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Genes encoded by mitochondrial DNA display con- 
siderable heterogeneity of sequence change. Among 
protein-coding genes, rates and patterns of nonsynony- 
mous nucleotide substitutions are influenced by differ- 
ential selective constraints relative to amino acid com- 
position and function of the gene product. Synonymous 
substitutions are presumably free of functional con- 
straints on amino acid sequence. However, patterns of 
synonymous substitutions are not uniform. Observations 
of transition bias at synonymous sites across many 
groups of closely related taxa have led to general agree- 
ment that transitional substitutions, as a class, evolve 
more rapidly than transversional substitutions. Further- 
more, strong nucleotide compositional bias present at 
largely synonymous third codon positions suggests that 
even within transitions or transversions the pattern of 
nucleotide substitution may not be uniform (Perna and 
Kocher 1995). Substitutional processes of mitochondrial 
genes are complex and additionally can vary with tax- 
onomic group. 

In this study, we examined nucleotide sequence 
evolution of two protein-coding mtDNA genes (cyto- 
chrome b and ND4L) among closely related species of 
the North American cyprinid genus Notropis. Cyto- 
chrome b (cyt b) is a well-characterized gene whose 
predicted amino acid sequence appears to be conserved 
(Irwin, Kocher, and Wilson 1991; Martin and Palumbi 
1993; Cantatore et al. 1994). ND4L is a smaller and less 
well-characterized gene whose predicted amino acid se- 
quence is thought to be much less conserved than that 
of cyt b (Johansen, Guddal, and Johansen 1993; Meyer 
1993). 

A 533-base-pair (bp) fragment of the cyt b gene 
and the entire ND4L gene (297 bp) were sequenced 
from representatives of eight species of the cyprinid ge- 
nus Notropis. These included six species of the subge- 
nus Notropis (N. amabilis, N. atherinoides, N. oxyrhyn- 
thus, N. shumardi, N. stilbius, and N. telescopus), N. 
rubellus (placed in the subgenus Notropis by Mayden 
and Matson [ 1988]), and N. girardi (placed in the sub- 
genus Notropis by Coburn and Cavender [ 19921). Spe- 
cies were sampled from wild populations by seining. 

Genomic DNA was prepared using phenol : chlo- 
roform extraction and selected genes were amplified us- 
ing the polymerase chain reaction (PCR). The PCR ther- 
mal profile consisted of 35 cycles of 95°C denaturation 

Key words: synonymous substitution, mitochondrial DNA, cyto- 
chrome b, ND4L. Notropis. 

Address for correspondence and reprints: Joseph I? Bielawski, 
Center for Biosystematics and Biodiversity, Department of Wildlife 
and Fisheries Sciences, Texas A&M University, College Station, Texas 
77843-2258. E-mail: j-bielawski@wfscgate.tamu.edu. 

Mol. Biol. Evol. 13(6):889-892. 1996 
0 1996 by the Society for Molecular Biology and Evolution. ISSN: 0737-4038 

phase for 1 min, 48-50°C annealing phase for 1 min, 
and 72°C extension phase for 45 sec. Double-stranded 
DNA amplification products were sequenced directly us- 
ing a modification of a standard cycle-sequencing pro- 
tocol. The cycle-sequencing thermal profile consisted of 
30 cycles of 95°C denaturing for 30 set, 60°C annealing 
for 30 set, and 72°C extension for 1 min. Primers for 
cyt b were: L 15344, 5’-ATACATGCCAACGGA- 
GCATC-3’; and H 16002, 5’-TCCTCGTTG- 
TTTTGAGGTGTG-3’. Primers for ND4L were: L 
1042 1, 5’-CAAGACCCTTGA’ITTCGGCTCA-3’; and H 
12293, 5’-CAAGAGTTTCAGGCTAAGACCA-3’. 

