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ABSTRACT When the coding regions of 11 genes from ro-
dents (mouse or rat) and man are compared with those from
another mammalian species (usually bovine), it is found that
rodents evolve significantly faster than man. The ratio of the
number of nucleotide substitutions in the rodent lineage to that
in the human lineage since their divergence is 2.0 for synony-
mous substitutions and 1.3 for nonsynonymous substitutions.
Rodents also evolve faster in the 5’ and 3’ untranslated regions
of five different mRNAs; the ratios are 2.6 and 3.1, respective-
ly. The numbers of nucleotide substitutions between members
of the B-globin gene family that were duplicated before the
man-mouse split are also higher in mouse than in man. The
difference is, again, greater for synonymous substitutions than
for nonsynonymous substitutions. This tendency is more con-
sistent with the neutralist view of molecular evolution than
with the selectionist view. A simple explanation for the higher
rates in rodents is that rodents have shorter generation times
and, thus, higher mutation rates. The implication of our find-
ings for the study of molecular phylogeny is discussed.

The molecular clock or rate-constancy hypothesis (1) has
been very controversial (2, 3) since its proposal. A very im-
portant aspect of the controversy is whether generation time
has any significant effect on the rate of molecular evolution.
The resolution of this question is highly relevant to the neu-
tralist—selectionist controversy. The rate constancy per year
has been supported by many comparative studies of protein
sequences and immunological distances (2, 3), and it often
has been argued that such observations support the neutral-
mutation hypothesis (3). A criticism against this argument is
that, if the hypothesis is true, the rate should be constant per
generation rather than per year as the rate of mutation is
sometimes believed to be (4). The resolution is also highly
relevant to the study of molecular phylogeny because the
rate constancy per year has often been assumed in phyloge-
netic reconstruction and in estimation of divergence times
between species or genes (5). In view of these important
bearings, we shall reevaluate the above issue by comparing
the rates of nucleotide substitution in man and rodents. We
shall use only tests that do not require knowledge of species
divergence times, particularly the relative rate test (6). The
availability of a large number of DN A sequences makes such
tests feasible.

An advantage of using nucleotide sequences is that we can
distinguish nucleotide changes that cause amino acid re-
placements (nonsynonymous changes) from those that do
not (including synonymous changes in protein coding re-
gions and changes in noncoding regions). Such a distinction
is important because many DNA-DNA hybridization studies
showed a generation time effect (2, 7, 8), whereas studies of
amino acid changes often suggested the contrary (2). It is
possible that the generation time effect is not so strong on
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the rate of nonsynonymous substitution as on the rates of
synonymous substitution and nucleotide substitution in non-
coding regions. We shall test the generation time effect, con-
sidering these different types of nucleotide substitution sepa-
rately.

METHODS

Calculation of Numbers of Nucleotide Substitutions. The
method (9) used here enables one to calculate the number of
synonymous nucleotide substitutions and that of nonsynony-
mous substitutions separately. Briefly, we classify nucleo-
tide sites as 4-fold degenerate, 2-fold degenerate, or nonde-
generate. At a 4-fold degenerate site, all nucleotide changes
are synonymous, whereas at a nondegenerate site every
change is either nonsynonymous or nonsense. At a 2-fold
degenerate site, a change is synonymous if it is transitional
(C & T or A « G) and is nonsynonymous (or nonsense) if it
is transversional. One exception to this rule in the nuclear
genetic code is the first positions of four of the six arginine
codons. Also, the third positions of the three isoleucine co-
dons are actually 3-fold degenerate. We resolve these two
problems by making some minor adjustments (9). (These
problems do not occur in the mammaliari mitochondrial ge-
netic code.)

