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The hypothesis of a molecular clock asserts that the rate
of DNA or protein sequence evolution is constant over
time or among evolutionary lineages. In the early 1960s,
when protein sequences became available, it was ob-
served that the rate of evolution for proteins, such as
hemoglobin, were relatively constant among different
orders of mammals. The observation led to the proposal
of the molecular clock hypothesis by Emile Zuckerkandl
and Linus Pauling in 1965. The proposal had an imme-
diate impact on the development of the field of molec-
ular evolution. First, the utility of the molecular clock
was obvious from the beginning. If proteins evolved at
constant rates, they can be used to reconstruct phylo-
genetic relationships among species and to estimate the
dates of species divergences. Second, the accuracy of
the clock and the mechanism of molecular evolution
have been a focus of controversy. At the time, the syn-
thetic theory of evolution or neo-Darwinism, which
maintains that the rate of evolution is determined by
environmental changes and natural selection, was gen-
erally accepted by evolutionists. A constant rate of evo-
lution among species as different as elephants and mice
was unthinkable. For example, morphological charac-
teristics are well known to have markedly different rates
of evolution among lineages. Motoo Kimura proposed
the neutral theory of molecular evolution in the late
1960s, and the molecular clock was immediately solic-
ited as a major piece of supporting evidence (Kimura,
1983). This theory maintains that most molecular evo-
lution is dominated not by natural selection but by ran-
dom fixation of neutral mutations, that is, mutations
whose effects on fitness are too small for natural selec-
tion to play a role in determining their fate. The rate of
molecular evolution is then equal to the neutral muta-
tion rate, independent of factors such as environmental
changes and population sizes. If the mutation rate was
similar and the function of the protein remains the same
among lineages so that the same proportions of muta-
tions are neutral, a constant evolutionary rate is pre-
dicted by the neutral theory.

FiGure 1. A Phylogeny of Three Species to Explain the
Relative Rate Test.
Drawing by Ziheng Yang.

MAXIMUM LIKELIHOOD ESTIMATION
AND LIKELIHOOD RATIO TEST

Maximum likelihood is a general methodology for
estimating statistical parameters. Suppose the probability
of observing the data (D) is P(D; 1), where il are parameters
under the model, Because the data are observed, we view P
as a function of the unknown parameters and write it as
Li: DY = PLD; ). Lis known as the likelihood function, The
values of @ that maximize L, or equivalently its logarithm,

| = In{L}, are the maximum likelihood estimates.

The likelihood ratio test plays a central role in 8
hypothesis testing. Suppose the more general (alternative)
mode! has p parametérs with log likelihood /,, and the :
simpler (null) model has g parameters with log likelihood /.
Then twice the log likelihood difference, 2Al = 201, — 1), is
approximately 2 distributed with d.f. = p; = po, if Hy is
true. If the observed value of the test statistic 2Al is greater -
than the y2 critical value, we reject Ho.

ZIHENG YANG

The concept of molecular clock has a long history of
controversy. It is often a focus of hot debate even today.
Early controversies were about whether the clock held,
and when it did not, what factors might be responsible
for the rate differences among lineages. For example,
rodents were suggested to evolver faster than primates;
one hypothesis proposed that rodents have a shorter
generation time, more germ-line cell divisions per cal-
endar year, and thus a higher mutation rate. Since the
1980s, DNA sequences have become widely available,
and these reveal that the molecular clock is violated for
most genes or species groups, except for sequences
from very closely related species.

More recent controversies have been focused on the
most common use of the clock assumption, that is, the
dating of divergence times. Dating using molecules has
produced a steady stream of controversies, as the mo-
lecular dates are often at odds with the fossil records or
with the current interpretations of the fossil and mor-
phological data. Two particular examples have attracted
much attention, the Cambrian “explosion” about 545
million years ago and the mammalian “radiation” about
65 million years ago. In each case, molecular studies
produced dates much older than indicated by the fossil
data, sometimes twice as old. Part of the discrepancy
probably arises from the incompleteness of fossil data;
fossils represent the time when species developed di-
agnostic morphological characters and were fossilized,
and molecules represent the time when the species
stopped intermingling, so fossil dates have to be younger
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FiGuRe 2. Phylogenies of Six Hominoid Species for Testing the Clock Assumption and Estimating Divergence Dates.

(A) The unrooted tree without assuming the clock. This is the alternative model, and the unknown parameters include the nine
branch lengths. (B) Under the (global) clock assumption, the parameters are the five node distances, the distances of the five
internal nodes from the present time, measured by the expected number of nucleotide substitutions per site. (C) A local clock
model that assigns a different evolutionary rate to the orangutan lineage. From Yang, 1996.
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than molecular dates. Part of the discrepancy seems to
arise from inaccuracies in molecular date estimation. In
particular, molecular date estimation is very sensitive to
violation of the molecular clock (see below).

