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The molecular clock hypothesis originally rested on the
assumption of rate constancy across lineages of a phyl-
ogeny, which would produce an approximately steady
rate of accumulation of deoxyribonucleic acid or amino
acid changes through time. This assumption has been
questioned on the basis of increasingly large data sets,
which have shown significant variability of rates in evo-
lutionary lineages. To address this issue, tests have been
developed to examine whether rates of molecular evo-
lution vary significantly among taxonomic groups or
phylogenetic lineages. Two major types of tests exist:
those based on comparisons of genetic distances and
those based on likelihood ratios. The first ones compare
genetic distances between two species (or groups of
species) relative to an outgroup; the latter ones compare
maximum likelihood values for the same phylogeny cal-
culated with and without the constant rate assumption.
In those cases where the rate constancy assumption is
violated, modern molecular clocks (relaxed clocks) are
now being applied to implement the rate heterogeneity in
the time estimation process.

Introduction

In its simplest form, ‘Molecular clock’ refers to the
approximately steady rate of accumulation of changes in
deoxyribonucleic acid (DNA) (or protein amino acid)
sequences over evolutionary time. A consequence of this
rate constancy is a nearly linear relationship between evo-
lutionary distance and time of species divergence. The
hypothesis applies only to orthologous sequences of a
given gene; evolutionary rates are known to vary widely
from gene to gene at the protein sequence level and also in
different types of DNA (e.g. mitochondrial versus nuclear).
See also: Evolution: Tempo and Mode; Molecular Evo-
lution: Introduction; Mutation Rates: Data
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Margoliash (1963) and Zuckerkandl and Pauling (1965)
appear to have been the first to observe that the rates
of amino acid substitution in some genes are roughly the
same in several lineages. This led to the hypothesis of steady
accumulation of amino acid substitutions at the molecular
level (see Kumar, 2005 for a historical review). Its utility
for estimating times of species divergence was immediately
recognised, especially for organisms that left few or
no traces in the fossil record. For example, divergence
times were estimated between prokaryotes and eukaryotes
and among eukaryotic kingdoms using molecular
clocks (McLaughlin and Dayhoff, 1970; Dickerson,
1971). See also: Molecular Clocks; Molecular Evolution;
Semantides and Modern Bacterial Systematics

As more molecular sequence data became available, the
initial optimism about the universality of the molecular
clock was questioned by reports of significant difference in
evolutionary rates among species in some genes and in
some lineages. For instance, hominids (humans and their
close relatives) seemed to be evolving much more slowly
than other mammals, whereas rodents (mouse and rat)
were shown to be evolving much faster (reviewed in Nei and
Kumar, 2000). Many of these results have been contro-
versial because they were based on species divergence times
inferred from the fossil record, which provides only a lower
bound on the true time since two species diverged. Easteal
et al. (1995) demonstrate that the use of the fossil record-
based dates may be the reason for the observed deviations
from the molecular clock in some of these controversies.
Nonetheless, these rate differences can affect the accuracy
of the molecular estimates and should be taken into con-
sideration when applying a molecular clock. See also:
Fossil Record; Fossils in Phylogenetic Reconstruction

Thus, direct comparison of evolutionary rates, without
requiring outside knowledge of the evolutionary diver-
gence time, is desirable. The outcome of such comparisons
will be the discovery of either a constant or a heterogeneous
rate across lineages of a phylogeny. Divergence times for
sequences belonging to these two alternative scenarios can
then be estimated with different approaches, that is, using a
strict clock in the first case and a relaxed clock in the sec-
ond. We will first address the nature of these rate tests and
strategies to maximise the inclusion of rate constant
sequences in a phylogeny. Second, we will address rate
variability models and tests in the case of analyses of data
containing sequences that have evolved with unequal rates.
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Basic principle of rate testing

Fitch (1976) proposed a test for statistically examining
whether the observed difference in evolutionary rates
between two sequences is significantly greater than that
expected by chance. This test used sequences of a gene from
three species. For two of these species (Figure 1) the
molecular clock is being tested (A and B) and the third is
used as an outgroup (C). See also: Molecular Evolution:
Patterns and Rates; Molecular Evolution: Rates

Let N;; be the number of sequence differences (DNA or
protein) between species 7 and j. In this case, the lengths of
the branches ending at A and B (/4 and /g, respectively) are
given by eqns [1] and [2].

