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Abstract The molecular clock hypothesis is a central

concept in molecular evolution and has inspired much

research into why evolutionary rates vary between and

within genomes. In the age of modern comparative

genomics, understanding the neutral genomic molecular

clock occupies a critical place. It has been demonstrated

that molecular clocks run differently between closely

related species, and generation time is an important

determinant of lineage specific molecular clocks. More-

over, it has been repeatedly shown that regional molecular

clocks vary even within a genome, which should be taken

into account when measuring evolutionary constraint of

specific genomic regions. With the availability of a large

amount of genomic sequence data, new insights into the

patterns and causes of variation in molecular clocks are

emerging. In particular, factors such as nucleotide com-

position, molecular origins of mutations, weak selection

and recombination rates are important determinants of

neutral genomic molecular clocks.
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Introduction

The idea that evolutionary rates are constant among lin-

eages, the so-called ‘‘constant molecular clock’’ hypothesis

(Margoliash 1963; Zuckerkandl and Pauling 1962), has

held enormous promise for evolutionary studies. If indeed

rates were constant among lineages, inferring the timing of

evolutionary events could be reduced to a straightforward

problem of comparing evolutionary distances among lin-

eages, using protein or DNA sequence data.

After over four decades of study, alas, the idea of a

‘global’ molecular clock, namely, constant evolutionary

rates among distantly related species, has now been

repeatedly refuted (Bromham and Penny 2003; Kumar

2005; Li 1997). However, the molecular clock hypothesis

has had a strong influence on the field of molecular evo-

lution, by (i) motivating data collection, (ii) instigating

theoretical advances for understanding rate variation of

mutations and fixation, and (iii) bringing methodological

advances in molecular phylogenetics.

The arrival of the modern genomics era has undoubtedly

affected many issues in molecular evolution, including the

molecular clock hypothesis. In particular, understanding

the ‘background’ neutral rate at which genomic sequences

evolve has become an important topic in comparative

genomics: one of the main goals of modern comparative

genomics is to identify hidden, functional regions of dif-

ferent genomes, especially of the human genome. A widely

used approach is to compare the molecular clocks of dif-

ferent genomic regions. A region evolving at a significantly

slower rate than expected under neutrality is considered to

be under purifying selection (Dermitzakis et al. 2002;

Keightley et al. 2005). Conversely, fastly evolving regions

may be under positive selection for their adaptive signifi-

cance (Pollard et al. 2006). Therefore, to confidently infer

natural selection on specific genomic regions, it is critical

to understand how neutral evolutionary rates vary within

and between different genomes.

In this review, we discuss several historical issues

related to the molecular clock hypothesis that have been
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re-examined under the new lights of modern genomics, as

well as some new ideas emerging from the analysis of

abundant genomic data. The focus of this article is on

neutral molecular clocks in the absence of natural selec-

tion. For the sake of brevity, we will limit discussions to

issues related to mammalian molecular clocks, which has

been a topic of intensive investigation.

How to Study Neutral Molecular Clocks?

The neutral theory of molecular evolution (Kimura 1983)

posits that the rate of substitution (evolution) at a neutral

site is equal to the rate of mutation. Thus, molecular clocks

at neutral sites will run at the rate of mutations. For this

reason, we can compare neutral molecular clocks among

different lineages to understand patterns and causes of

lineage-specific mutation rates.

A constant molecular clock across diverse lineages

implies that mutation rates are constant over time. Simi-

larly, we can study molecular clocks of different regions in

a genome to investigate regional heterogeneity of mutation

rates.

While the neutral theory provides a theoretical under-

pinning for the study of the molecular clock hypothesis,

finding sites that can be classified as ‘neutral’ has been a

challenge. Earlier studies considered synonymous sites

(sites that do not change resulting amino acids following

substitution) as neutral. In particular, the positions at which

any nucleotide substitution can occur without changing the

corresponding amino acid, the so-called ‘fourfold degen-

erate sites’, have been widely used to infer neutral

molecular clocks (for example, Kumar and Subramanian

2002). With the advance of DNA sequencing technology,

studies began to use sites that do not encode proteins,

known as ‘non-coding’ sites, including introns (Castresana

2002; Shimmin et al. 1993) and intergenic regions (Chen

and Li 2001; Yi et al. 2002).