For a site of i-fold degeneracy (i = 0, 2, or 4), we can
estimate the number of transitional substitutions, A(i), and
that of transversional substitutions, B(i), by using Kimura’s
(10) formulas:

A(i) = (1/2In{1/[1 - 2P() - Q()}}
= (1/9In{1/[1 - 20()1}, 1

B(i) = 1/2)In{1/11 - 2Q()1}, 2]

where P(i) and Q(i) are the proportions of transitional and
transversional differences, among i-fold degenerate sites,
between the two nucleotide sequences compared. The total
number of substitutions per i-fold degenerate site is K(i) =
A(i) + B(i). We note that A(2) and B(2) denote the numbers
of synonymous and nonsynonymous substitutions per 2-fold
degenerate site, respectively; K(4) = A(4) + B(4), the num-
ber of synonymous substitutions per 4-fold degenerate site;
and K(0) = A(0) + B(0), the number of nonsynonymous sub-
stitutions per nondegenerate site. The number of (synony-
mous) substitutions per synonymous site (Ks) and the num-
ber of (nonsynonymous) substitutions per nonsynonymous
site (K,) are given by

Ks = [L(JAQ2) + LOAM@]/I(A/3)LQ) + L@] (3]

Ka = [LOOK(0) + LQ2)B(2))/[(2/3)L(2) + LO)]  [4]

Abbreviation: UT, untranslated region.

*Present address: Laboratory of Genetics, University of Wisconsin,
Madison, WI 53706.

tTo whom reprint requests should be addressed.



1742  Evolution: Wu and Li

where L(i) is the number of i-fold degenerate sites. Here we
follow the convention and count each 4-fold degenerate site
a synonymous site, each nondegenerate site a nonsynony-
mous site, and one-third of a 2-fold degenerate site as synon-
ymous and two-thirds as nonsynonymous.

Relative Rate Test. To test if the nucleotide substitution
rates are the same in two different lineages, we use the
scheme in Fig. 1, which is known as the “relative rate test”
(6). In such a test, one compares the evolutionary distance
between species 1 and a reference species with that between
species 2 and the reference species. The advantage of this
test is that it requires no knowledge of divergence times be-
tween species.

For synonymous rates, we want to test if K;3 = K3 for 4-
fold degenerate sites and if A;3 = A,3 for 2-fold degenerate
sites (K and A;; are, respectively, the total number of nucle-
otide substitutions and the number of transitional substitu-
tions between species i and j). For nonsynonymous rates, we
want to test if K13 = K53 for nondegenerate sites and if B3 =
By; for 2-fold degenerate sites. These differences can be ob-
tained from Eqgs. 1 and 2. We have to determine the vari-
ances of A;3 — Az, Bis — By, and K3 — Kj; for all three
types of sites. The variance of A;3 — Ay, for example, is
equal to Var(A,3) + Var(4,3) — 2Cov(A;3, A,3). The approxi-
mate variances of A, B, and K were given by Kimura (10) as
follows (for convenience, we drop the subscript ij and do not
specify the type of site in question):

Var(4) = [a’P + ¢*Q — (aP + cQ)*]/L [5]
Var(B) = b*Q(1 — Q)/L (6]
Var(K) = [a®P + d*Q — (aP + dQ))/L, 7

wherea=1/1-2P - Q),b=1/(1-2Q),c =(a — b)/2,d
= (a + b)/2, and L is the number of sites for that particular
class. The corresponding covariance terms are given by

Cov(Ay3, A23) = ayzaz; Cov(Pi3, Px) + ay3cas Cov(Pys, 0n3)
+ c13az3 Cov(Qhs, Pr)
+ c13c23 Cov(Q13, O23), (8]

where a;;, ¢, P, and Q;; are as defined above. Cov(By3, By3)
and Cov(K3, Kj3) take similar forms and are not presented.
All the terms in Eq. 8 can be computed from sequence com-
parisons, but it is somewhat tedious. A simpler approach
is to use the relation (M. Nei, personal communication):
Cov(A13, A23) = Covl(Aye + Aps), (A2 + Aes)] = Var(Agp)
because A9, Az, and Ag; are mutually independent. To ob-
tain Var(Ao3), we need to know Py; and Qo3 and then use Eq.
5. From Egs. 1 and 2, we can obtain the approximate solu-
tions:

