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Abstract .  The relative contribution of mutation and 
purifying selection to transition bias has not been quan- 
titatively assessed in mitochondrial protein genes. The 
observed transition/transversion (s/v) ratio is (iXs Ps)/(p~v 
Pv), where txs and P,v denote mutation rate of transitions 
and transversions, respectively, and Ps and P~ denote 
fixation probabilities of transitions and transversions, re- 
spectively. Because selection against synonymous tran- 
sitions can be assumed to be roughly equal to that against 
synonymous transversions, PJPv = 1 at fourfold degen- 
erate sites, so that the s/v ratio at fourfold degenerate 
sites is approximately p,s/lX v, which is a measure of mu- 
tational contribution to transition bias. Similarly, the s/v 
ratio at nondegenerate sites is also an estimate of p~s/tX~ if 
we assume that selection against nonsynonymous transi- 
tions is roughly equal to that against nonsynonymous 
transversions. In two mitochondrial genes, cytochrome 
oxidase subunit I (COI) and cytochrome b (cyt-b) in 
pocket gophers, the s/v ratio is about two at nondegen- 
crate and fourfold degenerate sites for both the COI and 
the cyt-b genes. This implies that mutation contribution 
to transition bias is relatively small. In contrast, the s/v 
ratio is much greater at twofold degenerate sites, being 
48 for COI and 40 for cyt-b. Given that the pos/txv ratio is 
about 2, the PJP~ ratio at twofold degenerate sites must 
be on the order of 20 or greater. This suggests a great 
effect of purifying selection on transition bias in mito- 
chondrial protein genes because transitions are synony- 
mous and transversions are nonsynonymous at twofold 
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degenerate sites in mammalian mitochondrial genes. We 
also found that nonsynonymous mutations at twofold de- 
generate sites are more neutral than nonsynonymous mu- 
tations at nondegenerate sites, and that the COI gene is 
subject to stronger purifying selection than is the cyt-b 
gene. A model is presented to integrate the effect of 
purifying selection, codon bias, DNA repair and GC con- 
tent on s/v ratio of protein-coding genes. 

Key words:  Transition bias - -  Mitochondrial protein 
gene - -  Purifying selection - -  Molecular evolution 

Introduct ion 

Transition bias in nucleotide substitution is a ubiquitous 
phenomenon in animal mitochondrial DNA (mtDNA), 
having been reported in both vertebrate species (Brown 
and Simpson 1982; Brown et al. 1982; Aquadro and 
Greenberg 1983; Thomas and Bechkenbach 1989; Bech- 
kenbach et al. 1990; Edwards and Wilson 1990; Irwin et 
al. 1991) and invertebrate species (DeSalle et al. 1987; 
Satta et al. 1987; Thomas et al. 1989; Thomas and Wil- 
son 1991). Although the phenomenon of transition bias is 
poorly understood, two contributing factors have been 
suggested. One is that the spontaneous mutation rate in- 
volving a transitional change is much greater than that 
involving a transversional change (Brown et al. 1982; 
Li et al. 1984; DeSalle et al. 1987; Beckenbach et al. 
1990). The second is purifying selection (Li et al. 1985), 
and is applicable only to protein-coding genes. Purifying 
selection can affect the transition bias because (1) puri- 
fying selection tolerates synonymous mutations and 
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eliminates nonsynonymous mutations and (2) transi- 
tional mutations are more likely to be synonymous than 
transversional mutations. 

The relative contribution of these two factors to the 
transition/transversion (s/v) ratio has not been studied in 
a quantitative way. We here summarize the joint effect of 
the two factors on the s/v ratio as follows: 

s ]As " Ps 
m 

v ]Au • P~ 
(1) 

where bs and tx~ are the mutation rate of transitions and 
transversions, respectively, and Ps and Pv are the fixation 
probability of a transitional mutation and a transversional 
mutation, respectively. Thus, transition bias can arise 
either from differential mutation pressure favoring tran- 
sitions (i.e., a large tXs/iX v ratio) or from differential pu- 
rifying selection against transversions, which would de- 
crease Pu and consequently increase the P/Pu ratio. 

At fourfold degenerate sites, both transitions and 
transversions are synonymous and may be assumed to be 
nearly neutral, with P~ -- Pw where the subscript 4 de- 
notes fourfold degenerate sites. This leads to 

$4 /As " Ps4 ]As 

124 ]Av " P v  4 ]Av 
(2) 

Similarly, if we assume that purifying selection acts 
roughly equally against nonsynonymous transitions and 
nonsynonymous transversions, then Pso = P~o (where the 
subscript 0 denotes nondegenerate sites), so that 

s o ]As'Pso ]As 
_ N 

Vo ]A~'Pvo /-tv 
(3) 

Equations (2) and (3) state that the S4/F 4 ratio and the 
So/V 0 ratio offer two independent estimates of the tXs/0U v 
ratio, which measures mutational contribution to transi- 
tion bias. Thus, the s4/v 4 ratio and the So/V 0 ratio are 
expected to be similar because they both reflect the same 
Ixfftx~ ratio. An s/v ratio close to 1 at fourfold degenerate 
sites and at nondegenerate sites would suggest little mu- 
tational contribution to transition bias. 

