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Two longstanding issues on the molecular clock hypothesis are studied in this article. First, is there a global
molecular clock in mammals? Although many authors have observed unequal rates of nucleotide substitution among
mammalian lineages, some authors have proposed a global clock for all eutherians, i.e., a single global rate of 2.2
3 1029 substitutions per nucleotide site per year. We reexamine this issue using noncoding, nonrepetitive DNA
from Old World monkeys (OWMs), chimpanzee, and human. First, using the minimal date of 6 MYA for the
human-chimpanzee divergence and more than 2.5 million base pairs of genomic sequences from human and chim-
panzee, we estimate a maximal rate of 0.99 3 1029 for noncoding, nonrepetitive genomic regions for these two
species. This estimate is less than half of the proposed global rate and much smaller than the commonly used rate
(3.5 3 1029) for eutherians. Further, using a minimal date of 23 MYA for the human-OWM divergence, we estimate
a maximal rate of 1.5 3 1029 for both introns and fourfold degenerate sites in humans and OWMs. In addition,
with the New World monkey (NWM) lineage as an outgroup, we estimate that the rate of substitution in introns is
30% higher in the OWM lineage than in the human lineage. Clearly, there is no global molecular clock in eutherians.
Second, although many studies have indicated considerable variation in the mutation rate among regions of the
mammalian genome, a recent study proposed a uniform rate. Using new and existing intron sequence data from
higher primates, we find significant rate variation among genomic regions and a positive correlation between the
rate of substitution and the GC content, refuting the claim of a uniform rate.

Introduction

The molecular clock hypothesis has been a central
issue in molecular evolution since it was proposed in
1965 (Zuckerkandl and Pauling 1965). This issue de-
serves much attention for two reasons. First, if a mo-
lecular clock can be applied to all taxa, then estimating
divergence times and reconstructing phylogenetic trees
can be done by implementing relatively simple methods.
Second, the regularity of the molecular clock has sig-
nificant implications for understanding the mechanisms
of molecular evolution. Under the neutral theory of mo-
lecular evolution, the rate of evolution is equal to the
rate of mutation (Kimura 1968). Therefore, the degree
of rate variation among lineages may provide insight
into factors affecting the rate of evolution in different
genomes (Zuckerkandl and Pauling 1965; Li 1997, pp.
215–235; Nei and Kumar 2000, pp. 187–191).

For similar reasons, it is also useful to determine
the degree of rate variation among different regions of
a genome. Although there has been general agreement
that considerable variation in substitution rates exists
among different regions of the mammalian genome (Fi-
lipski 1988; Wolfe, Sharp, and Li 1989; Bernardi, Mou-
chiroud, and Gautier 1993; Casane et al. 1997; Matassi,
Sharp, and Gautier 1999; Lercher, Williams, and Hurst
2001; Ebersberger et al. 2002), some authors have pro-
posed a uniform mutation rate along the mammalian ge-
nome (Kumar and Subramanian 2002).

There have been generally two drawbacks in pre-
vious studies on the molecular clock hypothesis. First,
estimates of nucleotide substitution rates often involved
uncertain assumptions about divergence dates between
taxa. For example, Kumar and Subramanian (2002) re-
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lied mainly on divergence dates estimated under the as-
sumption of a global protein clock in vertebrates and the
assumption of 310 MYA for the mammal-reptile split to
examine mutation rate differences within and among ge-
nomes of diverse mammalian lineages (e.g., Kumar and
Hedges 1998). However, the assumption of a global pro-
tein clock in vertebrates is unlikely to be true because,
for example, the rate of amino acid substitution has been
shown to be much higher in the rodent lineage than in
the primate lineage (Gu and Li 1992). Further, some of
the fossil dates they used may be questionable; e.g., they
assumed the same divergence date of 90 MYA for sev-
eral pairs of mammalian orders. Second, the sequence
data used in many studies were usually limited and often
biased. For example, Kumar and Subramanian (2002)
excluded all sequences that failed their disparity test;
e.g., they excluded 41% of the available sequence data
in the comparison between primates and rodents. In all
their between-taxa comparisons, the excluded sequences
have evolved, on average, considerably faster than the
sequences retained in their analysis (see figure 2c of
Kumar and Subramanian [2002]). This could be a major
reason for their considerably lower estimated rates than
previous estimates.