Qo3 = [1 — exp(—2Bp3)]/2 9]
Po3s = [1 — Qo3 — exp(—24¢3 — Bp3)l/2, [10]

where Bo; = (B13 + B2 — B12)/2 and Ag3 = (A3 + Ay —
A12)/2. Knowing Py; and Qg3, we also can compute, from
Egs. 6 and 7, Var(By;) [= Cov(B;3, B;3)] and Var(Ko3)
[= Cov(K13, Kp3)l.

Our simulation study has shown that the variances ob-
tained by both methods agree well with the simulated values
within the degree of sequence divergence to be considered
below. In the analyses of actual data, the values obtained by
the two methods are usually close, and we present only
those obtained by the second method. We assume that nu-
cleotide substitution follows a Poisson process. Numerical
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computations have indicated that the difference between
two identical, independent Poisson variables approaches a
normal distribution when the sum of their means exceeds 20.
Therefore, we may determine the level of significance ac-
cording to the procedure for the standardized normal test, if
the total number of substitutions between the two sequences
compared is larger than 20 for the type of site under consid-
eration.

RESULTS

Relative Rate Test: Coding Regions. Table 1 shows the dif-
ferences in substitution numbers between the rodent (rat or
mouse) and human lineages, with dog, rabbit, cow, pig, or
goat as a reference. Although some of the reference species
may not be equally related to man and rodents, this should
introduce no serious error because mammalian orders proba-
bly diverged at about the same time (38). Actually, in order
to minimize errors in the estimation of K3 and K>3, the refer-
ence species should be chosen so that the points 0 and 0’ in
Fig. 1 are as close as possible.

For synonymous substitution, the evidence for higher sub-
stitution rates in rodent than in man is rather strong. In only
3 out of 24 comparisons is the synonymous rate higher in the
human lineage; in all three cases, the difference is not signifi-
cant. In the remaining 21 comparisons, the synonymous rate
is higher in the rodent lineage; the difference is significant in
8 comparisons. When all 11 genes are combined together,
the synonymous rates at 2-fold degenerate sites and 4-fold
degenerate sites are very significantly higher in the rodent
lineage than in the human lineage (P < 0.0001 for both 2-fold
and 4-fold degenerate sites). From Table 1 it is straightfor-
ward to calculate the number of substitutions from the time
of human-rodent divergence to the present along each lin-
eage. With all genes combined, there have been 0.099 and
0.223 synonymous substitutions per 2-fold degenerate site
along the human and rodent lineages, respectively. The cor-
responding numbers are 0.232 and 0.427 for 4-fold degener-
ate sites. In other words, the synonymous rate in the rodent
lineage has been about twice as high as that in the human
lineage since the time of their divergence.

For nonsynonymous substitution, the rates also appear to
be faster in the rodent lineage, although the differences are
not so dramatic as in the case of synonymous substitution. In
16 of the 24 comparisons, the rodent lineage evolves faster;
among them 4 (from four different genes) are significant. By
contrast, the human lineage evolves faster in only five com-
parisons; among them three (from two different genes) are
significant. With all 11 genes combined, the difference in
rate between rodents and man is significant for nondegener-
ate sites (P < 0.015) and marginally significant for 2-fold de-
generate sites (P = 0.05). A simple calculation will show that
the rodent lineage has a nonsynonymous rate about 30%
higher than that in the human lineage since the time of their
divergence (0.090 vs. 0.069 substitutions per nonsynony-
mous site by Eq. 4).

Our statistical test is probably somewhat too stringent be-
cause it is based on the assumption that nucleotide substitu-
tion follows a Poisson process. However, the final conclu-
sion remains the same if we test the null hypothesis of equal
rates by computing the binomial probability of having the
number of negative signs observed in each type of nucleotide
substitution.