At twofold degenerate sites, 

S 2 ~'Is " Ps2 
m 

V2 ]Av " P v  2 
(4) 

where the subscript 2 denotes twofold degenerate sites. 
Because transitions are synonymous and transversions 
are nonsynonymous at twofold degenerate sites in animal 
mitochondrial genes, Ps~ is expected to be larger than P~2 
under neutral theory (Kimura 1983), so the Ps/P~ ratio 
should be larger than one for functional genes. This Ps/  
Pv2 ratio can serve as a measure of the contribution of 
purifying selection to transition bias. The s/v ratio at 

twofold degenerate sites is expected to increase with in- 
creasing intensity of purifying selection. An s/v ratio at 
twofold degenerate sites similar to that at nondegenerate 
and fourfold degenerate sites suggests the absence of 
purifying selection. 

The intensity of purifying selection against nonsyn- 
onymous substitutions can be assessed by the following 
three ratios: 

Ps2 $2 ]'Iv 

Pv~ V2 ]As 
(5) 

Ps  4 s 4 

P s  o So 
(6) 

Pv  4 V 4 

Pv0 v0 
(7) 

These three ratios are expected to be the same if we 
assume that/'so = Pro = Pv2 (i.e., all nonsynonymous 
mutations are subject to equally intense purifying selec- 
tion and have the same probability of fixation regardless 
of whether they occur at nondegenerate or twofold de- 
generate sites), and Ps2 = Ps  4 = ev4  (i.e., all synonymous 
mutations are nearly neutral and have the same probabil- 
ity of fixation regardless of whether they occur at two- 
fold degenerate or fourfold degenerate sites). These as- 
sumptions have never been critically examined, although 
they are generally accepted as true when calculating the 
rate of synonymous and nonsynonymous substitutions 
(Li et al. 1985; Nei and Gojobori 1986; Li 1993). 

It is possible for the first assumption (Ps0 = Puo = 
Pv~) to be violated because, when a nonsynonymous mu- 
tation occurs, the original and the replacement amino 
acids could be very similar to each other in physical and 
chemical properties, or they could be very different. If  
nonsynonymous mutations at twofold degenerate sites 
tend to involve amino acid pairs that are more similar to 
(or more different from) each other than do nonsynony- 
mous mutations at nondegenerate sites, then Pu2 would 
be larger (or smaller) than either Po~ or Po~, so the Ps/Pv~ 
ratio would be smaller (or larger) than the other two 
ratios. This could bias estimates of the rate of synony- 
mous and nonsynonymous substitutions. 

The three ratios in equations (5-7) can be used to 
study differential purifying selection acting on different 
genes in the same genome. The three ratios can all be 
considered as measures of the strength of purifying se- 
lection, with stronger purifying selection being corre- 
lated with larger ratios. Because previous studies have 
shown that the amino acid sequence of cytochrome oxi- 
dase subunit I (COD is more conservative than the cy- 
tochrome b (cyt-b) gene (reviewed by Brown 1985), we 
are interested in testing whether the s/v ratio at twofold 
degenerate sites is larger for the COI gene than for the 
cyt-b gene. 
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There  are at least two more  reasons for a detailed 

study of  the relat ive contr ibut ion of  mutat ion and puri- 

fying select ion to transition bias. First, i f  pur i fy ing se- 

lect ion is a dominant  factor shaping the rate of  nucleot ide  

substitution, then about  72% of  the nucleot ide  sites (i.e., 

the proport ion of  nonsynonymous  sites) are constrained. 

Such a large proport ion o f  constrained sites wou ld  bring 

into quest ion the concept  o f  the molecu la r  clock, because  

the presence  o f  such a c lock  wou ld  now depend largely 

on the constancy of  pur i fying selection. At  present,  there 

is little ev idence  that pur i fying select ion is constant  over  

geologica l  time. 

An  understanding of  the relat ive contr ibution of  mu- 

tation and pur i fying select ion to transition bias would  

also help us to choose  a phylogenet ic  me thod  for  sys- 

tematic  analysis.  For  example ,  certain compute r  pro-  

grams such as D N A M L  and D N A D I S T  in the P H Y L I P  

package  (Felsenstein 1993) include a correct ion for tran- 

sition bias by a l lowing the user  to input a single s/v ratio. 

