 1987).

Several studies of protein-coding and tRNA se-
quences in fish mtDNA (Kocher et al. 1989; Thomas
and Beckenbach 1989; Beckenbach et al. 1990; Meyer
et al. 1990; Digby et al. 1992} have reported a strong
bias toward TS, as in mammalian sequences. In contrast,
there have been several indications that the CR in fish
mtDNA may differ from that of mammals, in having
less of a TS bias or in having a substitution rate similar
to that of protein-coding regions {Johansen et al. 1990;
Bernatchez et al. 1992; Fajen and Breden 1992; Shedlock
et al. 1992; but see Sturmbauer and Meyer 1992), How-
ever, none of these studies included matched compari-
sons of protein-coding versus CR sequences over a range
of divergences sufficiently wide to allow a proper com-
parison of the dynamics of sequence evolution. The
present study aims to redress this omission by comparing
cytochrome b (cyib) and CR sequences from different
populations and species of rainbow fishes of the genus
Melanotaenia.

The family Melanotaeniidae consists of eight gen-
era, some termed “rainbow fishes,” including the genus
Melanotaenia, which contains 32 species or subspecies
that are confined to New Guinea and Australia (Allen
1689). Much recent research has been done on mor-
phological classification in Melanotaenia (Allen and
Cross 1982; Crowley et al. 1986; Allen 1989). However,
there is both considerable between-species overlap in
morphometric characters and socme uncertainty about
species boundaries. We have sampled fish of the genus
Moelanotaenia from different taxonomic levels and from
widely separated geographic areas, to provide a broad
spectrurn of miDNA divergences. This sampling design
assumes that the taxonomic hierarchy is roughly cor-
related with evolutionary divergence but not that current
species boundaries or species groupings are necessarily
accurate.

Material and Methods
Sample Collection

Fish samples were collected from Queensland,
Western Australia, South Ausiralia, the Northern Ter-
ritory, and Papua New Guinea, The localities are listed
in the legend to figure 1. For the same species, different
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sampling locations were selected. Some individuals were
obtained from captive stocks where wild-caught material
was not available. Where possible, two individuals of
each taxon were used for analysis, according to the prin-
ciple that it is desirable to replicate at the level helow
that of interest (Smouse et al. 1991). The keys and de-
scriptions of Allen and Cross (1982 ) were used to identify
the specimens, with the aid of fish taxonomists (see Ac-
knowledgments}.

DNA Extraction

In the initial stages, mtDNA was extracted and pu-
rified from some specimens by ultracentrifugation
(Dowling et al. 19%0). For routine PCR amplifications,
crude preparations of DNA were obtained from 1 mg
of fresh or frozen muscle tissue by lysing cells in the
presence of 500 pul 5% Chelex { Bio-Rad) at 56°C over-
night. Samples were then heated at 95°C-100°C for 15
min, vortexed, and briefly centrifuged; 2 pl of super-
natant was used per 12.5-pl PCR reaction.

PCR Amplification and Sequencing

All sequences were obtained by direct sequencing
of PCR products either by the asymmetric method
(Gyllensten and Erlich 1988) or by cycle sequencing
using the BRL Thermal Cycle Dideoxy DNA Sequencing
Kit. Primers were designed from preliminary rainbow
fish sequences obtained using “universal” primers
{Kocher et al. 1989). For the cytb region the primers
designed for rainbow fishes were L 14859, 5-AA-
CTTTGGCTCCCTACTTGG-3", and H 15322, 5%
GTGGAKGATAAGRARGTGCT-3"; for the tRNAF™
gene+CR we used L. 15957, S-TTAAATTCCCT-
CCTAATGCTATC-3"; and H 16449, 5'-CACGATA-
TTTGTCCCTGACC-3'{*L"” and “H" refer to the light
and heavy strands, respectively, and the number refers
to the position of the 3’ base in human mtDNA se-
quence [Anderson et al. 1981]; K=G+%T; and
R=Y%YAHAG).