In this article, we address the above issues in three
ways. First, we show that the molecular clock in Old
World monkeys (OWMs), humans, and apes (i.e., cat-
arrhines) runs at a rate much lower than rates estimated
for other mammals. For this purpose we take advantage
of the large amount of genomic sequence data from hu-
man and chimpanzee and a recent discovery of an early
hominid fossil. As questions regarding the rate of neu-
tral substitutions can be adequately addressed only using
selectively neutral sequences, and as repetitive sequenc-
es tend to evolve at different rates than the surrounding
genomic regions, we use only noncoding, nonrepetitive
sequences. Then we use the dating of a recently discov-
ered hominid fossil (Brunet et al. 2002; Vignaud et al.
2002) as a calibration point. This fossil allows us to
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estimate a minimal divergence time for these two line-
ages, which in turn can be used to infer a ‘‘maximal’’
mutation rate for these lineages. In a similar manner, we
obtain a maximal rate for the human and OWM lineages
and show that it is much lower than the rates estimated
for other mammals.

Second, we revisit the hominoid rate-slowdown hy-
pothesis. This was first proposed on the basis of im-
munological data (Goodman 1961, 1962) and further de-
bated using DNA sequence data (Bailey et al. 1991; Eas-
teal 1991; Herbert and Easteal 1996; Li et al. 1996). In
this study we have obtained new intron sequence data
and have retrieved existing intron sequence data and
fourfold degenerate site data from higher primates. Us-
ing the relative rate test (Sarich and Wilson 1967; Wu
and Li 1985) with a New World monkey (NWM) spe-
cies as the outgroup, we show that the rate of nucleotide
substitution is significantly lower in the hominoid line-
age than in the OWM lineage. This and the above results
together reject the proposal of a global molecular clock
in mammals.

Third, using new and existing intron sequence data
we show that the rate of nucleotide substitution is not
uniform among genomic regions. This result corrobo-
rates previous observations (Filipski 1988; Wolfe,
Sharp, and Li 1989; Casane et al. 1997; Matassi, Sharp,
and Gautier 1999; Lercher, Williams, and Hurst 2001;
Ebersberger et al. 2002). Further, using the same data
set, we show that the rate heterogeneity is in part due
to variation in GC content.

Materials and Methods
Human and Chimpanzee Genomic Sequence Data

A total of 24 complete chimpanzee contigs was ob-
tained from GenBank (March 2002 freeze); these in-
cluded all the chimpanzee contigs used in Chen et al.
(2001). The accession numbers of each chimpanzee con-
tig and the corresponding human contig are shown in
table 1. A total of 2.73 million base pairs of genomic
sequences were available for comparison between the
two species. We used each chimpanzee contig to
BLAST against the human genome sequences, with re-
peats intact or masked, to find the corresponding human
contig and the parallel coordinates. Because each chim-
panzee contig was 64–213 kb in length, the correspond-
ing human contig (or joined contigs) was easily identi-
fied even with repeats intact. From the matched human
and chimpanzee contigs, we extracted only the noncod-
ing intergenic regions, based on information given in the
GenBank summary files. We then separately aligned the
homologous segments of the chimpanzee and human
contigs, using a large-scale alignment program by A. C.
Shih and W.-H. Li (unpublished data), which first iden-
tifies well-conserved regions to serve as alignment an-
chors and then uses Clustal W to align segments be-
tween anchors. A total of 875,353 bp of intergenic re-
gions was aligned between the two species and only the
nonrepetitive sequences (447,330 bp) identified by the
Repeat Masker (courtesy of the Bioinformatics group,

the Institute for Systems Biology, Seattle, WA and the
University of Washington) were used in our analysis.