In the last few years, we have witnessed an explosive

accumulation of genome-scale sequence data from mam-

malian species. As of July 2007, whole genome

assemblies of 21 mammalian species are available in

public databases (cf. http://www.ensembl.org). In addition,

many BAC-derived genomic sequences of other species

that are not yet slated toward complete genome sequenc-

ing are also available. Since mammalian genomes mostly

consist of non-coding regions, the availability of large

amounts of genomic data has greatly relived the problem

of having to collect data for analyses of neutral molecular

clocks. Utilizing newly available data, some historical

problems in the molecular clock hypothesis have recently

been re-visited.

Molecular Clock Variation Among Lineages:

Generation Time Effect

We will first discuss the so-called generation time effect.

The original molecular clock hypothesis, which posits that

evolutionary rates are constant over absolute time, has

instigated much concern from geneticists, because geneti-

cists are used to measuring genetic and evolutionary events

using generations. More specifically, the observation that

rates are constant over time is incompatible with the pre-

sumed molecular origins of germline mutations (namely,

errors during DNA replication). Since the number of DNA

replication events per unit time is proportional to the

number of generations, it is predicted that evolutionary

rates should be related to the number of generations per

time, rather than the absolute time. Furthermore, one can

predict that species with more generations per unit time

(i.e., with shorter generation times) should accumulate

more mutations than species with fewer generations in the

same amount of time (i.e., longer generation times). This

prediction is referred to as the ‘generation-time effect’

(Kohne 1970; Laird et al. 1969).

Comparison of Molecular Clocks in Rodents

and Primates

Tests of the generation time effect hypothesis have led to

controversial results. One of the first studies that used DNA

sequence comparison to investigate the generation time

effect is Wu and Li (1985). They used sequence data from

11 genes in mouse and human to compare evolutionary

rates in primates and rodents. Generation time effects

predict that the rodent lineage should harbor more substi-

tutions, because they have much shorter generation time.

To investigate this, they used a relative rate test, which

compares evolutionary rates of two lineages without the

usage of independent calibration (i.e., fossil records) by

employing an outgroup sequence that has diverged before

the split of the two lineages considered (see Fig. 1A).

Alternatively, one can use a likelihood-ratio test to com-

pare evolutionary rates of different lineages (Fig. 1B).

Wu and Li (1985) found that evolutionary rates were

faster in the rodent lineage than in the primate lineage,

and the pattern was strongest in synonymous sites and

untranslated regions. Because synonymous sites and

untranslated regions should be free from natural selection

relative to nonsynonymous sites, their conclusion provides

a strong support of generation time effect.

One caveat of Wu and Li (1985) was that the choice of

carnivores as the outgroup to rodents and primates is

controversial (e.g., see Cannarozzi et al. 2007; Murphy
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et al. 2001, for conflicting conclusions for the place of

carnivores and rodents in mammalian phylogeny). Nev-

ertheless, subsequent studies generally supported a faster

rate of evolution of the rodent lineage compared to the

primate lineage (Gu and Li 1992; Huttley et al. 2007),

although the degree of rate difference varies between

studies.

Primate Genomic Molecular Clocks and Generation

Time Effect

Another well-known example of the generation time effect

is the phenomenon of ‘hominoid rate slowdown’ (Good-

man 1961, 1962). Since humans and other apes have

markedly longer generation time than Old World monkeys,

it is proposed that humans and apes should show a slower

rate of evolution. Earlier studies supported this hypothesis

(Goodman 1962; Li et al. 1987) but some of these studies

were criticized due to errors in calibration or bias in their

data (Easteal 1991; Sarich and Wilson 1967).

Recent analyses employing genomic sequence data

have largely supported the hominoid rate slowdown

hypothesis (Kim et al. 2006; Steiper and Young 2006;

Steiper et al. 2004; Yi et al. 2002). Furthermore, New

World monkeys, which have shorter generation times than

hominoids and Old World monkeys, show even faster

molecular clocks (Steiper and Young 2006). Therefore, at

least within primates, evolutionary rate variation among

lineages follows the predictions of the generation time

effect hypothesis.