Estimates of pairwise sequence divergence between 
taxa were computed for each gene and for each codon 
position, using the computer program MEGA (Kumar, 
Tamura, and Nei 1993). In addition, measures of the 
frequency of synonymous substitution were estimated 
for all taxa. The frequency of synonymous substitution 
per synonymous site was computed according to the 
method of Nei and Gojobori (1986) as implemented in 
the computer program MEGA (Kumar, Tamura, and Nei 
1993). Alternatively, the frequency of synonymous py- 
rimidine (T-C) substitutions per synonymous T-C site 
and synonymous purine (A-G) substitutions per synon- 
ymous A-G site were estimated separately. Synonymous 
substitutions at first codon positions were excluded to 
facilitate computation. The numbers of synonymous A- 
G and T-C sites were computed between each pair of 
sequences, and then the frequency of synonymous sub- 
stitution was computed from the respective sites for all 
pairwise sequence comparisons. Genetic distance was 
estimated using the two-parameter model of Kimura 
(1980). The level of substitutional saturation of each 
gene was assessed by graphic evaluation of transitional 
change at third positions versus genetic distance. The 
Kolmogorov-Smirnov two-sample, one-tailed test was 
used to determine whether pairwise estimates of se- 
quence divergence computed using one gene were sig- 
nificantly larger than values computed from the other 
gene. The Kolmogorov-Smirnov one-sample test was 
used to determine whether pairwise estimates of se- 
quence divergence for each gene were consistent with a 
random sample. 

Differences in nucleotide composition and/or sub- 
stitutional saturation can influence comparisons of se- 
quence divergence among taxa for the two genes. Mea- 
sures of nucleotide composition in both genes indicate 
a similar bias against guanine. Guanine composition is 
approximately 17% in both ND4L and cyt b. Among 
third codon positions, guanine composition is 11% in 
ND4L and 13% in cyt b. This bias was not unexpected 
as a similar bias has been detected in other species of 
fish (Meyer 1993). The strong nucleotide bias at third 
positions suggests that all nucleotide substitutions may 
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Frc. I.-Plots of total third-position transitional divergence and plots of A-G and T-C transitions at third positions relative to Kimura’s 
(1980) two-parameter genetic distance. Trendlines were tit to data series using a binomial model for A-G transitions and a linear model for T- 
C transitions. 

not occur with the same frequency (Perna and Kocher Average sequence divergence among the species 
1995). This could result in a lower saturation ceiling for of Nntropis was significantly lower in ND4L as com- 
certain classes of nucleotide substitutions (Kondo et al. pared to cyt b (table 1). Analysis of each codon po- 
1993). Graphic measures of total transitional divergence sition revealed that divergence at third positions also 
at third positions suggest that neither gene is saturated was significantly lower in ND4L, whereas divergence 
(fig. 1). However, separate plots of A-G and T-C tran- at first and second positions was slightly higher in 
sitional divergence at third positions indicate that A-G ND4L (table 1). On the whole, these data suggest that 
transitions are saturated in both genes, whereas T-C tran- ND4L is evolving more slowly than cyt h among these 
sitions are not (fig. I). These data suggest that A-G and species. However, sequence divergence is a reflection 
T-C transitional classes are evolving differently among of two different processes: mutation rate, and selec- 
these species of Notropis, and that measures of total tive constraints acting on the protein product of a 
transitional substitution at third positions can fail to de- gene. Because T-C transitional change at third posi- 
tect these differences. tions appears not to be saturated in either gene (fig. 

Table 1 
Summary of Nucleotide Substitution Statistics for ND4L and Cytochrome b (cyt b) 

Mean sequence divergence __.__.._._................ 
Mean sequence divergence at first positions 
Mean sequence divergence at second positions. 
Mean sequence divergence at third positions 
Mean frequency of synonymous T-C substitutions per 

synonymous T-C site” 
Mean frequency of synonymous A-G substitutions per 

synonymous A-G site”............................ 
Mean frequency of synonymous substitutions per synony- 

mous siteh ,.., ,, ,_. _....___._.................. 