Sequences were obtained via asymmetric amplifi-
cation as described by Moritz et al. (1992}, with an-
nealing at 52°C for | min and extension at 72°C for 1
min. Negative controls were always included. For cycle
sequencing the product from a 25-ul PCR reaction was
gel-purified with the Prep-A-Gene DNA Purification Kit
(Bio-Rad) to remove unincorporated primers and
dNTPs. About 20 ng of PCR product was sequenced
from both directions by using the BRL cycle sequencing
kit with primers end-labeled with (y**P-dATP) by poly-
nucleotide kinase. Except for a few light-strand sequences
obtained by asymmetric amplification, sequences were
determined in both directions.
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FIG. 1.—Aligned sequence data showing only variable nucleotide positions for 351 bp of cylb, corresponding to positions 14927-15279
in human mtDNA for 26 taxa examined, consisting of 13 species and subspecies of Melanotaenia and one species of Glossolepis. Roman
numbers refer to different populations. The abbreviations of taxa are as follows: M.s.spl. = Melanolaenia splendida splendida (1—Davies Creek,
North Queensland; and I1—Burdekin River, North Queensland); M.s.rub, = M. s. rubrostriata { New Guinea species, locally bred, Victonia);
M.s.ino. = M. s. inornata (Cohen River, North Queensland); M.s.her. = M. s. herbertaxelrodi (New Guinea species locally bred, Victoria);
M.s.aus. = M. 5. australis (I—Bellary Creek, Western Australia; and 11—South Alligator River, Northern Territory); M.eac. = M. eachamensis
(1-—Banson stock; and [l—Walkamin Station }; M.dub. = M. duboulayi ( Delanip Creek, Woodford, Queensland ); M.nig. = M. nigrans (Jardine
River, Cape York Peninsula, North Queensland); M.mac. = M. maccuilochi (Jardine River, Cape York Peninsula, North Queensland); M.tri,
= M. frifasciata (Gunshot Creek, Cape York Peninsula, North Queensland); M.exq. = M. exquisita {South Alligator River, Northern Termitory);
M.par. = M. parkinsoni {New Guinrea species locally bred, Victoria); Maff. = M. affinis (Buvu Creek, Morobe Papua, New Guinea); and
G.inc. = Glossolepis incisus ( Lake Sentani, Papua New Guinea). The sequence for M. s. splendida is shown in the first line, and only nucleotides
different from those in this sequence are indicated in the subsequent sequences. ? = Uncertain; Y = Cor T; S =CorG;and R = A or G.

GenBank accession numbers are X77504 and X77507.

Sequence Alignment and Analysis

The cytb sequences were aligned, by eye, with pub-
lished sequences from cichlids (Meyer et al. 1990) and
sturgeon (Brown et al. 1989). The CR sequences were
aligned using Clustal V with various input orders, a gap
penalty of 10, and TV weighted over TS by 2:1. Chang-
ing the input order did not affect the alignment pro-
duced. The resulting alignments were inspected and ad-
justed manually to improve local matches. Regions that
remained ambiguous were excluded from analysis (see
below). Observed numbers of nucleotide substitutions,
TS, and TV were compiled using “Macsequence,” a
program in BASIC written by D. Good. Sequence di-
vergences were calculated using the Kimura two-param-
eter model provided in Clustal V. Phylogenetic relation-
ships were estimated using PAUP (version 3.0s; Swofford
1991) and the neighbor-joining method in PHYLIP.
MacClade 3.0 (Maddison and Maddison 1992) was used
to explore tree lengths of alternative topologies.

Results
Sequence Alignment and Divergence

Sequences were obtained from two regions of the
mtDNA molecule: (1) a 351-bp segment of the 5’ end
of the cytb gene (fig. 1) and {2) a continuous sequence
comprising the 3’ 49 bp of the proline transfer RNA
(tRNAP™®) gene and the following 313 bp of the non-
coding CR (fig. 2). For the cytb sequence, 94 of the 351
positions were variable among the 26 different sequences,
with 76 positions being informative for parsimony anal-
ysis. Most (85 of 94) substitutions occurred in third-
base codon positions, the remainder being in the first
codon position. Only three replacement substitutions
were observed. There were no deletions or insertions,
and all sequences could be translated according to the
standard vertebrate mtDNA code, The average A+T
content was 53% overall and 50% in the third codon
position. As in other vertebrates (Brown 1985), the pro-
portion of G at the third codon position, 5%, was very low.
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FiG. 2. —Aligned sequence data, showing only variable nucleotide positions for parl of the tRNAT™ gene (4% bp) and CR (313 bp) from
mtDNA for 13 species and subspecies of Melanotaenia and one species of Glassolepis. The sequence corresponds to positions 15977-16339
of the human miDNA sequence. Boldface type indicates regions of uncertain alignment, which were deleted from the phylogenetic analysis.
— = Insertion or deletion; and K = G or T; all other abbreviations, including species abbreviations, are as in fig. 1. GenBank accession numbers
are X77505-X77506.
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In contrast to the cytb gene, the CR and tRNAF™
region showed a strong bias in base content, with 70%
A+T. Comparisons of the alignments produced with dif-
ferent gap penalties and substitution weighting identified
two areas of ambiguity of alignment in the CR close to
the tRNAP™ gene (shown in boldface in fig. 2); these
were excluded from further analyses. Numerous dele-
tions or insertions, of 1-40 bp, were observed both within
and between genera. The largest deletion, of 40 bp, was
shared by three mtDNAs, two from Melanotaenia
splendida herbertaxelrodi and the other from M. trifas-
ciata. Considering just base substitutions, 115 of the 313