Primate Intron Sequences

Genomic DNA from OW (baboon, Papio cyno-
cephalus) and NW (squirrel monkey, Saimiri sciureus)
primates was isolated from homogenized liver tissue.
Available nucleotide sequences from divergent taxa
were aligned to identify conserved regions in exons
flanking introns of interest to construct oligonucleotide
primers. Subsequent PCR reactions amplified the fol-
lowing regions: intron 3 of APOC3, intron 5 of CA7,
intron 5 of IFNAR1, intron 7 of LPL, and intron 6 of
CPA3. Primer sequences, PCR conditions, and detailed
sequencing protocols are available upon request.

In addition, 75 regions including exons and introns
were retrieved from GenBank for at least one OW mon-
key species and at least one NW monkey species. From
these data we excluded sequences from the X and Y
chromosomes because the rate of molecular evolution
on the sex chromosomes is also affected by other evo-
lutionary factors (e.g., Bachtrog and Charlesworth 2002;
Makova and Li 2002). After exclusion, 27 intron se-
quences from various genomic regions were available
for alignment. RepeatMasker was used to exclude re-
peats before alignment. Manual adjustments were made,
if necessary, to finalize each alignment.

Retrieval of Primate Fourfold Degenerate Sites

We extracted protein-coding exon sequences from
41 protein-coding regions that fit the above criteria in
the sequences retrieved from GenBank. Amino acid se-
quences were then produced from the exon-only DNA
sequences and aligned with those from other species us-
ing the Clustal option of the MegAlign (part of the DNA
STAR package). Sequence lengths were trimmed to ob-
tain a complete alignment set for the three species. Then
we back translated amino acid sequences to produce
DNA sequence alignments. We only used fourfold de-
generate sites for further analyses.

Statistical Analysis

The number of nucleotide substitutions per site (K)
between two sequences was estimated using Kimura’s
two-parameter method (Kimura 1980) and the Tamura-
Nei method (Tamura and Nei 1993) available in the
DAMBE program (Xia and Xie 2001). Because these
methods provided essentially the same results for all se-
quence comparisons, only the results obtained by Ki-
mura’s two-parameter method are shown. The relative
rate tests were performed using Wu and Li’s method
(Wu and Li 1985) only on introns longer than 100 bp.

The disparity index test (Kumar and Gadagkar
2001) was done for each set of orthologous sequences
using MEGA2 (Kumar et al. 2001). We used a stringent
criterion such that if the disparity index test failed in
any of the three pairwise comparisons (Homo-OW mon-
key, OW-NW monkeys, Homo-NW monkeys), then we
considered that the set of three sequences has failed the
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Table 1
Number of Nucleotide Substitutions Per 100 Sites (K) Between Human and Chimpanzee
Noncoding, Nonrepetitive Sequences

Homo Contig/
Chromosome# Pan Contig

Aligned
Intergenic

Regions (bp)

Length (bp)
Used, Excluding

Repeats K

NTp030004/7 . . . . . . .
NTp030004/7 . . . . . . .
NTp030004/7 . . . . . . .
NTp030004/7 . . . . . . .
NTp005479/2 . . . . . . .
NTp005479/2 . . . . . . .
NTp005479/2 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007867/7 . . . . . . .
NTp007927/7 . . . . . . .
NTp007927/7 . . . . . . .
NTp007927/7 . . . . . . .
NTp007927/7 . . . . . . .

AC087834
AC087834
AC087834
AC087835
AC097335
AC097335
AC097335
AC087778
AC087568
AC087568
AC091296
AC093135
AC093135
AC093135
AC091504
AC093709
AC093709
AC087512
AC087265
AC087265
AC087253

12,407
14,147

9,104
44,494
24,196
29,529

2,707
12,517
14,147
12,039
35,625

9,343
6,495

10,013
9,632

10,030
30,407
30,807
18,674
19,247
10,357

4,794
3,460
7,063

21,895
12,249
17,824

985
5,774
3,460
4,242

11,134
4,261
3,007
3,606
3,874
3,664
6,710

15,405
14,712
10,149

7,328

1.05
0.99
0.96
1.24
1.19
1.69
2.91
1.35
0.99
0.90
1.02
1.66
0.74
0.73
1.15
1.07
0.67
2.33
1.26
1.26
1.03