Genomic Analyses of Mammalian Molecular Clocks

While the above example of primates exhibits an excellent

relationship between evolutionary rates and generation

times, comparisons of more distantly related species have

shown weaker generation time effect. Kumar and Subra-

manian (2002) analyzed a large amount of fourfold

degenerate sites from a variety of mammals, and concluded

that the rate difference between rodents and primates is

approximately similar to the rate difference between

humans and Old World monkeys. Because the generation

time difference between rodents and primates is much

greater than that between humans and Old World monkeys,

this observation suggests that the generation time effect is

not a strong determinant of evolutionary rates between

distantly related species. Notably, Huttley et al. (2007)

recently analyzed genomic sequence data alignments

between opossum, human, mouse, rat and dog and deter-

mined that the rate difference between human and mouse is

*11–14%, and that eutherian lineages altogether are

evolving approximately 30% slower than the opossum

lineage. These comparisons suggest that replication errors

may not be the sole source of mutations in these species

and/or that rates of replication errors vary greatly between

distantly related species.

Variation of Molecular Clocks Among Different

Regions within a Genome

Molecular clocks also vary substantially among different

genomic regions (Filipski 1988; Wolfe et al. 1989).

Regional variation of molecular clocks includes variation

within chromosomes as well as between sex chromosomes

and autosomes. The X chromosome tends to show lower

evolutionary divergence than autosomes, while the Y

chromosome typically exhibits the highest divergence

within the genome. This difference between sex chromo-

somes and autosomes may be caused by the same

mechanism as the generation time effect, as explained in

the following section.

Different Rates Between the X Chromosome

and Autosomes

Sex chromosomes and autosomes spend different amounts

of time in males and females. While the Y chromosome

only inhabits the male germline, the X chromosome and

autosomes spend 1/3 and half of their times in the male

germline, respectively. In mammals, males typically

undergo a greater number of germ cell divisions, hence

more replications. According to the generation time effect

Fig. 1 Methods to compare molecular clocks between lineages A and

B using an outgroup C. (A) Relative rate test. The branch lengths of

OA and OB correspond to lineage-specific numbers of substitutions

since their divergence form the common ancestor O. Because the

sequence of the common ancestor O is unknown, the difference

between OA and OB will be inferred from the difference between

their divergence from an outgroup C. (B) Likelihood ratio test.

Competing hypotheses M0 (identical rates on lineages A and B) and

M1 (different rates on lineages A and B) are compared by considering

the ratio of the maximum likelihood under the two hypotheses
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hypothesis, the number of mutations is proportional to the

number of replication events. Therefore, the generation

time effect hypothesis predicts higher evolutionary rates

for the Y chromosome than autosomes, and slower rate for

the X chromosome. This phenomenon is referred to as

‘male-driven evolution’ (Li et al. 2002; Shimmin et al.

1993).

Evolutionary analyses using primate introns generally

supported male-driven evolution (Nachman and Crowell

2000; Shimmin et al. 1993). Interestingly, the degree of

male-driven evolution is weaker in rodents, in which the

difference of generation times between males and females

is smaller than that in primates (Chang et al. 1994; Li et al.

1996). Male-driven evolution was also observed in birds

(Ellegren and Fridolfsson 1997), which have female het-

erogamety (females have heterologous sex chromosomes,

unlike the X/Y chromosomal system in mammals). These

observations suggest that the difference in the molecular

clocks of the sex chromosome and autosomes is consistent

with the generation time effect hypothesis.

Genomic Analysis of Male-driven Evolution

With the advance of DNA sequencing technology, the

question of male-driven evolution has been re-visited,

using a large amount of non-coding, intergenic sequence

data. In contrast to earlier results, Bohossian et al. (2000)

found that male-driven evolution in the human genome is

much weaker than previously proposed. As a response,

Makova and Li (2002) analyzed over 10 kbs of non-coding

intergenic DNA in several primates and found that the

degree of male driven evolution is much stronger than

reported in Bohossian et al. (2000), and that between clo-

sely related species such as humans and chimpanzees, the

presence of ancestral polymorphism can obscure evolu-

tionary effects. Interestingly, Patterson et al. (2006)

recently analyzed a large amount of sequences from

human, gorilla, orangutan and macaque and suggested that

the rate difference between the X chromosome and auto-

somes in humans is more exaggerated than that in gorillas.