Such implementa t ion  would  be adequate  of  mutat ion is 

the dominan t  fac tor  shaping the t ransi t ion bias, but  

would  be insuff icient  i f  there is strong pur i fying selec- 

tion generat ing great  heterogenei ty  in the s/v ratio at 

nondegenerate ,  twofold  degenerate,  and fourfold degen-  

erate sites. For  nuclear  genes,  this he terogenei ty  appears 

to be small, wi th  s/v ratios equal  to - 4  at twofo ld  degen- 

erate sites and - 2  at nondegenera te  and fourfold degen-  

erate sites (Li et al. 1985). H o w  great the he terogenei ty  

is in mi tochondr ia l  genes is unknown.  Consider ing  that 

the ratio o f  synonymous  to nonsynonymous  substitutions 

is much  greater  in mi tochondr ia l  genes than in nuclear  

genes (Thomas and Beckenbach  1989), we suspect  that 

the effect  of  pur i fy ing select ion is greater  in mi tochon-  

drial genes than in nuclear  genes,  which wou ld  lead to 

greater  he terogenei ty  in the s/v ratio at nondegenerate ,  

twofo ld  degenerate,  and fourfold degenerate  sites. 

In this paper, we invest igate  the relat ive contr ibution 

of  mutat ion and pur i fying select ion to transit ion bias by 

using m t D N A  sequence data obtained in our laboratory 

for the COI  and cyt-b genes in 15 species o f  pocket  

gophers (Rodentia:  Geomyidae) .  W e  ask the fo l lowing  

questions: (1) Is the s/v ratio at nondegenera te  sites simi- 

lar to that at fourfold degenerate  sites as expected?  (2) Is 

the s/v ratio at twofo ld  degenerate  sites greater  than that 

at fourfold degenerate  and nondegenera te  sites? (3) Are  

the three ratios in equat ions (5-7)  similar  to each other? 

(4) Are  the three ratios larger for the COI  gene than for 

the cyt-b gene? and (5) Has COI  exper ienced stronger 

pur i fying select ion than cyt-b in the evolu t ion  of  the 15 

species o f  pocket  gophers?  

Materials and Methods 

We sequenced regions of mtDNA from two genes in 15 species of 
pocket gopher representing six genera. These sequences (379 bp of COI 
and 402 bp for cyt-b) have been deposited in GenBank with accession 

numbers of L32682-L32696 for COI, and Ll1900, Ll1902, Ll1906 
(DeWalt et al. 1993), and L38465-L38476 for cyt-b. The method of 
amplifying and sequencing cyt-b and COI genes has been described in 
DeWalt et al. (1993) and Harrier et al. (1994), respectively. Voucher 
specimens are deposited in the Louisiana State University Museum of 
Natural Science (LSUMZ) or the New Mexico Museum of Natural 
History (NMMNH): Orthogeomys underwoodi (LSUMZ 29493), O. 
hispidus (LSUMZ 29231), O. cavator (LSUMZ 29253), O. cherriei 
(LSUMZ 29539), O. heterodus (LSUMZ 29501), Geomys breviceps 
(LSUMZ 33940), G. personatus (LSUMZ 29539), G. bursarius halli 
(LSUMZ 31463), G. b. majusculus (LSUMZ 31448), Cratogeomys 
castanops (LSUMZ 31455), C. merriami (LSUMZ 34343), Pappogeo- 
mys bulleri (LSUMZ 34338), Zygogeomys trichopus (LSUMZ 34340), 
Thomomys bottae (LSUMZ 29320 and 29569), and T. talpoides 
(NMMNH 1634 and 1637). 

Published estimates of the s/v ratio are typically based on pair-wide 
comparisons. For example, with 15 DNA sequences from pocket go- 
pher species, we could make 105 pair-wise comparisons and report the 
average. However, there are two major disadvantages with this type of 
pair-wise comparisons in studying transition bias. First, the estimates 
are not statistically independent. For example, if there is one species 
that has recently experienced a large number of transitions and few 
transversions, then all 14 pair-wise comparisons between this species 
and the other 14 species will each contribute one data point with a large 
transition bias. Second, one has to assume that the nondegenerate, 
twofold degenerate, and fourfold degenerate sites have remained non- 
degenerate, twofold degenerate, and fourfold degenerate throughout the 
entire evolutionary history of the species studied. This is a tenuous 
assumption because the three categories of sites could potentially 
change into each other (i.e., a nondegenerate site could become a 
twofold degenerate site, which in turn could become a fourfold degen- 
erate site). One way to avoid these problems is to reconstruct ancestral 
states of DNA sequences and estimate the number of transitions and 
transversions between neighboring nodes on the phylogenetic tree. 

For phylogeny reconstruction, we used PAUP (Swofford 1993) and 
DNAML in the PHYLIP package (Felsenstein 1993) to generate initial 
trees. For further refinement, we used the computer program CODEML 
in the package PAML (Yang 1995), which implements the codon-based 
maximum-likelihood method in Goldman and Yang (1994). CODEML 
is exceedingly slow and is used mainly for verifying subtree topology. 
The resulting tree (Fig. 1) has a maximum likelihood value greater than 
trees generated with PAUP and DNAML. CODEML was also used for 
estimating the parameter ~o, which can be interpreted as a measure of 
the intensity of purifying selection when the number of substitutions 
due to fixation of favorable mutations accounts for a negligible fraction 
of total substitutions. The relationship between oJ and the V parameter 
in Goldman and Yang (1994) is ~ = 100/V. 