In=3%(NaB + Nac — Ngc) 1]

Is =3(NaB + Nec — Nac) 2]

Since both A and B evolved from a common ancestor 7'
years ago (Figure 1), the time elapsed on each lineage is the
same. Therefore, testing the difference between /5 and /g is
equivalent to directly testing the difference in evolutionary
rates between lineages A and B. In Fitch (1976) formu-
lation, this difference is tested using a chi-square test with
one degree of freedom (eqn [3], where /,, = %(IA + Ig)).

= (I = lavg)* /lave + (1B = lave)* /v B3]
This equation can be simplified to eqn [4].

X =(Is —Ig)*/(Ia + I5) 4]

Although this test illustrates the basic principle behind
molecular clock testing, it is no longer used because many
more sophisticated and/or powerful relative rate tests have
now become available. In the following, we discuss a var-
iety of molecular clock tests, including the relative rate and
phylogenetic tests. A detailed account of methods for these
and other types of tests can be found elsewhere (e.g. Nei
and Kumar, 2000).

C

Figure 1 Relative rate test for two species A and B using a third species, C,
as an outgroup. Here, [y and /g are the branch lengths measured in the
number of substitutions or the number of substitutions per site from the
common ancestor of A and B.

Relative Rate Tests

Testing rate differences between two
species (or sequences)

Under the molecular clock hypothesis for lineages A and B,
A should be equal to /g in Figure 1. Therefore, the expected
value of the quantity D= (/o —Ip) is zero. Use of the out-
group species C allows us to compute branch lengths /5 and
Iy given the evolutionary distances d;, using eqns [5] and [6].

In =%(das + dac — dic) 5]
Iy =3(dag + dpc — dac) [6]

In general, D is rarely exactly zero because evolutionary
processes are stochastic in nature. We therefore need to
examine whether the observed D is significantly different
from 0. For this purpose, Wu and Li (1985) proposed the
use of the Z-test (eqn [7]).

Z=[D|/vV(D) 7]

where V(D) is the variance of D. The variance of D can be
estimated analytically, as was done by Wu and Li, or by
using a bootstrap resampling technique. In the analytical
method, we need to compute variances and covariances for
the distances ;. On the other hand, bootstrap resampling,
whereas computationally intensive, is the simpler of the
two methods and has some advantages over the analytical
method (see Nei and Kumar, 2000). Suppose that the
sequences are nsites long, with x;; representing the ith site of
sequence j (Figure 2). Each site i may be regarded as a col-
umn of values, one from each sequence. A bootstrap rep-
licate in this case refers to a resampled data set consisting of
a set of three sequences (each of length n) obtained by
sampling n columns with replacement from the original set.
For example, if column i is selected as the kth pick of the
resampling procedure for a given replicate, then the value
of the kth site of each sequence in the replicate set is set to
the original x; value of that sequence. Hundreds of such
replicate sets are created and the value of D is computed for
each replicate. Let D, be the value of D for the hth replicate.
Then, the bootstrap variance is computed using eqn [§].