Relative Rate Test: Untranslated Regions. In Table 2, we
compare the 5’ untranslated region (5'UT) and 3’ untranslat-
ed region (3'UT) of mRNAs of five different genes from
man, rodent, and either bovine or goat. The number (K) of
nucleotide substitutions per site is calculated from Egs. 1
and 2 as the sum of A and B (no need for classification of
sites). The human lineage has a higher substitution rate in
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Table 1. Differences in the number of substitutions per site between the human (species 1) and rodent (species 2) lineages in
various genes

No. of nonsynonymous substitutions per site No. of synonymous substitutions per site

Nondegenerate sites 2-fold degenerate sites 2-fold degenerate sites 4-fold degenerate sites
Gene Ki», K Ky KKy By, By By Biy-Byn Apn A An Ap-An K Kis Ky KiKn
Proinsulin 0.07 0.06 0.09 -0.03 005 0.03 009 -0.06 034 032 0.28 0.04 0.77 0.36 1.00 -0.65*
(0.02) (0.04) (0.13) ®.33)
Actin 0.0 00 0.0 0.0 00 0.0 0.0 0.0 0.26 0.10 020 -0.10 0.42 0.28 0.50 -0.22*
(0.06) (0.10)
GH 0.21 0.21 0.07 0.14%  0.09 0.09 0.03 0.06* 039 0.33 0.34 -0.02 0.61 0.57 0.36 0.21
(0.03) (0.03) (0.10) 0.12)
GPH-A 0.17 0.17 0.03 0.14" 0.01 0.01 0.02 -000 040 0.19 035 -0.17 0.68 1.07 0.71 0.36
(0.03) 0.02) 0.13) (0.53)
Prolactin 0.23 0.15 027 -0.12t 0.3 0.09 0.12 -0.03 0.33 027 0.28 -0.01 1.11 0.55 1.05 -—0.50*
(0.03) (0.04) (0.08) 0.25)
Relaxin 0.37 0.32 039 -0.07 0.09 0.08 0.11 -0.04 0.37 022 038 -0.16 0.90 0.52 0.8 -0.37
(0.05) (0.03) (0.10) 0.23)
Four signal peptides 0.27 0.23 0.31 -0.08 0.11 0.05 0.15 -0.10 0.40 0.17 0.29 -0.12 0.71 0.32 0.71 -0.40*
(0.05) (0.06) (0.13) (0.18)
POMC 0.12 0.06 012 -0.06" 0.08 002 0.05 -0.04 0.18 0.15 022 -0.07 0.65 0.35 0.56 —0.21*
(0.02) (0.03) (0.05) (0.10)
IgK 0.32 042 043 -0.01 0.15 027 026 0.01 046 0.19 061 -043 0.74 0.48 072 -0.24
(0.06) (0.08) 0.24) (0.20)
IgG 0.23 0.22 0.29 -0.07* 0.13 0.11 0.11 0.0 0.31 0.11 0.32 -0.21* 0.83 0.37 0.65 -0.28*
(0.03) (0.04) (0.08) 0.14)
a-Globin 0.09 0.09 0.10 -0.02 0.04 0.05 0.04 0.01 0.42 0.09 0.45 -0.35" 070 041 0.50 -0.10
0.02) (0.03) (0.13) 0.13)
B-Globin 0.14 0.13 0.16 -0.03 0.04 0.06 0.14 -0.09" 0.27 0.17 0.30 -0.13 0.39 0.30 0.46 —0.15
(0.03) (0.03) (0.09) (0.10)
Total 0.17 0.15 0.17 -0.02* 0.08 0.06 0.08 -0.02 0.32 0.18 0.31 -0.12¢ 066 041 060 —0.19*
(0.01) (0.01) (0.03) (0.04)