NTp007927/7 . . . . . . .
NTp007927/7 . . . . . . .
NTp007927/7 . . . . . . .
NTp007927/7 . . . . . . .
NTp009700/12 . . . . . .
NTp022222/2 . . . . . . .
NTp024133/10 . . . . . .
NTp024133/10 . . . . . .
NTp028391/20 . . . . . .
NTp028391/20 . . . . . .
NTp028391/20 . . . . . .
NTp028391/20 . . . . . .
NTp029419/12 . . . . . .
NTp029419/12 . . . . . .
NTp029419/12 . . . . . .
NTp030004/7 . . . . . . .
NTp030004/7 . . . . . . .
NTp030004/7 . . . . . . .
NTp030004/7 . . . . . . .
NTp030005/7 . . . . . . .
NTp030005/7 . . . . . . .
NTp030005/7 . . . . . . .
NTp030005/7 . . . . . . .
NTp030005/7 . . . . . . .
Total . . . . . . . . . . . . . .

AC087253
AC087264
AC087729
AC087729
AC006582
AC097335
AC113436
AC113436
AC096630
AC096630
AC096630
AC096630
AC006582
AC006582
AC006582
AC087777
AC087777
AC087777
AC087730
AC092764
AC092764
AC092764
AC092764
AC092764

54,167
52,629
21,328
17,946
23,506
11,551

2,692
21,315
39,890

4,314
1,658

31,260
27,206

8,554
26,522
13,951

5,571
12,294
59,712
14,652
36,183

1,038
22,487
11,417

875,353

38,141
37,337
10,646

8,845
7,995
8,041
1,870
3,175

21,310
2,844

128
20,957
14,956

2,006
17,935

8,874
4,006
8,927

23,352
8,994

17,252
966

9,603
4,114

447,330

0.98
1.03
1.30
1.06
1.11
2.06
1.57
2.27
1.41
1.10
2.38
1.12
1.11
1.00
1.24
0.76
1.06
0.79
0.89
1.17
1.16
1.68
1.24
0.96

1.19 6 0.016

disparity index test. We also performed a G-test for
goodness of fit (Sokal and Rohlf 1995, p. 738) to a
uniform mutation rate model for the observed number
of substitutions between human and NW monkeys. For
each gene, we chose the longest intron sequence, which
had to be longer than 250 bp after excluding repeats. A
total of 23 introns were thus selected. The same data set
was used to investigate the correlation between the GC
content and the evolutionary rate between human and a
NW monkey species.

Results and Discussion
Exceedingly Slow Molecular Clocks in Humans and
Chimpanzees

We are interested in providing an estimate of the
substitution rate between the human and chimpanzee
lineages that can be confidently regarded as a maximal
estimate. We approach this by estimating the sequence
divergence using only noncoding, nonrepetitive se-
quences, and by using well-characterized fossil records.

First, we use the huge amount of sequence data
from the human and chimpanzee genomes to obtain a
reliable estimate of the mean sequence divergence be-
tween these two lineages. Beginning with ;2.73 3 106

bp of homologous Pan and Homo genomic contigs
available in GenBank, we extracted and aligned approx-
imately 875 kb of noncoding intergenic regions between
human and chimpanzee (table 1). This was after exclud-
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ing all the predicted and known coding exons, introns,
and regulatory regions. We also excluded repetitive se-
quences. The sequence divergences in aligned regions
between human and chimpanzee are listed in table 1.