{/Site (column)

Sequence A X1 Xao | Xaz  eee Xan
Sequence B Xg1 Xe2 | X3 eee  Xpn
Sequence C Xc Xco | Xz eee Xcn

Figure 2 Notations used for explaining the bootstrap resampling of
columns for a three-sequence case; n is the number of sites (columns) and
xjis the ith site of the jth sequence.
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1

V(D)= 5= > (Dy— D)’ 8]
b=1

where B is the number of bootstrap replications, Dy, is the
value of D estimated in the bth bootstrap replication, and is
the average of the D,. See also: Molecular Phylogeny
Reconstruction

If the Z statisticin eqn [7], computed using the bootstrap or
the analytical method, is greater than or equal to 1.96, then
the molecular clock hypothesis can be rejected at the 5%
significance level. This test is applicable for relative rate
analysis using any kind of evolutionary distance measure for
DNA or protein sequences. See also: DNA Sequence
Analysis

Likelihood ratio test

Muse and Weir (1992) constructed a likelihood-ratio test,
which is parallel in functionality to the method described
above. Given a model of nucleotide sequence evolution and
a specific tree (topology), it is possible to compute the
maximum likelihood of generating a specific set of
sequences at the terminal nodes of the tree. The maximum
likelihood value for the tree in Figure 2 can be computed
with and without the condition /5 = /3. The latter corres-
ponds to the molecular clock hypothesis. Muse and Weir
used the Hasegawa model of nucleotide substitution for
computing the maximum likelihood of obtaining a given
data set under these two scenarios (Hasegawa et al., 1985).
If the maximum likelihood for the molecular clock case is
L. and that for the more general case is L, then the likeli-
hood ratio (LR) test statistic is given by eqn [9].

LR=2|In L—1n L,| 9]

LR is distributed approximately as a chi-square random
variable with one degree of freedom. There is only one
degree of freedom because the molecular clock assumption
imposes only one additional condition (/o =/g). If LR is
3.84 or higher then the molecular clock hypothesis can be
rejected at the 5% level.

Although the Muse—Weir test (Muse and Weir, 1992)
was described for Hasegawa’s model, their likelihood
framework can be used under any model of substitution for
DNA and protein sequences.

Nonparametric tests

Both the Wu-Li and Muse—Weir tests are parametric tests
because they require information on the model of evo-
lutionary change. In contrast, the Fitch (1976) test
described above is nonparametric. Tajima and others have
proposed more powerful versions of the Fitch test. Tajima
(1993) presents a general framework for testing the
molecular clock hypothesis for both DNA and protein
sequences. These tests are based on the expected equality of
the number of unique mutations that have occurred in the
lineages A and B (Figure 1). Let us consider a site in

sequences A, B and C. This site has undergone a unique
mutation in lineage A if the amino acid residue or nucle-
otide base at that site in sequence A is different from that in
Band C, which areidentical to each other. Let us denote the
number of sites showing a unique mutation in A by ma.
Similarly, we compute the number of sites that have
experienced a unique mutation in lineage B by mp. Under
the molecular clock hypothesis, we expect ma =mg. This
expectation can be tested by means of a chi-square test with
one degree of freedom.

7% = (ma — mg)*/(ma + mg) [10]

Note that when ma and myg are small, it is better to use
Fisher’s exact test since the chi-square approximation may
not be appropriate. The same nonparametric method can
be applied to DNA sequences. The above equation is
similar to eqn [4] for the Fitch (1976) test, the only differ-
ence being that eqn [4] uses all mutations in each lineage,
rather than the unique mutations only. This property
makes the Fitch test less powerful in rejecting the null
hypothesis when it is false, as the nonunique mutations
contribute only to the denominator in eqn [4] making the
chi-square value smaller than that computed usingeqn[10].

Testing rate differences between two
groups of species (or sequences)

When we are interested in comparing evolutionary rates
differences between two groups of species, it is desirable to
include data available from all species in the relative rate
analysis to improve the power of the test. Relative rate tests
for two clusters of sequences are essentially identical to
those for two sequences, the difference being that A, B and
C in Figure 1 now represent groups containing one or more
sequences each. Therefore, we need to extend the two-
sequence tests for use in multiple sequence analysis. This
generalisation was described by Takezaki ez al. (1995) for
the Wu and Li (1985) method. In this case, we compute
D=Ix—Ig by using average distances (dj..,) between
groups of sequences (eqns [11] and [12]).