_ CR positions varied with 89 informative sites. The pro-. .

portion of variable sites in the CR sequence (115/313)
is bigger than that in the cytb sequence (94/351).
Fstimates of sequence divergence by using the Ki-
mura two-parameter model for the cytb segment were
0.0%-21.8%. Within Melanotaenia, the maximum value
was 17.9%, with broad overlap between the ranges of
values for putative interspecific and intersubspecific
comparisons. The highest sequence divergence within
genera occurred between the wild-caught New Guinea
species M. gffinis and the other Melanotaenia. The val-
ues were 12.5%-17.7%, well within the range of sequence

variation at the genus level. Divergences among the CR
sequences were broadly similar to those of cytb. A
graphic comparison of pairwise observed sequence di-
vergences (fig. 3} indicates that, overall, the CR sequence
is not diverging faster than the cytb gene. However, con-
sidering just the more closely related sequences, i.e., those
within cytb divergences of <5%, the CR segment is
evolving at ~ 1.4 times the rate for cytb (fig. 3).

Patterns of Sequence Evolution

Inspection of the rates of transition versus trans-
version revealed a marked difference between the cytb
and the CR sequences, For cytb, TS outnumbered TV

at all levels of divergence, with values ranging from 4.2:

1, between the most similar sequences, to 2.3:1, between
the most divergent sequences (table 1). For the CR se-
quence, TS outnumbered TV in comparisons between
closely related miDNAs (as measured by cytb diver-
gence), but between the more divergent sequences, TV
were as common as or outnumbered TS (table 1). For
these divergent comparisons, the CR TV also outnum-
bered cytb TV, by as much as 2:1, despite the two regions
having similar levels of sequence divergence overall (ta-
ble 1).

=



A plot of the percentage of TS against the percentage
of TV, for all pairwise comparisons of cytb and the CR
sequences (fig. 4), provides another perspective on these
divergent patterns of sequence evolution. For the cytb
sequence there is an approximately linear relationship
between numbers of TS and TV, with a bias toward TS.
In contrast, the CR sequence shows a nonlinear rela-
tionship such that TS appear to plateau at ~5%-8% as
TV accumulate. This, together with the greater number
of TV between divergent CR sequences (table 1 and fig.
4), suggests that TS are saturating at a low level of di-
vergence in the CR, whereas for cytb they continue to
accrue,

Phylogenetic Analysis

Skewness of tree-length distributions, as a measure
of information content (Hillis and Hulsenbeck 1952),
was tested by generating 10,000 random trees. Both data
sets produced significantly skewed distributions of ran-
dom trees, with the cytb having a stronger skew (g
= —0.32; P<0.01 ) and thus greater information content
than the CR region (g, = —0.24; P<(.01). Combining
the two sets of data increased the skewness (g; = —0.496;
P<0.01; fig. 5) and therefore the apparent information
content of the data.

We used parsimony methods in PAUP, with and
without character weighting, for phylogenetic analysis.
Regions of the CR sequences for which alignments were
uncertain were excluded from the data matrix. For un-
weighted characters, heuristic searches produced 16
shortest trees for the cytb sequence, 83 shortest trees for
the CR, and 11 shortest trees for the combined data (fig.
6). All analyses identified the same five groupings of
mtDNAs, as shown in figure 7: one (A) containing se-
quences from M. s. splendida, M. s. rubrostriata, M. s.
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F1G. 4.—Pairwise comparisons of percent of observed sequence
divergence, transversions to transitions, for cytochrome b and control-
region sequences. The saturation of control-region transitions was ev-
ident i the comparison of sequence between Melanotaenia gffinis and
other Melanotaenia and between Glossolepis and Melanotaenia.
(boxed)

inornata, M. maccullochi, and M. parkinsoni; a second
(B} with only two individuals of M. duboulayi; a third
(C) consisting of M. eachamensis and Western Austra~
lian M. s. australis; a fourth (D) with M. exquisita and
individuals of M. s. australis (all captive-bred from the
same locality in the Northern Territory) and M. nigrans;
and a fifth group (E) including M. trifasciata and M. s.
herbertaxelrodi (e.g., see fig. 7). All analyses put group
E as the sister lineage to.groups A-D, but the relation-