We used PAUP (Swofford 1993) to reconstruct ancestral states, 
using the tree topology in Fig. 1. Different options for character opti- 
mization (DELTRANS, ACCTRANS, and MINF) resulted in slightly 
different reconstructions of internal nodes. Recently, the maximum 
likelihood method has also been used in reconstruction of ancestral 
states, and the method has been implemented in BASEML in the 
PAML package (Yang 1995). The BASEML program evaluates pos- 
terior probability values for alternative parsimony reconstructions of 
ancestral states. For example, given the terminal states in Fig. 1, inter- 
nal nodes 23 and 24 could both be T or C, both being parsimonious 
reconstructions. However, the reconstruction with both nodes being T 
has a higher posterior probability (0.319) than the reconstruction 
with both nodes being C (0.042). Only the reconstruction with the 
highest posterior probability is used for subsequent phylogeny-based 
analysis. 

For each pair of neighboring nodes on the tree, the number of 
transitions and transversions were counted separately for nondegener- 
ate, twofold degenerate, and fourfold degenerate sites according to the 
method in Li (1993). The maximum-likelihood estimate of the s/v 
ratio is 
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Fig. 1. Reconstructed phylogenetic consensus tree for the 15 species 
of pocket gophers based on COI and cyt-b sequences. The nucleotides 
(T and C) following each node illustrate two alternative reconstruc- 
tions, one with internal nodes 23 and 24 being T, and the other with 
internal nodes 23 and 24 being C (italics). The first reconstruction has 
a higher posterior probability (0.319) than the second (0.042), and is 
preferred over the second reconstruction. 

N 

S i=1 

12 N 

i=1 

(8) 

where N is the number of branches, and s i and v i are the estimated 
number of transitions and transversions, respectively, between two 
neighboring nodes of the ith branch. For example, the s/v ratio at 
twofold degenerate sites for the COI gene (data in Fig. 2) is 

s 0.0000+0.0568 +0.2413+ . . . +0.2063 
- 4 8  ( 9 )  

v - 0.0000 + 0.0134 + 0.0213 + . . . + 0.0000 

Results 

Transition Bias at Nondegenerate, Twofold 
Degenerate, and Fourfold Degenerate Sites 

The s/v ratio at nondegenerate sites is similar to that at 
fourfold degenerate sites for both COI and cyt-b genes 
(Table 1), which is consistent with expectations based on 
equations (2) and (3). That is, both are estimates of the 
same parameter, i.e., mutation bias (p, Jtxv). The s/v ratio 
at twofold degenerate sites is much greater (Table 1 and 

Table 1. Calculation of s/v ratios for fourfold degenerate, twofold 
degenerate, and nondegenerate sites for the coding sequences of COI 
and cyt-b in pocket gopher mitochondrial DNA, based on equation (8) a 

Genes Site ~s ~2v s/v 

COI 4-fold 2.627 2.045 1.285 
2-fold 3.670 0.076 48.101 
0-fold 0.042 0.019 2.230 

cyt-b 4-fold 2.228 1.856 1.201 
2-fold 2.968 0.073 40.441 
0-fold 0.064 0.053 1.224 

a ES and Ev are the total number of transitions (s) and transversions (v) 
per site summed over the 26 branches (Fig. 1) 

Fig. 2), suggesting that nucleofide substitution at the 
twofold degenerate sites is constrained by strong purify- 
ing selection against transversions, which are nonsyn- 
onymous at these sites. 

The high rate of nucleotide substitution at the fourfold 
degenerate sites for the COI and the cyt-b genes (Table 
1) indicates substitutional saturation. Because substitu- 
tional saturation eventually leads to a reduction of avail- 
able information for estimating the number of transitions 
and transversions, the s/v ratio for the fourfold degener- 
ate sites based on all pair-wise comparisons between 
neighboring nodes may be a biased estimate. To obtain 
an unbiased estimate of the s/v ratio for the fourfold 
degenerate sites, we need data with negligible substitu- 
tional saturation (i.e., recently diverged taxa) and without 
mutual statistical dependence among data points. For this 
reason, we selected a subset of pair-wise comparisons 
involving more closely related species and their recon- 
structed ancestors (Table 2). From these we obtained an 
s/v ratio of 2.0 at fourfold degenerate sites for both COI 
and cyt-b genes (Table 2). These estimates are similar to 
those observed at the nondegenerate sites (Table 1), 
where little substitutional saturation should have oc- 
curred. 

Our results show that the contribution of mutation 
(ixs/Fv) to the s/v ratio is relatively small, and clearly 
cannot explain the much larger s/v ratio observed at the 
twofold degenerate sites (Table 1 and Fig. 2). Given that 
the IxJF v ratio estimated from the fourfold degenerate 
and nondegenerate sites is about 2, the Ps2/Pv2 ratio 
should be -24 for COI and -20 for cyt-b to account for 
the observed s/v ratio at the twofold degenerate sites 
(equation [4] and Table 1). Because transitions are syn- 
onymous and transversions nonsynonymous at twofold 
degenerate sites, the observed transition bias at twofold 
degenerate sites is attributable to purifying selection act- 
ing against amino acid substitutions. 