No. of sites 3602.0 1094.3 1094.3 895.7

Ay, By, and K;; are, respectively, the number of transitional substitutions, the number of transversional substitutions, and the total number
of substitutions between species (sp.) i and sp. j. The numbers in the parentheses are the standard errors. The sources of DNA sequences are
given below; the reference for sp. 1 (human) is given immediately after the name of the gene. In proinsulin (11), sp. 2 = rat (12) and sp. 3 =
dog (13); in actin (14), sp. 2 = rat (15) and sp. 3 = rabbit (16); in growth hormone (GH) (17), in glycoprotein hormone a subunit (GPH-A) (18),
and in prolactin (17), sp. 2 = rat (17, 19) and sp. 3 = bovine (17, 20); in relaxin (21), sp. 2 = rat (22) and sp. 3 = porcine (23); in
pro-opiomelanocortin (POMC) (24, 25), sp. 2 = mouse (26) and sp. 3 = bovine (26); in immunoglobulin constant region kappa chain (IgK) (27)
and gamma chain (IgG) (28), sp. 2 = mouse (28, 29) and sp. 3 = rabbit (30, 31); and in the two globins (32, 33), sp. 2 = mouse (34, 35) and sp.
3 = goat (36, 37). The four signal peptides are from prolactin, relaxin, GH, and GPH-A.

*Significant at 5% level.
*Significant at 1% level.

only one comparison. In the remaining nine comparisons, number of substitutions in many cases is less than 20.) When
the rodent lineage evolves faster; the difference is more than all of the five genes are combined, the differences in 5'UT
twice the standard error in seven cases and more than 3 )
times the standard error in one case. (We have not used the Table 2. Differences (Ky; ~ K33) in numbers of nucleotide
standardized normal test mentioned above, because the substitutions per site in the 5' and 3’ untranslated regions
(UT) of mRNA between the human and rodent lineages
o 5'UT 3'UT
Gene K, K3 — Ky K, K3 — Kp
0 a-Globin 0.25 -0.11 =+ 0.10 0.34 —-0.18* = 0.09

B-Globin 021  -0.18* £ 0.08 045 -0.19* = 0.09

ACTH 0.29 0.03 +006 037 -0.17* = 0.08
PTH 0.35 -0.30* = 0.12 0.42 -0.25% + 0.07
GH 0.27 -0.32 +0.17 030 -0.16* = 0.07
Total 0.28 -0.13" =+ 0.04 0.38 -0.20" + 0.04

K13 = 0.17, K23 =0.30 K13 = 0.23, K23 =0.43
No. of sites 266 539

Sources of DNA sequences are the same as those in Table 1,

1 2 3 except for corticotropin (ACTH; refs. 24, 39, and 40) and
parathyroid hormone (PTH; refs. 41 and 42). Species 1 is always
Human Rodent Reference human, species 2 is mouse except for PTH and growth hormone
(GH) (rat) genes, and species 3 is cow except in a-globin gene (goat).

FiG. 1. The phylogenetic relationship of the three species used *>2 standard errors.

in the relative rate test. *>3 standard errors.
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and 3'UT are more than 3 times and 5 times the standard
errors, respectively. Our calculation shows that the rodent
line evolves 2.6 times faster in 5'UT and 3.1 times faster in
3'UT than does the human line. These figures are less reli-
able than those for the coding regions because the numbers
of sites are smaller and also because the alignment of DNA
sequences in noncoding regions is generally less reliable than
the alignment of coding regions.

Comparisons Between Paralogous Genes. Another type of
divergence-time independent test is to compare homologous
genes that share their otigin by gene duplication (paralogous
genes), instead of speciation. If a gene duplication occurred
prior to (but not too long before) the split of human and
mouse lineages, then we can test the generation time effect
by studying if there have been more substitutions between
the two paralogous genes in mouse than in man.