This article discusses statistical tests of the clock as-
sumption, as well as methods for using the global and
local clock models to estimate divergence dates.

A few clarifications are in order. First, the molecular
clock was envisaged as stochastic. Molecular changes
accumulate at random according to a statistical Poisson
process, so that random fluctuations are expected, al-
though the underlying rate is constant over time. Sec-
ond, different genes or proteins, or different regions of
the same gene, may have very different evolutionary
rates, and their clocks tick at different rates. The inter-
pretation offered by the neutral theory for this obser-
vation is that different genes are under different selec-
tive constraints, and those under stronger constraints

will have a smaller proportion of neutral mutations and
a lower evolutionary rate. Third, the molecular clock is
not expected to be universal and is usually applied to a
group of species. For example, we might say that the
clock holds for a gene within mammals.

Tests of the Molecular Clock. A number of statis-
tical tests have been designed to examine the molecular
clock hypothesis. The simplest is the relative rate test
based on estimates of pair-wise sequence distances. To
test whether species 1 and 2 have the same rate, we get
an outgroup species 3, which is more distantly related
(see Figure 1). If the clock hypothesis is true, the diS-‘
tance (expected amount of change) from ancestral node.
0 to species 1 will be the same as the distance from node
0 to species 2; that is, d,; = d,. Because we do not have
data for the ancestral node 0, we test the clock hypoth-,
esis by testing d,; = dy,, using the statisticd = (dis ~
d,;). We can use the variances of the estimated pair-WiSe;
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TasLE 1. Maximum Likelihood Estimates of Node Distances (d) and Node Ages (t) under Global
and Local Clock Models

Global clock Local clock
Time Time

1 d, = 0.063 t, = 1677 £ 1.55 d, = 0.060 t, = 17.16 = 1.86
2 d, = 0.052 t, = 13 d, = 0.045 t, = 13
3 d, = 0.031 t; = 773 = 1.03 d, = 0.029 t, = 838 = 1.17
4 d, = 0.020 t, = 5,04 + 0.86 d, = 0.019 t, = 5.60 £ 0.96
5 ds, = 0.009 t, = 2.36 = 0.64 ds = 0.009 t; = 2.65 £ 0.72
l —1796.12 —1795.35
7 1

1.36
Note. The data consist of the transfer RNA genes from five hominoid species: human, chimpanzee,
gorilla, orangutan, and siamang. Alignment gaps are removed, with 759 nucleotides in the sequence.
The model of nucleotide substitution accounts for different rates of transitions (T < C or A « G) and
transversions (T, C & A, G), as well as different frequencies for the four nucleotides. The local clock
model assumes an independent rate r, for the orangutan lineage.

sequence distances to work out the standard error of
the test statistic, ¢,, then compare d/c, with the stan-
dard normal distribution to test whether d is different
from zero. This test is limited to three species only, and
it does not test whether the outgroup species has a dif-
ferent rate from the two ingroup species.

A second test of the clock assumption is the likeli-
hood ratio test (see Vignette). This test is applicable to
data of any number of species. Figure 2 shows an ex-
ample of testing the molecular clock using data of eleven
transfer RNA genes in the mitochondrial genome from
six hominoid species. The null model H, assumes the
clock, and the parameters of the model are the n — 1
= b distances from the internal nodes of the tree to the
present time, where n is the number of species in the
tree (Figure 2B). The more complex model H, uses one
independent rate parameter for each branch in the tree.
Under this model, it is generally impossible to identify
the root of the tree, so the “unrooted” tree is used, with
2n — 3 branches (Figure 2A). Thus; model H, involves
(2n — 3) = 9 parameters. The log-likelihood values un-
der the clock and no-clock models are [, = —1796.12
and I, = —1794.49. We then compare 2A, = 2(l, — 1)
= 3.26 with a 2 distribution with d.f. = 2n — 3) —
M~-1)=n-2=9—5 = 4. The P value is 0.52,
with d.f. = 4, and the clock is not rejected.

We should note that failure to reject the clock as-
sumption does not necessarily mean that the evolution-
ary rate is constant over time. First, the null hypothesis
tested by the likelihood ratio test is weaker than the
assumption of a constant rate over time. For example,
if the evolutionary rate has been accelerating over time
in all lineages, the tree will look clocklike, although the
rate is not constant. Furthermore, neither the likelihood

.‘l‘atio nor the relative rate tests can distinguish a variable
from a constant rate within a lineage. Finally, failure to
reject the clock might simply be because of a lack of
information in the data rather than the correctness of

the clock assumption. These observations suggest that
the clock assumption should be accepted with caution
when we estimate divergence dates from molecular data.