Therefore, the degree of male driven evolution in different

lineages needs to be further examined in a variety of taxa.

Causes of Regional Variation of Molecular Clocks

Rates also vary between different regions within a chro-

mosome, and between different autosomes. Even though

such ‘regional variability’ of molecular clocks has been

recognized for several decades (Filipski 1988; Wolfe et al.

1989), what causes such variability is poorly understood. In

this section, we will discuss our current knowledge on two

important determinants of neutral genomic molecular

clocks, GC content and recombination.

It should be noted that there are other potential factors of

neutral genomic molecular clocks. For example, an earlier

hypothesis proposed that differences in the efficacy of

DNA repair across the genome causes regional variability

of evolutionary rates (Britten 1986). If the fidelity of DNA

repair system varies between different genomic regions,

those with high fidelity would show a slower molecular

clock than the regions with a less efficient repair system.

Even though this hypothesis is an appealing explanation for

the regional variability of genomic molecular clocks, a

direct test of this hypothesis on a genome scale remains as

a challenge.

Availability of large-scale comparative genomic data

and genomic linkage maps has allowed detailed investi-

gation of the roles of GC content and recombination on

regional variability of neutral molecular clocks. In partic-

ular, the role of recombination on neutral mammalian

molecular clock has received considerable interest in the

last few years.

Perry and Ashworth (1999) reported a dramatic example

of the role of recombination on molecular clock. They

analyzed molecular evolution of the FXY gene in several

mammalian species. This gene straddles the pseudoautos-

omal boundary in the domestic mouse Mus musculus so

that the 30 end of the FXY gene is located in the highly

recombining pseudoautosomal regions, and the 50 end is

X-linked. In the outgroup species, including in M. spretus

which has diverged from M. musculus within the last few

million years, the FXY gene is entirely X-linked. Despite the

short evolutionary time since its relocation, the 30 end of

the FXY gene has experienced a remarkably fast molecular

clock compared to the 50 end. Perry and Ashworth (1999)

estimated that the synonymous substitution rate at the 30

end of the FXY gene has increased over 170-fold compared

to the 50 end. This observation led to the conclusion that

recombination could directly affect neutral molecular

clock. Soon after, several other studies have found that

both within-species nucleotide polymorphism and

between-species divergence are strongly correlated with

the local recombination rates in the human genome (Ful-

lerton et al. 2001; Hellmann et al. 2003; Lercher and Hurst

2002).

While Perry and Ashworth (1999) proposed that

recombination itself is mutagenetic, detailed analyses of

human and mouse pseudoautosomal boundary region cast

some doubt on this proposal (Huang et al. 2005; Yi et al.

2004). Interestingly, recombination and GC content are

correlated in a variety of taxa (Birdsell 2002; Jensen-Sea-

man et al. 2004; Kong et al. 2002; Meunier and Duret

2004). One explanation for the relationship between GC

content and recombination is that when mismatch repair
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between GC and AT alleles occurs, recombination favors

the spread of GC-alleles (i.e., there is a fixation bias toward

GC alleles) via biased gene conversion (Galtier et al.

2001). The substitution patterns of the above cited example

of the FXY gene also fits the biased gene conversion

hypothesis (Montoya-Burgos et al. 2003).

The analysis of the human and chimpanzee genomes

revealed that the effects of GC content and recombination

on regional molecular clock are complicated and vary

between different regions (Chimpanzee Sequencing and

Analysis Consortium 2005). In highly recombining regions

(where recombination rates are greater than 2 cM/Mb),

GC-rich regions tend to have a faster molecular clock than

GC-poor regions. However, in regions with low recombi-

nation rates (less than 0.8 cM/Mb), GC-poor regions tend

to have faster molecular clock than GC-rich regions. Fur-

thermore, some regions of the genome, corresponding to

cytogenetically defined Giemsa dark bands (G bands), had

an approximately 10% faster molecular clock than the

genome wide average, despite the fact that both GC content

and recombination rates were lower in those regions than

the genome-wide average.