The degree of sequence divergence differs consid-
erably among regions (0.67%–2.91%, table 1). This has
been observed earlier in two different studies (Chen and
Li 2001; Ebersberger et al. 2002). It may reflect statis-
tical fluctuations and variation among genomic regions
in the degree of preexisting polymorphism in the com-
mon ancestral population of humans and chimpanzees.
The average divergence from these regions, excluding
repetitive sequences, is 1.19% (table 1). This estimate
is almost the same as previously reported (1.24%) based
on 53 short segments of noncoding intergenic regions
and many long contigs (Chen and Li 2001; Chen et al.
2001) and almost 2 million bases of randomly scattered
sequences in the entire genome (Ebersberger et al.
2002).

Next we take advantage of the recent discovery of
a hominid fossil, Sahelanthropus tchadensis (Brunet et
al. 2002), which was dated to be 6–7 MYA before pre-
sent (Vignaud et al. 2002). This is even older than the
earliest known fossil hominid so far, the Ardipithecus
ramidus kadabba, dated to be 5.2–5.8 MYA before pre-
sent (Haile-Selassie 2001). As the Sahelanthropus fossil
is hominid, it gives a minimal date of 6 MYA for the
divergence between human and chimpanzee. (Note that
as long as Sahelanthropus was a hominid, the fossil
would have postdated the human-chimpanzee diver-
gence, even if it was not a direct ancestor of Homo
sapiens.) We therefore obtain a maximal rate of 0.99 3
1029 substitutions per site per year for the human and
chimpanzee lineages. The actual human-chimp diver-
gence should be older than the Sahelanthropus hominid
fossil, which can be as old as 7 MYA (Vignaud et al.
2002). If we assume that the date for the human-chimp
split is 7.5 MYA, then the average substitution rate in
noncoding, nonrepetitive regions becomes 0.79 3 1029

substitutions per site per year. This result may still over-
estimate the substitution rate because it did not exclude
the effect of preexisting polymorphism in the common
ancestor of human and chimpanzee. We understand that
fossil dates may not be reliable, but even if we assume
5 MYA for the human-chimpanzee divergence, which is
a minimum date commonly used in the literature, we
still obtain a rate of only 1.19 3 1029 substitutions per
site per year.

The above values are less than half the ‘‘global
rate’’ proposed by Kumar and Subramanian (2002) and
much lower than estimates obtained from other mam-
malian lineages. For example, the maximum-likelihood
estimate of the numbers of synonymous substitutions
per site along the Artiodactyl lineage is 0.327 (Bielaws-
ki, Dunn, and Yang 2000), which leads to a rate of ;3.5
3 1029 substitutions per site per year, using the diver-
gence time estimates of 90–95 MYA by Kumar and
Hedges (1998). The average sequence divergence be-
tween mouse and rat estimated from fourfold degenerate
sites is ;18% (Smith and Hurst 1999). The divergence
time between mouse and rat is controversial, ranging

from 12 MYA based on the fossil record (Flynn, Jacobs,
and Lindsay 1985) to over 40 MYA based on a global
vertebrate molecular clock (Kumar and Hedges 1998).
Even if we use the range of 20 to 40 MYA, the substi-
tution rate range is 2.5–5.0 3 1029. Therefore, the sub-
stitution rate in humans and chimpanzees is exceedingly
low, contradictory to the proposal of a global clock in
eutherians (Kumar and Subramanian 2002).

Slow Molecular Clock in Old World Primates

We also estimate the evolutionary rates in the hu-
man and OWM lineages for introns and fourfold degen-
erate sites. Using new and existing sequence data, we
estimate a divergence of 6.85% for introns (table 2). We
also divide the introns used into those that failed the
disparity test and those that passed the test. Note that,
as expected, the average divergence (7.05%) for the first
group of introns is substantially higher than that (6.77%)
for the second group of introns (table 2). In the follow-
ing calculations we shall include all introns because we
are interested in obtaining a maximal estimate of the
substitution rate. We also obtain a divergence of 7.17%
for fourfold degenerate sites (data not shown) between
the Homo and OWM lineages. The simple average of
the estimates from introns and fourfold degenerate sites
is 7.01%. As the earliest fossil record of true hominoids
is represented by the genus Proconsul, which lived in
Africa 23–27 MYA during the Early Miocene (Delson
2000, pp. 595–597), the human-OWM divergence
would have predated this fossil. If we assume 23 MYA,
a commonly used fossil calibration point for the human-
cercopithecoid divergence (Goodman et al. 1998), the
average rate of nucleotide substitution for the two lin-
eages is ;1.5 3 1029. If we assume a divergence date
of 30 MYA, the average rate becomes only 1.17 3 1029.
Clearly, these estimates are much lower than the values
cited above for other mammals. Note that our estimated
rates for humans, apes, and OW monkeys are inflated
to some extent because we did not exclude those se-
quences that failed the disparity test as was done by
Kumar and Subramanian (2002). Therefore, our results
strongly contradict the proposal of a global clock in
mammals.