A third test is based on the index of dispersion, that
is, the variance to mean ratio of the number of substi-
tutions over lineages. When the rate is constant, the
number of substitutions should follow a Poisson distri-
bution, which has the mean equal to the variance. If all
the species diverged at the same time and accumulate
substitutions at the same rate since their divergence, the
variance to mean ratio of the number of nucleotide sub-
stitutions among lineages should be close to one. Most
real data sets generate dispersion indices much higher
than one, an observation referred to as the overdis-
persed clock. Early studies by Kimura and J. Gillespie
used gene sequences from different orders of mammals
and assumed that they diverged in a radiation. This was
later shown to be unacceptable as the phylogenetic re-
lationship among species has much effect on the test.
Recent analyses used only three lineages (primates, ar-
tiodactyls, and rodents) to avoid the problem of phylog-
eny, but the analysis is prone to errors as the variance
calculation using only three lineages is unreliable. Tests
based on the dispersion index are out of date and can
be performed more rigorously using the likelihood ratio
test.

Application of Molecular Clock to Estimate Di-
vergence Dates. The most important practical appli-
cation of the molecular clock hypothesis is to estimate
divergence dates between species, populations, or even
viral strains. Molecular sequence data allow estimation
of distances only. Under the assumption of a constant
rate over time, the distance is a linear function of time.
To convert distances into absolute times, an external
time (called a calibration point) is used, obtained from
fossil data or geological events that mark the separation
of species. In the example of Figure 2B, the clock as-
sumption is used to estimate the divergence dates among



750

MOLECULAR EVOLUTION

the hominoid species, and the divergence time of the
orangutan is fixed at thirteen million years ago for cali-
bration. There are currently two major approaches to
estimating the node distances, the distances from the
internal nodes of the tree to the present time measured
by the expected number of substitutions per site (the
d’s). The first approach estimates the sequence distance
between each pair of species, then uses least squares to
fit the node distances to the pair-wise distance matrix.
The second approach is maximum likelihood (Vignette),
which is applied to the original sequence alignment
rather than estimated pairwise distances. Estimates given
in Table 1 were obtained using maximum likelihood. Af-
ter the node distances are estimated, it is an easy matter
to obtain the node times using the calibration point. The
substitution rate can then be calculated as p = 0.0517/
(13 X 10%) = 3.976910-° substitutions per site per year.
We then use this rate to convert other distances into
times, for example, ¢{, = 0.0201/(3.9769 X 10-°) = 5.04
X 108 years ago for the separation of humans and chim-
panzees. Equivalently, ¢, = 0.0201/0.0517 X 13 = 5.04
million years ago.

Note that both the calculation of pair-wise sequence
distances and the likelihood joint analysis of all se-
quences rely on a model of nucleotide substitution, and
it is important to use an adequate substitution model. A
simplistic model does not correct for hidden changes
(multiple substitutions at the same site) properly; as a
result, the estimated distance will not be linear with
time. For example, the proportion of differences be-
tween two sequences is not a linear function of time. It
underestimates the distance, and the underestimation is
more serious for large distances than for small ones,
because more multiple substitutions are expected the
longer the sequences have been diverged. This nonpro-
portional underestimation of distances generates sys-
tematic biases in divergence date estimation.

Because the molecular clock hypothesis is often vi-
olated, especially for data sets of divergent sequences,
much effort has been taken to estimate divergence dates
even though the clock does not hold. Recent work has
suggested it might be possible to estimate dates without
assuming a global molecular clock. Two approaches
have been taken. The first uses a random process to de-
scribe the change of the evolutionary rate over branches
in the phylogeny and then use the Bayes method to es-
timate the posterior distribution of rates and dates. The
second approach uses the likelihood method and as-
signs specific rate parameters to branches that are as-
sumed to have different rates from other branches. For
example, if we assume an independent rate for the
orangutan lineage in Figure 2C, the maximum likelihood
estimate of the human-chimpanzee divergence became
5.60 = 0.96 million years ago, older than the estimate
under the global clock model (Table 1). Although the

clock assumption was not rejected by the likelihood ra-
tio test, we note that date estimation is quite sensitive
to assumptions about the clock.
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— ZIHENG YANG

MOLECULAR EVOLUTION
Molecular evolution is a discipline of biology that util-
izes molecular data to address evolutionary questions.
The molecular data are usually DNA or protein se-
quences but may also include other types of data, such
as the three-dimensional structure or some biochemical
properties of a protein. DNA and proteins are referred
to as macromolecules because they are much larger than
molecules such as oxygen or ethanol. The field ad-
dresses diverse questions, ranging from traditional ques-
tions of life science to new questions driven by recently