Nonsynonymous Mutations at Twofold Degenerate 
Sites Are More Neutral Than Those at 
Nondegenerate Sites 

The three ratios in equations (5-7) are estimates of the 
intensity of purifying selection. Ps2/Pv2 has already been 
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Fig. 2. The numbers above and below each branch are the estimated 
number of transitions and transversions, respectively, per site for two- 
fold degenerate sites for the COI gene. Note that transitional substitu- 
tions have occurred in each branch, but transversions are rare. The 
equivalent diagram for the cyt-b gene shows a similar pattern, although 
the difference between the number of transitions and that of transver- 
sions is less dramatic. 

Table 2. The number of transitional (s) and transversional (v) sub- 
stitutions per site at fourfold degenerate sites, estimated with Kimura's 
two-parameter model, by using independent pair-wise comparisons be- 
tween more closely related species and their reconstructed ancestors a 

COI Cyt-b 

S V S V 

G. b. majusculus--node 22 0.0526 0.0167 0.1772 0.0473 
G. b. halli--node 22 0.0729 0.0513 0.0685 0.0484 
C. castanops--node 25 0.2967 0.0518 0.0728 0.0640 
C. merriami--node 25 0.0000 0.0167 0.0153 0.0842 
O. underwoodi--node 26 0.0973 0.0903 0.1659 0.0500 
O. hispidus--node 26 0.1410 0.1076 0.0909 0.0673 
O. cavator--node 26 0.0708 0.0165 0.1356 0.0685 
O. cherrieri--node 27 0.0895 0.0000 0.0500 0.0000 
O. heterodus--node 27 0.0000 0.0691 0.0879 0.0000 

Sum 0.8208 0.4200 0.8641 0.4297 
s/v ratio 1.9543 2.0109 

The s/v ratio = Y,s/Ev, which is a maximum-likelihood estimate of 

the ratio 

calculated as 24 for COl and 20 for cyt-b. The P~JPso and 
P~4/Puo ratios, however, are much larger (63 and 108 for 
COI and 35 and 35 for cyt-b). The average number of 
nondegenerate, twofold degenerate, and fourfold degen- 
erate sites are 241, 74.5, and 62.5, respectively, for COl 

and 249, 85.5, and 64.5 for cyt-b. Thus, P~/Pu~ can be 
shown to be significantly smaller (P < 0.01) than either 
Ps4/Pso or PvJPvo for both COI and cyt-b genes. 

Note that the three ratios should be the same if P~o = 
Pro = Pv2 and P~2 = P~4 = Pv4' The fact the P~/Pv~ is 
significantly smaller than either P~4/P~o or PvJP~o sug- 
gests that at least one of these two assumptions must be 
wrong. Of the two assumptions, Pv2 = /'So = Pro is 
obviously weaker. Whereas all synonymous mutations 
may be nearly neutral, nonsynonymous mutations can 
differ greatly in their effect on the function of the gene 
product. Some amino acids are very similar in physical 
and chemical properties, whereas others differ greatly 
from each other (Grantham 1974). Thus, nonsynony- 
mous mutations involving similar amino acids are ex- 
pected to be nearly neutral and to have a high fixation 
probability, whereas nonsynonymous mutations involv- 
ing very different amino acids are expected to disrupt 
normal functioning of the protein and, therefore, to have 
a low fixation probability. If nonsynonymous substitu- 
tions tend to replace an amino acid with a similar one at 
twofold degenerate sites, but with a very different one at 
nondegenerate sites, then Pv~ would be greater than either 
Pvo or P~o' resulting in a Ps/Pv~ ratio smaller than either 
Ps4/Pso o r  Pve/Pvo. We investigated this possibility in more 
detail. 

Pair-wise amino acid dissimilarity can be measured 
by Grantham's distances (Grantham 1974), with amino 
acid dissimilarity increasing with distance. There are 54 
nonsynonymous codon pairs that can mutate into each 
other through a single transition at a nondegenerate site 
(e.g., GAC-AAC), 104 nonsynonymous codon pairs that 
can mutate into each other through a single transversion 
at a nondegenerate site (e.g., GAC-GCC), and 32 non- 
synonymous codon pairs that can mutate into each other 
through a single transversion at a twofold degenerate site 
(e.g., GAG-GAU). The mean Grantham distances for the 
three groups of codon pairs are 92.73, 79.04, and 57.00, 
respectively, which are significantly different (P = 
0.002, Table 3). A least-significant-difference test (SAS 
Institute 1990, p. 222) showed that the mean Grantham's 
distance for nonsynonymous substitutions at twofold 
degenerate sites is significantly smaller than those for 
nonsynonymous transitions and transversions at nonde- 
generate sites (Table 3). We therefore conclude that non- 
synonymous mutations at twofold degenerate sites tend 
to replace the original amino acid with a similar one, 
whereas nonsynonymous mutations at nondegenerate 
sites tend to replace the original amino acid with a rela- 
tively more different one. This suggests that Pv2 should 
be greater than either Pro or P~o, and explains why the 
observed P~/Pv~ ratio is smaller than either P~JP~o or 