Therefore, while GC content and recombination are two

important determinants of neutral molecular clocks, geno-

mic analyses have shown that neither can solely explain

regional variability of mammalian molecular clocks. Elu-

cidating the relative contributions of these and other

mechanisms on regional heterogeneity is an important

topic for future molecular clock studies.

Other Potential Determinants of Genomic Molecular

Clocks

In this section, we will discuss some new ideas on neutral

genomic molecular clocks that have emerged within the

last few years, enabled by the availability of large amount

of genomic sequence data. These directions may have far-

reaching implications for the study of genomic molecular

clocks.

Rapidly Changing Recombination Hotspots May

Change Neutral Molecular Clocks

Above we discussed how recombination could affect neu-

tral molecular clocks. Furthermore, new knowledge on the

physical distribution of recombination on genomes has

opened up new possibilities for recombination to cause

rapid change of neutral molecular clocks. In the course of

the last few years, it has been established that in the human

genome (and presumably in other mammalian genomes)

recombination occurs not randomly, but clustered in small

(*kb scale) regions, called ‘recombination hotspots’

(Jeffreys et al. 2001; Jeffreys et al. 2004; McVean et al.

2004; Myers et al. 2005).

Intriguingly, recombination hotspots seem to appear and

disappear rather rapidly on an evolutionary timescale. Ptak

et al. (2005) and Winckler et al. (2005) have shown that in

the genomes of humans and chimpanzees, the locations of

a substantial number of recombination hotspots do not

coincide. Yi and Li (2005) also concluded that recombi-

nation hotspots are evolutionarily transient, based upon the

pattern of molecular evolution of several recombination

hotspots in some primates.

A rapid change of recombination hotspots can poten-

tially cause regional neutral molecular clocks to run at

different speeds among closely related species. It is known

that recombination rates are not strongly conserved

between different mammalian species such as human,

mouse and rat (Jensen-Seaman et al. 2004). Recombination

maps of human and baboon are also known to differ

(Rogers et al. 2000). The relationship between the rapid

evolution of recombination hotspots and changes of gross

recombination rate estimates between genomes needs to be

pursued further as detailed data on recombination rates

between closely related species become available.

Mutations Caused by DNA Methylation and

Heterogeneity of Genomic Molecular Clocks

DNA methylation is an important epigenetic mechanism,

involved in several regulatory mechanisms including

chromatin compaction, X chromosome inactivation, and

imprinting (Jones and Takai 2001; Li 2002). DNA meth-

ylation also affects neutral molecular clocks by changing

mutational bias and frequency. DNA methylation in

mammals occurs at the cytosine in 50CG30 context

(so-called ‘CpG dinucleotides’). Methylated cytosines

undergo deamination to become thymine. As a result, DNA

methylation can generate a CpG to TpG (or CpA on the

complementary strand) mutation. This type of mutation

occurs over ten times more frequently than other types of

point mutations (Chimpanzee Sequencing and Analysis

Consortium 2005; Nachman and Crowell 2000).

Kim et al. (2006) proposed that point mutations origi-

nated by DNA methylation could cause heterogeneity of

genomic molecular clocks. They argue that molecular

clocks at CpG sites should exhibit a relatively constant

molecular clock as opposed to generation-time depen-

dency. The reason for this is because mutations caused by

DNA methylation will accumulate continuously during the

lifetime of germline cells, while other mutations accumu-

late only when DNA replication occurs. To test this

hypothesis, they contrasted molecular clocks of CpG

148 Evol Biol (2007) 34:144–151
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dinucleotides and other sites by comparing the pairwise

distance between human and chimpanzee to that between

baboon and macaque (Fig. 2A). These two species pairs

share a similar divergence time of 6–8 million years, based

upon fossil records (Steiper et al. 2004). In contrast,

hominoid rate slowdown predicts that the divergence

between two Old World monkeys should be greater than

the divergence between the two hominoids. Kim et al.

(2006)’s analyses showed that these two types of substi-

tutions show statistically significantly different molecular

clocks. In particular, consistent with the aforementioned

hypothesis, the molecular clock at CpG sites exhibit a

relatively constant molecular clock while the molecular

clock at other sites conform to the generation time effect

(Fig. 2B).