Ia= %(dAB;avg + dAC,avg - dBC‘avg) [1 1]

lB :%(dAB,avg + dBC,avg - dAC,avg) [12]

dijave =Y dylcic;, ¢; is the number of sequences in group i
and ¢; is the number of sequences in group j. We can then
use the Z-test given in eqns [11] and [12] to test the
molecular clock hypothesis that the expected value
D:(IA_[B):O.

Phylogenetic Tests of the Molecular
Clock

The above tests are simple in that they compare rates
between two lineages, given an outgroup species. It is also
possible to test the molecular clock on multiple lineages
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D (outgroup)

Figure 3 Phylogenetic tree to illustrate the root-to-tip molecular clock
tests. The rate along the branch to D is not tested, but serves to locate the
root R of the subtree containing species A, B and C for which the molecular
clock test is being conducted.

simultaneously in a phylogenetic tree. Some of these tests
identify the anomalous groups or lineages, whereas some
merely test an entire tree for conformity to the hypothesis.
To apply these tests, we need a rooted phylogenetic tree for
the given set of sequences (Figure 3). The root of the tree is
obtained by using the outgroup sequences (D in Figure 3).
However, the branch leading to the outgroup species is
not itself testable. See also: Molecular Phylogeny Recons-
truction

Least-squares residual sum test

The squared sum of residuals R for a given phylogenetic
tree is given by eqn [13].

R="(dj - ey) (13]

i<j

Here, j ranges over the number of sequences, d; is the
observed distance between sequences 7 and j and e;; is the
patristic distance between the same pair. It can be regarded
as a measure of the discrepancy between the observed
sequence data and the hypothesised phylogenetic tree
(Cavalli-Sforza and Edwards, 1967). If we compute this
sum without the rate-constancy assumption (R) and then
with the molecular clock assumption (Rc), then the fol-
lowing quantity (eqn [14]) follows the F distribution with
m—2 and §(m—2)(m—3) degrees of freedom (Felsenstein,
1988).

(Rc = R)/(m—2) (m—3)(Rc — R)

F:R/[%m(m71)7(2mf3)} - 2R [14)

One should be careful when using this test, however, as it
assumes that the distances dj; are independently distrib-
uted, which is violated because of the evolutionary history
shared by different sequences.

Global two-cluster test

Takezaki er al. (1995) devised a single statistic to test
whether all pairs of sequence clusters in a phylogenetic tree
satisfy a rate-balance criterion similar to that of the basic
two-cluster test described above. In general, a tree with m

sequences (not counting the outgroup) has m—1 internal
nodes, each of which defines a pair of phylogenetic clusters.
If A and B are the clusters defined by an internal node 7, and
C is the outgroup, then rate-constancy would require, as
before, that the expected value of y;=(/x—/g)=0. To test
all the y; simultaneously, we first form the row vector
y=[»1, V2, ..., V1] and the variance—covariance matrix
V =[v;], where v;; is the covariance of y; with y;. Then the
required statistic is as shown in [15], where T denotes
transpose and —1 denotes the matrix inverse.

U=yVlyT [15]

Under the assumption that the y; are distributed as
multivariate normal, U is distributed as a chi-square ran-
dom variable with m—1 degrees of freedom under the null
hypothesis that the expected value of y, E(y)=[0, 0, ..., O].
This provides a test of the hypothesis using standard chi-
square tables.