Pv4/Pvo • 

Transition Bias and the Strength of Purifying Selection 
Previous studies have shown that the amino acid se- 
quence of COI is more conserved evolutionarily than that 



Table 3. One-way analysis of variance on Grantham's distances for 
nonsynonymous transversions at twofold degenerate sites (G-v2, all 
transversions), and nonsynonymous transitions and transversions at 
nondegenerate sites (G-s o and G-vo, respectively)" 

(a) ANOVA Table 
Source DF SS MS F P 

Between 2 3.232 1.616 6.52 0.0020 
Within 187 46.370 0.248 
Total 189 49.61 

(b) LSD (T) pairwise comparisons of means: 
Variable Mean Homogeneous groups 

G-v o 92.73 I 
G-s o 79.04 I 
G-v a 57.00 I 

a LSD is the least-significant-difference test for pair-wise comparison 
of means, with rejection level of 0.05. G-v 2 is significantly smaller than 
G-v o and G-s o 
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Fig. 3. Estimated number of nonsynonymous substitutions per site 
(Ka) between each pair of species for cyt-b plotted against that for COI. 
For 15 species, there are 105 pair-wise comparisons. Ka for COI and 
Ka for cyt-b are estimated for each pair. The diagonal line has a 
y-intercept of 0 and a slope of 1. Points are expected to distribute 
equally above and below this line i f K a  for COI is equal to Ka for cyt-b. 

of cyt-b (reviewed by Brown 1985). For example, the 
percent amino acid conservation for COI in pair-wise 
comparisons for human/mouse, human/cow, mouse/cow, 
and Drosophila/mouse is 90, 91, 93, and 75, respec- 
tively. The corresponding values for cyt-b are 78, 79, 84, 
and 67, respectively (Brown 1985). This indicates that 
purifying selection may be stronger for COI than for 
cyt-b. In our data, the transition bias at twofold degen- 
erate sites is greater for COI than for cyt-b (48 vs 40 in 
Table 1). In addition, we have shown previously that 
es4/Pso and Pv4/Pvo equal 63 and 108, respectively, for 
COI, but both ratios are much smaller for cyt-b (both are 
35). This is consistent with the idea of stronger purifying 
selection acting on COl than on cyt-b. 

The total number of nonsynonymous substitutions is 
also smaller for COI than for cyt-b (Fig. 3). If the two 
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Table 4. Comparison of intensity of purifying selection between the 
COI gene and the cyt-b gene: intensity of purifying selection (m) for 
COI is significantly greater than that for cyt-b (one-tailed test) 

COI cyt-b 

Subtree co SE m SE z P 

1 11.5525 0.3433 8.2828 1.0338 3.00 0.001 
2 13.2895 1.5829 6.6553 0.7731 3.77 0.000 
3 7.0554 0.8463 5.1910 0.6319 1.77 0.038 

genes accumulate nonsynonymous substitutions at equal 
rates, then the points in Fig. 3 should scatter equally 
above and below the diagonal line, which has an inter- 
cept of 0 and a slope of 1. However, there are clearly 
more points above the diagonal (94 points) than below 
(11 points), reflecting more nonsynonymous substitu- 
tions for cyt-b than for COI. 

One problem with the above argument is that the 
points in Fig. 3 are not statistically independent. For 
example, if there is just one species in which the rate of 
nonsynonymous substitutions at cyt-b is much higher 
than at COI, then all 14 pair-wise comparisons between 
this species and the other 14 species will each contribute 
one point above the diagonal. Thus, random fluctuations 
in substitution rate could be exaggerated and lead to 
rejection of a potentially correct null hypothesis of no 
difference in the rate of nonsynonymous substitution be- 
tween COI and cyt-b. 

Recently,  a codon-based maximum-l ikel ihood 
method has been proposed by Goldman and Yang (1994) 
that can be used to estimate the intensity of purifying 
selection if we accept the neutralist claim that positive 
selection has little effect on the rate of nucleotide sub- 
stitution (Kimura 1983). The method is implemented in 
the program CODEML in the PAML package (Yang 
1995), with the parameter co measuring the intensity of 
purifying selection, assuming that the number of substi- 
tutions due to fixation of favorable mutations is negli- 
gible. Because the program is exceedingly slow when 
working with more than six terminal taxa, we grouped 
our 15 species into three subtrees and applied the method 
to each of the three subtrees separately. Subtree 1 con- 
tains the four Geomys species and subspecies plus T. 
talpoides; subtree 2 contains T. bottae, P. bulleri, Z 
trichopus, and the two Cratogeomys species; and subtree 
3 contains the five Orthogeomys species plus T. talpoi- 
des. 