Therefore, DNA methylation causes molecular clocks to

vary within genomes. Furthermore, genomic regions har-

boring different amounts of CpG sites may behave

differently in terms of molecular clocks. For example,

coding regions have more CpG sites than non-coding

regions, due to the constraint of the codon usage table.

Therefore, it is likely that molecular clocks at exons are

dominated by the CpG molecular clock, which is fast and

relatively time-dependent. On the other hand, non-coding

regions, which are often relatively devoid of CpG sites,

may follow the canonical genomic molecular clock that is

generation-time dependent. Indeed, it has been shown

earlier that between closely related primate species, exons

evolve faster than introns, because they have proportionally

more CpG sites (Subramanian and Kumar 2003). This

example demonstrates that taking into account the effect of

CpG sites is necessary to make inference on genomic

molecular clocks.

Pervasive Natural Selection on Non-coding

and Synonymous Sites

The usage of non-coding regions in molecular clock

studies is justified by the assumption that non-coding

regions are usually neutral. However recent evidence has

shown that a substantial portion of non-coding regions is

subject to functional constraint. For instance, approxi-

mately 5% of mammalian genomes appears to be

selectively constrained and under purifying selection

(Dermitzakis et al. 2002). Also, a large portion of the

human genome is actively transcribed (Cheng et al. 2005;

Semon and Duret 2004).

If non-coding markers used for molecular clock analyses

contain substantial amount of selectively conserved (under

purifying selection) sequences, they will evolve slower

than the background neutral clock. This can cause practical

problems in the usage of molecular clock such as overes-

timation of divergence times. Alternatively, non-coding

markers may be subject to different types of natural

selection in different lineages. For example, non-coding

markers may experience rapid adaptive evolution resulting

in accelerated molecular clocks only in some lineages.

Inference based upon the molecular clock in this case is

unreliable.

Synonymous sites may be subject to natural selection

more widely than commonly thought. In many species

including several prokaryotes, yeast and invertebrates,

synonymous sites are known to be under natural selection

because different codons have different efficiency of gene

expression and/or protein translation (Akashi 1994, 2001;

Drummond et al. 2005). Mammalian synonymous sites,

however, were considered to be free from such selective
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Fig. 2 (A) Phylogeny of the four taxa analyzed in Kim et al. (2006).

TO denotes the time since the split between the two Old World

monkey species, and TH denotes the time since the split between the

two hominoids. Fossil records suggest that TO and TH are very close to

each other. X and Y denote the common ancestors of human-

chimpanzee and of macaque-baboon, respectively. The genetic

divergence between the two hominoid species (KH) is the sum of

KHX and KHC. Likewise, KO is the sum of KMY and KBY. (B)

Contrasting molecular clocks of transitions at CpG sites versus those

at non-CpG sites. The Y-axis shows the rate difference in the baboon-

macaque pair to that in the human-chimpanzee pair. The Old World

monkey pair has accumulated significantly more transitions in non-

CpG sites, as expected by the generation time effect. In contrast,

transitions at CpG sites, which are primarily of methylation-origin,

show no difference between the two pairs. Figures are adapted from

Kim et al. (2006)
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effects and largely neutral. However, recent studies

revealed the presence of several different selective mech-

anisms operating on mammalian synonymous sites,

including selection for mRNA stability, conservation of

splicing signals, and maximization of translational effi-

ciency (Chamary et al. 2006).

Recently, Kondrashov et al. (2006) analyzed the patterns

of polymorphism and divergence at synonymous sites and

concluded that mammalian synonymous sites are under

weak selection toward G and C nucleotides. Interestingly,

they demonstrated that such selection could accelerate

synonymous molecular clocks at CpG sites, while deceler-

ating molecular clocks at non-CpG sites. In other words,

selection and nucleotide composition can interact to cause

variability of regional molecular clocks at synonymous sites.

Concluding remarks

The availability of large-scale sequence data has enabled

detailed analyses of genomic molecular clocks. From such

analyses, new insights on evolutionary rate variation within

and between different genomes are emerging. Under-

standing variation of genomic molecular clocks will be

useful for differentiating the effects of neutral evolutionary

forces and natural selection on genome evolution.
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