TS and TV among cyth and CR Sequences—and Relative Levels of Sequence Divergence of CR Sequences—among Pairwise
Comparisons (n) of mtDNAs Classified According to Divergence in the cytb Region

cylb DIVERGENCE"

0.0%~5.0% 5.1%-10.0% 10.0%-15% >15%
(n=47) (n=113) (n=132) (n=231
Mean cytb divergence: 2.7% 7.9% 12,0% 20.0%
eytb TS oo a3 2,528 3,615 1,125
CYbTY i 72 695 1,064 488
eytb TS/TV o 42 6 14 2.3
Mean CR divergence: 32% 8.5% 12.0% 16.0%
CRTS it eanaanns 325 1,896 2,595 676
CRTV .. i 165 1,504 2,161 1,025
CRTS/TYV . i 2.0 1.3 1,2 0.7
Mean CR/cyth divergence .. ... 1.2 1.2 1.0 0.8

* Calculated by the Kimura two-parameter method.
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F1G. 5.—Distribution of tree lengths for 10,000 random trees from combined cytb and CR data, without weighting

ships among groups A-D differed (see fig. 6, I-1-11I-1).
The robustness of the branches—evaluated by boot-
strapping with the membership of the groups (but not
the relationship of the groups) constrained—was low,
except for the branches uniting A-D to the exclusion
of E.

Given (1) the consistent bias toward TS observed
between similar sequences and (2) the apparent satu-
ration of TS between even moderately divergent CR se-
quences, distinct weighting schemes were applied for
further parsimony analyses. For cytb, TV were weighted
10 times relative to TS, whereas for the CR sequence,
only TV were used. The number of shortest trees de-
creased to three for cytb and two for CR. The same five
groupings (A-E) were present in each case, but the re-
lationships among them again differed (fig. 6, I-2 and
11-2). Combining the two data sets with their respective
weighting schemes—i.e., 10:1 weighting of TV over TS
for cytb and 10:0 weighting for the CR sequences—
produced three shortest trees (fig. 6, I1I-2). As was the
case for the unweighted analyses, the bootstrap values
were generally low, except for that defining the A-D
group in the combined analysis.

Neighbor-joining methods were also used to ex-
amine the phylogenetic relationships. The same five
groupings were found by either the Jukes-Cantor or the
Kimura weighting (TS:TV=10:1) modg], for the com-
bined data set. Both the Jukes-Cantor and the Kimura
weighting models revealed the same phylogenetic rela-
tionships among groups as was found in PAUP analyses
of the combined data set under different weighting
schemes (fig. 6, 11I-2).

Although the consensus topologies appeared to dif-
fer between sequences and between unweighted and
weighted analyses, the numbers of characters defining
the relationships among groups were often low, as were
the corresponding bootstrap values (figs. 6 and 7)., The
only branch that appeared consistent and moderately
robust was that uniting the A-D groups 1o the exclusion
of E. To further explore the differences between these
topologies, the tree lengths were compared among the
data sets, with and without weighting. The results (table
2) indicate that very little separates the alternative ar-
rangements of groups A-D in each of the data sets. The
exception is that the relationship between M. affinis and
group E (trees II-1 and II-2), suggested by the CR data,
appears strongly incompatible with the cytb data. Com-
paring the distributions of characters between the alter-
native topologies and the shortest tree for each type of
data showed that the cytb data set, especially when
weighted, was better able to discriminate than was the
CR data set.

Discussion
Levels of Sequence Variation in Relation to Current
Taxonomy

The levels of sequence divergence seen for the cytb
and CR sequences in the rainbow fishes are within the
ranges observed for some other genera of fish (e.g., Tro-
pheus, <15%; Sturmbauer and Meyer 1992), although
they are higher than in most studies (e.g., see Bernatchez
et al. 1992). A crude hierarchy is apparent in relation
to the existing taxonomy. Fish from different populations
of the same subspecies (Melanotaenia splendida splen-
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L Cyt b only 10, CR and tRNA PT0 only TIL combined data
1. no welghting
A A A
7 —
B 56 B . D
D B
95 D 93 _19_: C
E
E E
61
M. aff. M. aff. M. aoff.
G. inc. G. inc. G. inc.