The estimated co for COI (O~coi) is significantly larger 
than that for cyt-b (03cyt_b) in each of the three subtrees 
(Table 4). The difference between COco x and (.Ocyt_ b is 
tested by a method suggested by Z. Yang (pers. comm.). 
The CODEML program estimates eo and its SE, which is 
the square root of the variance of m. The variance of 
parameters in CODEML is obtained by finding the in- 
verse of the information matrix, whose elements are the 
expected values of the second derivatives of the log- 
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likelihood function with respect to the parameters. The 
variances estimated are, therefore, large-sample vari- 
ances. To test the significance of the difference between 
~0co T and (.Ocyt_b, w e  calculate 

OJCO I - -  Okcyt_ b 
z - (10) 

~v/Var~co~ + var,%,_~ 

and compare it with a normal critical value, such as 1.65 
for a one-tailed test. In our study, all three z values are 
larger than 1.65 (Table 4). 

It is unknown how large the sample size should be for 
the above test to be valid. However, we sampled ran- 
domly half of the codons and did repeated tests, and the 
results (not shown) suggest that the significance test 
above is robust. We conclude, therefore, that COI is sub- 
ject to stronger purifying selection than cyt-b during the 
evolutionary history of the pocket gophers. 

Discussion 

Transition Bias 

Our results suggest that transition bias in protein-coding 
sequences of mtDNA is mainly caused by strong puri- 
fying selection acting against transversions at twofold 
degenerate sites. However, differential mutation pressure 
also may have contributed to the transition bias. The s/v 
ratio at nondegenerate and fourfold degenerate sites is 
approximately 2 (Tables 1 and 2), which suggests a 
higher spontaneous rate of transitional mutations relative 
to transversional mutations in these species of pocket 
gophers. Whether our conclusions are generally appli- 
cable requires further empirical studies. 

The s/v ratio at twofold degenerate sites in the two 
mitochondrial genes studied is much greater (48 for COI 
and 40 for cyt-b) than that reported for mammalian 
nuclear genes, where the s/v ratio at these sites is about 
4 (Li et al. 1985). However, the s/v ratios at nondegen- 
erate and fourfold degenerate sites for our mitochondrial 
genes (about 2) are comparable to those for nuclear 
genes (Li et al. 1985). This suggests that the mutational 
contribution to transition bias is similar between nuclear 
DNA and mtDNA and that the dramatic difference in the 
s/v ratio at the twofold degenerate sites between mito- 
chondrial genes and nuclear genes is attributable to much 
stronger purifying selection against nonsynonymous mu- 
tations in mitochondrial DNA than in nuclear DNA. This 
is corroborated by our result--that the Ps4/Pso and Pv4/Pvo 
ratios are also much greater for the mitochondrial genes 
(63 and 108 for COI, and 35 and 35 for cyt-b) than for 
the nuclear genes. 

The dramatic heterogeneity in the s/v ratio among 
nondegenerate, twofold degenerate, and fourfold degen- 
erate sites shown in both COI and cyt-b genes (Tables 1 

and 2) argues strongly against the common practice of 
lumping all transitions and all transversions together to 
obtain an overall s/v ratio. Such a ratio is of little mean- 
ing, and it obscures important biological information. In 
fact, even the common practice of lumping synonymous 
and nonsynonymous substitutions at all sites to generate 
synonymous and nonsynonymous rates (e.g., Li et al., 
1985; Nei and Gojobori 1986; Li 1993) is questionable, 
because nonsynonymous mutations at twofold degener- 
ate sites tend to replace the original amino acid with a 
similar one, whereas nonsynonymous mutations at non- 
degenerate sites tend to replace the original amino acid 
with a relatively more different one (Table 3). For this 
reason, the rate of nonsynonymous substitution at two- 
fold degenerate sites (all transversions) is expected, and 
documented (Table l), to be higher than that at nonde- 
generate sites. 

A substitutional process is characterized by the rate of 
transition and the rate of transversion, and it is evident 
that substitutional processes at nondegenerate, twofold 
degenerate, and fourfold degenerate sites differ. For ex- 
ample, the substitutional process at nondegenerate sites 
differs from that at twofold degenerate sites mainly in the 
rate of transitional substitution, and it differs from that at 
fourfold degenerate sites in the rate of both transitional 
and transversional substitutions. Finally, the process at 
twofold degenerate sites differs from that at fourfold de- 
generate sites in rate of transversional substitution. Thus, 
the overall process of nucleotide substitution in protein- 
coding sequences is much more complex than is assumed 
in current computer programs used for phylogenetic 
analysis. To reduce this heterogeneity in nucleotide sub- 
stitution at nondegenerate, twofold degenerate, and four- 
fold degenerate sites, one should either use the amino- 
acid-based maximum likelihood method (e.g., Kishino et 
al. 1990) for phylogenetic reconstruction or use the 
codon-based maximum-likelihood method developed by 
Goldman and Yang (1994). 

Other Factors That May Contribute to Transition Bias 

Other factors, such as codon bias, DNA repair, and GC 
content, can also affect transition bias. Let us focus on 
the transition/transversion ratio at twofold degenerate 
sites, which is the source of most of the observed tran- 
sition bias in our genes. Our explanation for the high 
transition bias in mtDNA at twofold degenerate sites is 
that transversional mutations at these sites are nonsyn- 
onymous and are reduced by purifying selection, 
whereas transitional mutations at these sites are synony- 
mous and are not reduced by purifying selection. Thus, 
purifying selection operates differentially against trans- 
versional substitutions, resulting in a high transition bias. 