Root-to-tip test

Let da, dg and dc be the depths to the root node, R, of the
tree from the tips A, B and C, respectively; and let d be the
average of da, dg and dc. These d; are computed by adding
the branch lengths from node R to the terminal node cor-
responding to sequence i. Hence, we refer to them as ‘root-
to-tip’ distances. If the clock hypothesis holds, the expected
value of z; = (d;—d) is zero. This statistic can be used for two
types of tests. First, we can examine species (or sequences)
that have evolved with a rate different from the average rate
(Uyenoyama, 1995; Takezakiet al., 1995). For instance, for
species A we can construct a standard Z-test by computing
za = (da—d) and its variance, V(z4). It is possible to derive
an analytical formula for the variance, but it is easier to use
bootstrapping, as mentioned earlier. In the bootstrap
method, the variance V(z;) is given by eqn [16], where B is
the number of bootstrap replications, z;, is the value of z;
estimated at the hth bootstrap replication, and z; is the
average of the z;,.

()= Y o~ 57 16]

b=1

This process can be repeated for each sequence and all
sequences that are evolving significantly slower or faster
can be detected in this way.

Alternatively, we can construct a composite test in which
all sequences are simultaneously tested and a single test
statistic is obtained for the whole tree. This is accomplished
in a way exactly analogous to the global two-cluster test
described above, with y; replaced by z,.

Global likelihood ratio test

Given a phylogenetic tree of sequences and a model of
transition probabilities from one amino acid or nucleotide
to another, it is a standard procedure to compute the
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likelihood associated with the tree. This is done inde-
pendently for each site and requires summing over all
possible (unknown) ancestral states at internal nodes of
the tree. The overall likelihood of a tree is obtained, under
the assumption of independent sites, by multiplying the
likelihoods (or, equivalently, adding the log-likelihoods)
for all sites. We can perform this computation while
allowing rates to differ among branches or with the
assumption of rate constancy. As in the basic LR test
described previously, we may then perform a chi-square
test with m—2 degrees of freedom on the statistic
LR=2|ln L—In L¢|, where L is the unconstrained likeli-
hood value and Lc is the value obtained under the rate-
constancy assumption.

Local rates in relaxed molecular clocks

In the mid-nineteen eighties, Gillespie (1984) suggested
that rates on closely related branches in a phylogeny (e.g.
ancestors and descendants) are likely to be more similar to
each other than to those on more distant parts of the tree.
Following this hypothesis, the autocorrelation model of
evolutionary rates was developed and implemented in the
first relaxed clock methods (Sanderson, 1997; Thorne et al.,
1998). The concept of autocorrelation is motivated by the
expectation that closely related lineages will share similar
evolutionary and biochemical mechanisms; some of these
(e.g. DNA repair mechanisms) directly affect the number of
changes that accumulate in the DNA and, therefore, limit
the variability of evolutionary rates between lineages.
However, more recently, Drummond et al. (2006) have
questioned the validity of this approach for sequences in
phylogenies of both long and short timescales. In fact,
when evolutionary distances are large the probability of
sister species being exposed to similar selective pressures
decreases and, therefore, new biochemical mechanisms will
evolve resulting in potentially different evolutionary rates.
At short distances, instead, the stochastic nature of the
accumulation of differences between sequences plays a
stronger role than that of similar inherited factors, once
again decreasing the autocorrelation effect. Therefore,
uncorrelated changes in evolutionary rates may be better
models (Drummond and Rambaut, 2007; Yang, 2007).
Statistically distinguishing between autocorrelation and
uncorrelation in evolutionary rates is important because
relaxed clock methods assume either one of these models
during the time estimation process. Simulation studies
have shown that the accuracy of these clocks decreases
significantly when a clock assuming an incorrect model of
rate evolution is used (Battistuzzi et al., 2010). Therefore, it
is desirable to have tests to identify the best-fitting evo-
lutionary rate model to a set of DNA or amino acid
sequences. Unfortunately, the available tests are known to
be not very powerful or reliable. The most common test,
implemented in programs with a Bayesian framework (e.g.
PhyloBayes and BEAST; Lartillot and Philippe, 2004,
2006; Drummond and Rambaut, 2007; Lartillot er al.,
2007), relies on the calculation of Bayes Factors (BF),

elLS © 2011, John Wiley & Sons, Ltd. www.els.net

which correspond to the ratio of the marginal likelihoods
calculated assuming alternatively an autocorrelated or an
uncorrelated model of evolutionary rates across lineages

(eqn [17]).