Table 3 shows the results from the analysis of the g-globin
gene family. We make all pairwise comparisons among the
adult genes (denoted A; B of human and B,; of mouse), the
fetal genes (denoted F; Ay of human and H1 of mouse), and
the embryornic genes (denoted E; ¢ of human and y2 of
mouse). The duplication producing the fetal and embryonic
genes is believed to have preceded the mammalian radiation;
this duplication, in turn, was preceded by the earlier duplica-
tion that produced the adult gene and the ancestor of the
fetal and embryonic genes (48-50). These genes are, there-
fore, suitable for the study of the generation time effect.

In the first half of Table 3, we see that paralogous genes in
mouse are always more divergent than those in human. This
is true for both synonymous and nonsynonymous substitu-
tions. Again, the difference is larger for synonymous substi-
tutions than for nonsynonymous substitutions: the ratios of
the number of substitutions in mouse to those in human are
1.13, 1.17, and 1.50 for nonsynonymous substitutions and
1.24, 1.56, and1.71 for synonymous substitutions. These ra-
tios are lower than those calculated from Table 1 because the
rates in the two species compared are not independent; for
example, comparisons of the mouse adult-fetal and human
adult-fetal B-globin genes share the same history between
the adult-fetal duplication and the human-mouse specia-

Table 3. Numbers of nucleotide substitutions per site between
genes of the g-globin gene families of human and mouse

No. of substitutions per site

Nonsynonymous Synonymous
B-Globin genes site site
Human (A)-human (F) 0.182 0.731
Mouse (A)-mouse (F) 0.206 0.904
Human (A)-human (E) 0.158 0.623
Mouse (A)-mouse (E) 0.184 0.974
Human (F)-human (E) 0.099 0.562
Mousée (F)-mouse (E) 0.148 0.960
Human (A)-mouse (A) 0.127 0.492
Human (F)-mouse (F) 0.138 0.708
Human (E)-mouse (E) 0.093 0.576
Human (A)-mouse (F) 0.206 1.081
Human (A)-mouse (E) 0.176 0.902
Human (F)-mouse (A) 0.184 0.674
Human (F)-mouse (E) 0.127 0.630
Human (E)-mouse (A) 0.164 0.660
Human (E)-mouse (F) 0.133 0.723

The adult genes (A) are B in man (33, 43) and B,,,; in mouse (35);
the fetal genes (F) are Ay in man (44) and BH1 in mouse (45); the
embryonic genes (E) are ¢ in man (46) and y2 in mouse (47).
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tion. This may also partially explain why the ratios are high-
est for the comparisons between the fetal and embryonic
genes: this duplication is closer to the time of speciation.

The above observation can be attributed to higher substi-
tution rates in mouse only if we can also rule out major gene
conversions between human adult, fetal and embryonic
genes. (Otherwise, a smaller number of substitutions may be
explained by a recent gene conversion). To do that, we note
that if there has been no major gene conversion between,
say, the human adult and fetal genes, one would expect the
adult genes of human and mouse to be more closely related
than each is to the fetal gene of the same species. On the
other hand, had there been major gene conversions between
the human adult and fetal genes, both genes would have been
more or less equally distant to their homologues in mouse.
The same rule applies to the comparisons between the adult
and embryonic genes and between the fetal and embryonic
genes. The second half of Table 3 indeed suggests the ab-
sence of major gene conversions between these genes: Orth-
ologous genes (genies sharing an origin by speciation) are
usually more closely related than paralogous genes.

Finally, we note that there are actually two adult genes
and two fetal genes in both man and mouse. [The duplica-
tions that led to both pairs of genes in both species occurred
after the duplication events mentioned earlier (48, 49).] We
have made similar comparisons using these genes and
reached the same conclusion as above.