How other factors affect s/v ratio can best be illus- 
trated by a symbolic model. The number of transitional 
substitutions at twofold degenerate sites per generation 
is: 
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R t =  N(ut  " Pt.t + u2 " Pt.2 " 2 + . . . + u n . Pt.n . n) 

= N  2 ui" Pt.i" i (11) 
i = l  

where N is effective population size, u i is the mutation 
rate per generation of the sequence (gene) involving i 
transitions at different nucleotide sites of the gene, Pt.~ is 
the fixation probability of a mutation involving i transi- 
tions, and n is the number of twofold degenerate sites, 
which is the maximum number of transitional mutations 
a gene can accumulate in one generation. 

The number of transversional substitutions at twofold 
degenerate sites per generation is: 

n 

Ru = N Z vi " Pv.i " i 
i=1 

(12) 

where v i is the mutation rate per generation of the gene 
involving i transversions at different sites of the gene, 
and Pu.i is the fixation probability of a mutation involv- 
ing i transversions. This gives an s/v ratio as: 

• 
Ui" Pt.i " i 

R t i=1 

R~ 2 vi" Pv.i" i 
i=1  

(13) 

When synonymous mutations are neutral, transitional 
mutations at twofold degenerate sites (which are synony- 
mous) will have Pt.i equal to the fixation probability of a 
neutral mutation, whereas Pv.i will decrease with increas- 
ing intensity of purifying selection. Thus, increasing pu- 
rifying selection will result in decreasing Pv.i and R v, and 
consequently an increasing s/v ratio. 

The effect of DNA repair on s/v ratio can be seen 
clearly through equations (11-13). We note that Pv.i is 
expected to decrease with increasing i. For example, the 
effect of having many nonsynonymous transversions on 
the fitness of the mutant is expected to be more delete- 
rious than that of having a single transversion. Conse- 
quently, Pv.i in equations (11-13) should decrease with 
increasing i. However, Pt.i will remain as the fixation 
probability of a neutral mutation regardless of what value 
i takes because transitions are synonymous at twofold 
degenerate sites. This implies that the ratio of Pt . /Pv . i  

will increase with increase i, leading to an increase in the 
R/R~ ratio. Thus, in the absence of DNA repair, i will be 
large, and the Pt.i/Pv.i  ratio, as well as the s/v ratio, is 
expected to be large. When there is DNA repair, i can 
take only small values, so that the ratio of Pt./Pv.i de- 
creases. As a consequence, R / R  v also decreases. 

Understanding the effect of DNA repair on s/v ratio 
helps to answer a long-standing question concerning the 
difference in transition bias between mitochondrial genes 

and nuclear genes. In sharp contrast to the dramatic bias 
toward transitional substitutions in animal mtDNA, tran- 
sitions are generally found only one-half to twice as of- 
ten as transversions in interspecific comparisons of 
nuclear genes (Vogel and Kopun 1977; van Ooyen et al. 
1979; Fitch 1980; Gojobori et al. 1982; Li et al. 1985). A 
major difference between mtDNA and nuclear DNA is 
that the latter has several enzymatic systems for DNA 
repair, whereas the former has none in itself, although 
mitochondria have a limited importation of repair en- 
zymes from the cytoplasm (Myers et al. 1988; Satoh et 
al. 1988). For this reason, s/v ratio is expected to be 
higher in protein-coding genes of mtDNA than in those 
of nuclear genomes. 

Codon bias can affect the s/v ratio because, with se- 
lection maintaining codon bias, synonymous substitu- 
tions are no longer neutral, and Pt.i (and Rt) will decrease 
with the intensity of purifying selection for codon bias. 
This decreases the numerator in equation (13), and we 
should expect to see little transitional bias at twofold 
degenerate sites in genes experiencing strong purifying 
selection for codon bias. This suggests an alternative 
explanation for the difference in s /v  ratio between 
nuclear DNA and mtDNA. One can explain the differ- 
ence by supposing strong selection for codon bias in 
nuclear DNA and little selection for codon bias in 
mtDNA. 

Selection for biased GC content can also affect s/v 
ratio. Suppose an extreme situation in which selection for 
GC pairs is so strong that the gene is made entirely of 
GC. Now if a G or C mutates into an A or T, the mutant 
will be eliminated by purifying selection. So the only 
visible and possible substitution is a G by a C or a C by 
a G, both being transversions. This implies that the s/v 
ratio will simply be 0 because transitions are selectively 
eliminated. Thus, genes with extreme bias in GC content 
are expected to exhibit a low s/v ratio. 

In summary, our empirical study addresses only a 
small part of the theoretical framework on transition bias. 
However, many predictions stemming from our analysis 
are readily testable, and we hope that the tests of these 
predictions will eventually lead to a deeper understand- 
ing of the causal factors underlying the deceptively 
simple s/v ratio. 
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