_ Pr(D|M))

BF—_——~""""/
F= br(D)

[17]

where D is the data and M is the model of evolutionary rate
changes. Increasingly positive BF values would support
with greater confidence the use of model 1 (M), while
increasing negative values the use of model 2 (M,).

This approach, however, obtains contrasting results
based on the taxonomic sampling, the depth of the phyl-
ogeny, and the gene selection (Drummond et al., 2006;
Lepage et al., 2007; Brown et al., 2008; Ho, 2009). The
limitations of this test result in a potential violation of the
clock assumption, when a single rate model is chosen. It has
been proposed that the inaccuracy produced by such a
scenario could be at least partially remediated by using both
rate models on the same data set and drawing conclusions
on the combination of the results (Battistuzzi et al., 2010).

Molecular clock timing

When the results of the rate tests show constancy across
lineages, a strict (also called global) molecular clock may be
applied. This strictly uses the assumption of a constant rate
across the phylogenetic tree for each gene analysed to
estimate divergence times; however, it does not make any
assumption on rate constancy across genes (for a review see
Hedges and Kumar, 2003).

However, most sequences analysed with the rate tests
discussed above will show signs of heterogeneity in their
evolutionary rates, limiting the application of the strict
molecular clock principle. In these cases there are two
possible approaches: one is to purge the violating lineages
from the data set so that the remaining ones are rate con-
stant (Takezaki et al., 1995). However, this approach limits
the applicability of a molecular clock because lineages with
different evolutionary histories will rarely have rates equal
to those of their close relatives and, therefore, will not be
timed in most data sets. A second approach is to loosen the
rate constancy constraint of the original molecular clock
methods by using local or relaxed clocks (Uyenoyama,
1995; Takezaki et al., 1995; Sanderson, 1997; Yang, 1997,
2007; Thorne et al., 1998; Drummond and Rambaut, 2007;
Yang and Rannala, 2006). Local clocks assume an a priori
knowledge of rate differences across lineages or groups and
are, therefore, difficult to apply. Relaxed clocks, instead,
allow rates to evolve from ancestor to descendant lineages
without needing a priori knowledge of rates and are cur-
rently the most commonly used methods. See also:
Molecular Clocks; Molecular Clocks; Molecular Clocks:
Determining the Age of the Human—Chimpanzee Diver-
gence; Molecular Evolution: Rates
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Conclusions

The idea of a clock-like substitution fits well with the
neutral theory of molecular evolution. However, rather
than expecting broad acceptance or rejection of the prin-
ciple, it seems better to treat the molecular clock as a
hypothesis to be tested for each gene and lineage. For this
purpose, several statistical tests for rate constancy among
two or more sequences or groups of sequences have been
developed, some of which are presented above. If a par-
ticular gene satisfies the strict molecular clock tests over a
wide number of lineages, then it may be relied upon to help
establish dates for phylogenetic events using the simple
constant-rate-of-evolution model. On the other hand, if
some lineages show high variation, this fact is interesting in
itself and may point the way to a need for biological
explanations. Before one can apply a strict clock to this
type of data set, one must either remove those genes and/or
lineages that violate the rate constancy assumption or use a
relaxed clock model to accommodate the variation. In this
latter case, however, caution should be used in choosing the
model (autocorrelation or uncorrelation) that best repre-
sents the empirical changes in evolutionary rates among
lineages. It must also be borne in mind that more complex
models with more parameters inevitably lead to greater
variance of estimates. As more and more sequence data
becomes available, careful application of the molecular
clock principle should allow us to make best use of a limited
amount of palacontological data to provide dates for many
important events in the history of life (see a review in
Hedges and Kumar, 2009). See also: Molecular Clocks;
Molecular Evolution: Neutral Theory; Neutrality and
Selection in Molecular Evolution: Statistical Tests
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