Rate Differences between the Human and OWM
Lineages

To reexamine the issue of rate differences between
the Homo and OWM lineages, we used new and existing
intron sequence data to perform relative rate tests, with
a NWM species as the outgroup. Because the pattern of
evolution in the repetitive sequences differs from that of
nonrepetitive sequences, we excluded all repetitive se-
quences from our analyses. Overall, we compared
15,304 bp of intron sequences (table 2).

In the majority of cases, the rate of nucleotide sub-
stitution is faster in the OWM lineage (table 2). When
all the sites are combined the rate of nucleotide substi-
tution in the OWM lineage is significantly faster (P ,
0.001). The average ratio of the substitution rate in the
OWM lineage to that in the Homo lineage is 1.33, which
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Table 2
Differences in the Number of Nucleotide Substitutions Per 100 Sites and the Relative
Substitution Rates Between The Homo (Species 1) and the Old World Monkey (Species
2) Lineages with a New World Monkey (Species 3) as a Reference

Intron/
Chromosome#

Nucleotides
Compared K12 K13 K23 K13 2 K23 (s) Ratio

Introns that passed the disparity index test
APOC3/11 . . . . . . .
CA7/16 . . . . . . . . .
CPA3/3 . . . . . . . . .
DAFint/1 . . . . . . . .
HBE1int1/11 . . . . .
HBE1int2/11 . . . . .
HBG1int1/11 . . . . .
HBG1int2/11 . . . . .
HBG2int1/11 . . . . .
HBG2int2/11 . . . . .
IL3int3/5 . . . . . . . .
IL3int4/5 . . . . . . . .
INSint1/11 . . . . . . .
INSint2/11 . . . . . . .
LPL/8. . . . . . . . . . .
OPN1SWint3/7 . . .
OPN1SWint4/7 . . .
PRM2/16 . . . . . . . .

815
501

1,285
504
121
812
122
804
122
816
122
101
161
699

1,168
282
851
159

8.65
7.23
5.53
6.30
3.41
4.98
5.16
7.39
6.05
7.52
1.62
4.13
5.85
8.10
7.86
6.44
5.85
8.62

16.88
9.67

12.64
9.24
3.38

12.39
10.78
12.89
10.72
14.30

6.05
7.41

11.63
16.09
13.77
12.38
11.08

6.58

18.48
11.14
13.15

9.66
6.94

12.40
12.75
15.30

9.66
16.73

7.94
11.96
12.44
18.28
13.55
14.69
12.74

5.83

21.60 (1.00)
21.46 (1.36)
20.51 (0.77)
20.42 (1.24)
23.57 (1.80)
20.01 (0.91)
21.97 (2.50)
22.41 (1.10)

1.07 (2.52)
22.43 (1.14)
21.89 (1.26)
24.55 (2.33)
20.81 (2.22)
22.19 (1.32)

0.22 (0.95)
22.31 (1.80)
21.67 (0.95)

0.75 (2.43)

1.45
1.51
1.20
1.14
—

1.00
2.24
1.97
0.70
1.95
—
—

1.32
1.74
0.95
2.12
1.80
0.84

TUBB4Qint3/4 . . .
Subtotal . . . . . . . . .