16 trees 214steps CI=0.579

B3 trees 214steps CI=0.622

11 trees 448 steps CI=0.596

2. weighting TS: TV 10:1 10:0 10:1/10:0
49 C 70 D 32 B
£l B 95 R ]
B 53 I: c
100 D c Kyl D
————— B
E 21 E
M. aff.
M. af o M. aff
G. inc. G. inc. G. inc.
3trees 043 steps 2frees 930 steps 3trees 1621 steps

FiG. 6.—Relationships amang groups of species, revealed by heuristic searches with different data sets and weighting schemes. A-E refer
1o the five main phylogeny groupings of sequences indicated in all analyses and shown in fig. 7. Numbers above the branches are the bootstrap
values afier 100 replications in heuristic searches with the membership of groups A-E constrained and Glossolepis incisus (G. inc.} as the

outgroup.

dida) have <4% divergence for each sequence; fish of
different genera (i.e., Melanotaenia vs. Glossolepis) have
divergences of >17%; and fish of different putative sub-
species—or of different species within genera—typically
have intermediate values. However, there is broad over-
lap between the ranges of divergence for comparisons
between subspecies and those between species of Me-
lanotaenia, and M. affinis is as different from other Me-
lanotaenia as is Glossolepis. This could reflect either er-
rors in the current taxonomy, or sorting of ancestral
polymorphisms among closely related species (Neigel
and Avise 1986), or both.

The above situation is further complicated by
anomalies such as the polyphyly of mtDNAs from M.
5. australis, fish from Western Australia having mtDNAs
closely related to those from M. eachamensis, whereas
M. s. australis from the Northern Territory have
mtDNAS very similar to those from M. exquisita from

the same locality. Given that hybridization between dif-
ferent species of rainbow fishes is commonplace in cap-
tivity (Allen and Cross 1982), it is likely that the ex-
traordinary divergence within M. s. australis is due to
introgression from M. exguisita. However, the close re-
lationship of M. 5. australis and M. eachamensis, in
terms of mtDNA, warrants further study.

The biological and systematic implications of these
patterns will be dealt with elsewhere. The important ob-
servation here is that our sampling of mtDNAs across a
range of taxonomic levels has produced a set of compar-
isons spanning a broad range of sequence divergences
within the range typically used in population genetic and
phylogenetic studies. This provides the raw material for
evaluating and contrasting patterns of sequence divergence.

Comparison of Patterns of Sequence Divergence

Previous studies of mtDNA sequences from fish
species have revealed conflicting patterns of base sub-
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FIG. 7.—Phylogenetic tree for mtDNA sampled from 13 species of Melanotaenia, based on a parsimony analysis of combined cytb and
CR mtDNA sequences, with weighting of TV over TS, Numbers on the branch are the bootstrap values after 100 replications with heuristic
searches. The main phylogenetic groups are represented as A-E. Species abbreviations are as in fig. 1.

stitution. The bias toward TS appeared io be weak rel-
ative to that in mammals (typically, >10:1; e.g., see
Brown et al. 1982) in the CRs of guppy (3:1; Fajen and
Breden 1992) and various salmonid species (3:1; Ber-
natchez et al. 1992; Shedlock et al. 1992) and for cytb
of the prickly shark (Bernardi and Powers 1992). Fur-
ther, the data for salmonids suggested that most of the
CR evolves at about the average rate for the genome
(Bernatchez et al. 1992; Shedlock et al. 1992). However,
strong biases toward TS were observed in studies of Af-

rican cichlids (Sturmbauer and Meyer 1992) and stur-
geon (Brown et al. 1993), and the former also showed
more rapid evolution in the CR than in cytb.