DISCUSSION

In the relative rate tests, we have used pig, cow, goat, dog,
and rabbit as reference species. The first three species be-
long to Artiodactyla and the fourth to Carnivora. These two
mammalian orders are generally thought to have branched
off before or around the time of the primate—rodent split (5,
38). Thus, the first four species are apparently good refer-
ences. The evolutionary position of rabbit is quite uncertain
(38), but this should not affect our results much because rab-
bit was used as a reference in only three cases. We further
emphasize that, except in the case of nonsynonymous sub-
stitution, the differences in rates shown in Tables 1 and 2 are
usually too large to be due to errors in the assumption of the
phylogenetic relationship. In addition, the results shown in
Table 3 do not involve any assumption on mammalian phy-
logeny. Therefore, we believe that we have provided strong
evidence for higher ratés of nucleotide substitution in ro-
dents than in man. Limited evidence from a- and B-globin
genes has been given earlier (51, 52).

A simple explanation for the higher nucleotide substitution
rates in rodents is that rodents have shorter generation times
and, thus, higher mutation rates. An immediate question is
why the difference in the synonymous rate between rodent
and man is only 2-fold, not so conspicuous as their difference
in generation time, which is probably 100-fold. There are
four possible reasons. First, mutation rate seems to depend
more on the number of DNA replications or cell cycles per
unit time in the germ line than on the number of generations
per unit time. The sex difference in the rate of mutation to
the hemophilia A condition in humans, estimated to be near-
ly 10 times higher in males (53), lends support to a cell-cycle
effect. It has been estimated that the number of cell cycles
per year is only about 7.5 times higher in mouse than in man
(54). Second, our estimates of the substitution rates refer to
the average rates in each of the two lineages since their di-
vergence. Third, there may be replication-independent mu-
tations (55). Fourth, the effective population size (N.) in the
rodent lineage has probably been larger than that in the hu-
man lineage (38). As synonymous mutations are not com-
pletely free of selective constraints (3), an increase in N,
may reduce to some extent the synonymous rate because
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selection against slightly deleterious mutants is more effec-
tive in large populations.

The preceding reasoning also can explain why the genera-
tion-time effect is weaker on nonsynonymous substitution
than on synonymous substitution. The reduction in substitu-
tion rate resulting from an increase in N, would be even
greater in the case of nonsynonymous substitution, for non-
synonymous mutations are generally subject to stronger se-
lective constraints than synonymous mutations. This line of
reasoning is consistent with the neutralist view (3). On the
other hand, under the selectionist view, the rate of substitu-
tion is mainly governed by N.u,s, u, being the rate of ad-
vantageous mutation and s being their average selective ad-
vantage (3). This relation would predict a difference in non-
synonymous rate considerably larger than observed because
rodents appear to have had higher N, and u, than man.

Since our results suggest the generation-time effect to be
weak on nonsynonymous substitution, it is easy to explain
why many studies based on protein sequence data and im-
munological data did not show the generation-time effect (2)
because these studies essentially examined nonsynonymous
substitutions. On the other hand, DNA hybridization studies
often showed the generation-time effect (7, 8), for these
studies presumably examined the average of the genome,
which would contain many weakly constrained regions such
as synonymous sites and introns.

Our results raise cautions on the use of the molecular
clock in the estimation of divergence time. The generation-
time difference between rodent and man has only about a 2-
fold effect on the synonymous rate because our study refers
to the long-term average along each lineage. Actually, the
average generation time of rodents since the time of mouse—
rat divergence is probably much shorter than the average
mammalian generation time. Likewise, apes and man may
have acquired their long generation times only in the rela-
tively recent past. Therefore, an application of the average
mammalian rate to either group may result in substantial
over- or under-estimation of species divergence time. Of
course, for organisms with similar generation times, synony-
mous substitution may still serve as a molecular clock as
suggested previously (56).

Although we propose the generation-time effect as a plau-
sible explanation for the higher substitution rates in rodents
than in man, we do not rule out other explanations, such as a
less accurate DNA replication system and, thus, higher mu-
tation rates in rodents.
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