349
9,794

13.09
6.77

18.19
12.67

19.56
13.86

21.37 (2.42)
21.10 (0.30)***

1.23
1.36

Introns that failed the disparity index test
FYint/1. . . . . . . . . .
GHRint/5 . . . . . . . .
IFNAR1/21 . . . . . .
IGF2/11 . . . . . . . . .
IL3int2/5 . . . . . . . .
IRBP/10 . . . . . . . . .
OPN1SWint1/7 . . .
OPN1SWint2/7 . . .
TUBB4Qint1/4 . . .
VWF/12 . . . . . . . . .
Subtotal . . . . . . . . .

394
116
885

1,589
384
612
279
318
219
714

5,510

6.18
7.27
7.59
6.41
4.54
7.09
5.62
5.64

13.11
9.30
7.05

11.59
9.19

14.00
14.19
12.63
16.35

9.19
5.96

22.57
13.60
13.46

14.48
11.09
14.03
15.83
14.43
15.48

9.19
6.64

23.82
11.77
14.01

22.89 (1.47)
21.90 (2.76)
20.03 (1.67)
21.64 (0.76)
21.80 (1.25)

0.87 (1.32)
0.00 (1.56)

20.68 (1.42)
21.25 (3.16)

1.83 (1.30)
20.50 (0.40)

6.00
1.71
1.01
1.69
2.31
0.78
1.00
1.27
1.21
0.67
1.17

All introns 15,304 6.85 12.98 13.95 20.98 (0.25)*** 1.33

NOTE.—Kij 5 the number of substitutions per 100 nucleotide sites between species i and j.
*** Significant at the 0.001 level.

implies a 33% faster rate in the OWM lineage. When
we restrict our analyses to the introns that passed the
disparity index test, we reach the same conclusion (table
2). In fact, the rate difference between the Homo and
OWM lineages is more pronounced in the introns that
passed the disparity index test (table 2).

The above result supports the hominoid rate-slow-
down hypothesis, which postulates that the rate of mo-
lecular evolution has become slower in hominoids (hu-
mans and apes) after their separation from the OW mon-
keys (Goodman 1961, 1962). The same trend has been
observed earlier (Bailey et al. 1991; Seino, Bell, and Li
1992; Li et al. 1996) but has been challenged by Easteal
(1991) and Herbert and Easteal (1996). Although Her-
bert and Easteal (1996) did find a ;30% rate increase
in the OWM lineage in the noncoding regions they stud-
ied, they doubted the universality of this trend because
most of the data (83%) were from the b-globin gene
region (including the Ch-globin gene). In our analysis,
many different genomic regions were analyzed and the
Ch-globin region was not included (table 2). Moreover,

we obtained the same result (K13 2 K23 5 0.9% 6
0.27%) when we excluded all the sequences from the
b-globin gene region. This suggests the generality of our
observation. Kumar and Subramanian (2002) reported a
10.9% increase in the evolutionary rate in the OWM
lineage compared with the human lineage. However,
their result was obtained from a much smaller data set,
less than 4,000 fourfold degenerate sites from 23 genes
(Kumar and Subramanian 2002). At any rate, the aver-
age rate difference from their and our estimates can be
somewhere between 20% and 30%.

The basis of the hominoid rate-slowdown hypoth-
esis lies in the notion that the molecular clock should
run faster in organisms with a short generation time, for
they go through many more generations per unit time
than do organisms with a long generation (Ohta 1993;
Li et al. 1996). This entails that the replication-depen-
dent mutational errors such as errors in DNA replication
in germ cells are the major source of mutations that are
responsible for lineage effects. This view is strengthened
by other observations. For example, the male-to-female
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FIG. 1.—Relationship between the nucleotide substitution rate and
the GC content of intron sequences.

ratios of germ cell division in mice and primates roughly
correspond to the estimated male-to-female ratios of the
mutation rate (Li et al. 1996). Also, when compared
with autosomes, the X-linked sequences usually show
the lowest sequence divergence between species (Smith
and Hurst 1999; Lercher, Williams, and Hurst 2001;
Castresana 2002; Ebersberger et al. 2002). The genera-
tion-time effect hypothesis is also supported by the ob-
servation that the rate of substitution in the chloroplast
genome is more than five times higher in grasses than
in palms (Gaut et al. 1992). Nevertheless, the large var-
iation in substitution rate among autosomal regions sug-
gests that replication-independent factors may also be
important sources of mutation (Lercher, Williams, and
Hurst 2001; Castresana 2002; Ebersberger et al. 2002).