The patterns observed for rainbow fishes may help
to explain these contradictions, in that the most similar
CR sequences show a bias toward TS, whereas sequences
from more divergent mtDNAs have more TV than TS.
The overall levels of sequence divergence (corrected for
multiple hits, by the Kimura two-parameter model) in
cytb and the CR are similar at all levels of divergence,
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Tree Lengths for Different Data Sets and Weighting Schemes Applied to the Aliernative Topologies Shown in Figure 6

ALTERNATIVE TOPOLOGY IN FIGURE 6

DATA SET 1-1 12

11 -2 I1I-1 12

Only cytb, noweights ............. 214

220 (3.0%)

232 (8.4%)" 238 (11.2%)" 215(0.5%) 220 (3.0%)

Only eytb, 10:1 weighting .. .. ...... 655 (1.9%) 643 764 (18.8%) 760 (IB2%) 674 (4.6%) 661 (2.8%)
Only CR, no weights ............. 236 (2.6%) 241 (4.8%) 230 233 (1.3%) 233 (1.3%) 235 (2.2%)
Only CR, 10:0 weighting .......... 980 (5.4%) 1,000 (7.5%) 950 {2.2%) 930 970 (4.3%) 960 (3.2%)
cyth + CR, no weights ............ 450 (0.4%) 461 (2.9%F 462 (3.1%F 471 (5.1%)" 448 455 (1.6%)
cytb + CR, 10:1/10:0 weighting .. ... 1,635 (09%) 1,643 (1.4%) 1,714 (5.7%)Y 1,690 (4.3%F 1,644 (1.4%) 1,621

NOTE.—The values underlined represent the shortest trees for each daia sel, and the percentages are the proportional increase, in iree length, over the shortest

tree.

* Trees that are significantly poorer explanations of a data set than is its shortest tree (determined using the compare tree option in MaeClade and x* analysis);
the tree lengih differences between 1-1 and II1-2 are due to the fine structure within the groups A-E,

However, between the more divergent sequences, there
were up 1o twice as many TV in the CR. If TV are ac-
cumulating linearly, as appears to be the case in most
comparisons of vertebrate mtDNAs (Miyamoto et al.
1989; Irwin et al. 1991), these observations suggest that
the CR does have a higher evolutionary rate, but that
this is masked by saturation of TS in the CR, at an un-
usually low level of sequence divergence.

A low “ceiling” of sequence divergence and an ex-
cess of TV due to saturation of TS has also been reported
for Drosophila mtDNA and atiributed to high A+T
content { Wolstenholme and Clary 1985; DeSalle et al.
1987; Tamura 1992). Closely related mtDNAs from
Drosophila showed a bias toward TS and rapid evolution,
but the TS were saturated at ~8% sequence divergence
{DeSalle et al. 1987). In rainbow fishes, the CR has a
strong bias toward A+T (70%), whereas cytb has ~50%
A+T in all codon positions, suggesting that apparent
saturation of TS at low levels of sequence divergence in
the CR is due to biased base content, as in insects (see
also Crozier and Crozier 1992; Monforte et al. 1993),
The same effect of compositional constraint on base
substitution may operate in the salmonid CR, as the
regions where the substitutions are concentrated also
tend to be A+T rich (Shedlock et al. 1992),

Implications for Molecular Systematic Studiés of
Rainbow Fishes

In general, the evolutionary rate and pattern of base
substitution in a gene are expected to affect its utility
for population genetic or phylogenetic analyses {Hillis
and Moritz 1990). For population genetics, the premium
is on allelic and nucleotide diversity among populations
of the same species. For rainbow fishes, the CR and cytb
sequences appear to be equally useful, as they have sim-
ilar overall rates of divergence (table 1}.

For phylogenetic studies, the goal is to maximize
informative variation while minimizing noise or mis-

information due to homoplasy (Swofford and Olsen
1990). In this context, the apparent saturation of TS in
the CR is expected to reduce the informativeness of this
region, especially for resolving deeper relationships. In
contrast, no such saturation was evident for cytb, al-
though in wider intergeneric comparisons the third-base
codon positions do saturate for TS (D. Zhu, unpublished
data), From these observations we would expect that
the cytb sequence is better able to resolve deep relation-
ships than is the CR and that weighting should improve
resolution in both cases.

In fact, the same five groups were recognized in all
analyses, but none was able to clearly resolve the rela-
tionships among the groups, other than to indicate that
the samples from M. trifasciata and M. s. herberiaxelrodi
{group E) were consistently the most divergent. Com-
bining the sequences from the two regions resulted in a
slight increase in the stability of some branches, as re-
vealed by bootstrapping, but may be suspect because of
the heterogeneity in patterns of base substitution {Bull
et al. 1993). These observations suggest that mtDNA
sequence analysis is effective at identifying robust
groupings within Melanotaenia, itself a useful contri-
bution, but that it will be difficult to obtain a fully re-
solved picture of the relationships among the species
Eroups.
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