ND4L cyt b 
Kolmogorov-Smirnov 

Two-Sample Test 

10.0% 13.8% 
4.8% 3.6% 
0.5% 0. I c/ 

25.0% 38.2% 

0. I76 

0.249 

0.355 

0.305 

0.340 

0.522 

K,, = 13. P < 0.01 
K,] = 13. P i 0.01 
K,, = 12, P = 0.01 
K,,= 18,P<O.Ol 

K, = 15, P < 0.01 

K, = 17, P < 0.01 

K, = 16, P < 0.01 

d First-position synonymous substitutmns were excluded from this measure of synonymou\ substitutions. 
h This measure of synonymous substitution\ was computed according to the method of Nei and Gojobori (19%) 
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I), the frequency of synonymous T-C substitutions per 
synonymous T-C site should be the best measure of 
absolute substitution rates in these two genes. Among 
the species examined, the frequency of synonymous 
T-C substitutions per synonymous T-C site was sig- 
nificantly lower in ND4L than in cyt b (table 1). In- 
terestingly, the equivalent measure of the synonymous 
A-G substitution rate also indicated a difference be- 
tween the genes; however, this measure suggests a 
lower difference between the substitution rates of the 
two genes (table 1). The latter was not unexpected 
given the evidence for saturation of A-G transitions 
(fig. 1). The Nei and Gojobori (1986) measure of syn- 
onymous substitution, an alternate measure of substi- 
tution rate that includes all pathways of synonymous 
substitutions between each pair of codons, also was 
significantly lower in ND4L than in cyt b (table 1). 
Kolmogorov-Smirnov one-sample tests of T-C diver- 
gence at third positions and of the Nei and Gojobori 
( 1986) measure of synonymous substitutions indicate 
that, for each gene, lineage-specific divergence values 
were consistent with a random sample (data not 
shown). This suggests that lineage-specific effects are 
not a factor in comparisons of these statistics. Collec- 
tively, these data indicate that the absolute substitu- 
tion rate in ND4L is lower than in cyt b, a finding at 
odds with the concept that ND4L is the more rapidly 
evolving gene (Johansen, Guddal, and Johansen 1993; 
Meyer 1993). 

In addition to greater sequence divergence at first 
and second codon positions within ND4L (table l), a 
greater percentage of amino acid positions are variable 
within ND4L (7%) as compared to cyt b (4.5%). As- 
suming the absolute substitution rate to be lower in 
ND4L, these contrasting patterns suggest that a higher 
proportion of nucleotide sequence positions may be free 
to vary in ND4L. This could explain how, for deeper 
phylogenetic comparisons, ND4L appears to be evolv- 
ing more rapidly than cyt b (Johansen, Guddal, and Jo- 
hansen 1993; Meyer 1993). 

The apparent difference in absolute substitution 
rate between ND4L and cyt b may be related to their 
location in the mitochondrial genome. Mitochondrial ge- 
nome replication is an asymmetric process initiated at 
two different times from two different origins of repli- 
cation (Clayton 1982). A consequence of this mode of 
replication is a period where a region of light strand 
DNA is single-stranded and presumably more suscepti- 
ble to damage by oxidative radicals. Genes close to the 
origin of heavy-strand replication are presumably in the 
single-strand state for longer periods during replication, 
and it has been hypothesized that these genes will have 
the highest mutation rates (Brown and Simpson 1982; 
Tanaka and Ozawa 1994). Cyt b is located adjacent to 
the origin of heavy-strand replication, whereas ND4L is 
located approximately halfway between the heavy- and 
light-strand origins of replication. Consequently, cyt b 
enters into the single-strand state first and could be sub- 
jected to oxidative damage for a longer period than 
ND4L. This could explain the observed higher absolute 
substitution rate in cyt b than in ND4L. 

Complete nucleotide sequence from a number of 
mitochondrial genes spanning the region from the origin 
of heavy-strand replication to the origin of light-strand 
replication is needed to test the hypothesis that the ob- 
served difference in absolute substitution rates of ND4L 
and cyt b in these species of Notropis is related to ge- 
nome location. A larger data set would allow examina- 
tion of evolutionary differences among classes of nucle- 
otide substitution within and between genes. We are now 
studying the effects of unequal nucleotide substitution 
rates on phylogeny reconstruction and examining pat- 
terns of nucleotide substitution inferred from phyloge- 
netic hypotheses of these closely related species. 
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