Rate Variation Among Genomic Regions

Next let us examine the proposal of a uniform mu-
tation rate along the mammalian genome. For this pur-
pose, we use the human and NW monkey lineages be-
cause they show a moderate degree of sequence diver-
gence (;14%, table 2) and the sequences can be reliably
aligned. We choose introns longer than 250 bp after ex-
clusion of repeats. This is to minimize selective con-
straints due to splicing signals and other functional mo-
tifs. Furthermore, only one intron (the longest one) from
a given gene is examined; the purpose is to avoid the
correlation of data from the same region, which is an
important consideration when we compute the correla-
tion between substitution rate and GC content. In total
we include 23 introns from 17 chromosomes, with vary-
ing GC contents. We test a simple model of indepen-
dence between genomic regions by applying the G-test
statistic of heterogeneity to the counts of substituted and
conserved sites in different introns (Sokal and Rohlf
1995, p. 738). The test rejects the model (G2 5 63.6, df
5 22, P , 0.001), implying that the mutation rate dif-
fers significantly among genomic regions.

We now determine whether the substitution rate in
an intron is correlated with its GC content. Because we
have no knowledge of the ancestral GC contents, we
take the average of the GC contents of the introns from
both species. We find a significant correlation (r 5 0.44;
fig. 1). When we use only human or only NWM species
GC content, the obtained correlation coefficient varies
only slightly (r 5 0.42 and 0.45, respectively), as ex-
pected from the relatively small divergence between the
two taxa.

Variation of substitution rate among genomic re-
gions has been observed previously (Filipski 1988;
Wolfe, Sharp, and Li 1989; Casane et al. 1997; Matassi,
Sharp, and Gautier 1999; Lercher, Williams, and Hurst
2001; Castresana 2002; Ebersberger et al. 2002), but the
factors responsible for rate variation have not been well
understood. One proposed factor is variation in GC con-
tent. However, previous studies of the relationship be-
tween the GC content and the synonymous substitution
rate in the mammalian genome have produced contra-
dictory conclusions (Filipski 1988; Wolfe, Sharp, and Li
1989; Bernardi, Mouchiroud, and Gautier 1993; Matas-

si, Sharp, and Gautier 1999; Bielawski, Dunn, and Yang
2000; Castresana 2002). Recently, Bielawski, Dunn, and
Yang (2000) reported a positive correlation between the
synonymous substitution rate and the GC content at the
third codon positions of a sequence when the sequence
data were analyzed using a maximum-likelihood model
that takes account of the transitional bias and unequal
codon usage. Our finding of a significant correlation be-
tween GC content and substitution rate in introns cor-
roborates this conclusion. However, the correlation
found is relatively weak (;40%), which may explain
why some studies found no correlation. At any rate, our
study rejects the proposal of a uniform mutation rate
along the mammalian genome.

Concluding Remarks

Our analyses of the rates of nucleotide substitution
in noncoding, nonrepetitive sequences in Old World pri-
mates show that the rates of nucleotide substitution in
these lineages are exceedingly slow when compared
with those from other taxa. Therefore, application of a
molecular clock to estimate divergence dates should be
exercised with great caution even in relatively closely
related taxa. That is, a molecular clock calibrated for
some lineages may not be applicable to other lineages
because the assumption of rate constancy among line-
ages may not hold, as shown in the case of higher pri-
mates. Furthermore, the rate estimated from one geno-
mic region may not be applicable to another region be-
cause the mutation rate varies among genomic regions.
This difference is apparently due in part to variation in
sequence contexts.
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