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Primate Lysozyme Evolution

Ziheng Yang
Department of Biology, University College, London

An excess of nonsynonymous substitutions over synonymous ones is an important indicator of positive selection at
the molecular level. A lineage that underwent Darwinian selection may have a nonsynonymous/synonymous rate
ratio (dN/dS) that is different from those of other lineages or greater than one. In this paper, several codon-based
likelihood models that allow for variable dN/dS ratios among lineages were developed. They were then used to
construct likelihood ratio tests to examine whether the dN/dS ratio is variable among evolutionary lineages, whether
the ratio for a few lineages of interest is different from the background ratio for other lineages in the phylogeny,
and whether the dN/dS ratio for the lineages of interest is greater than one. The tests were applied to the lysozyme
genes of 24 primate species. The dN/dS ratios were found to differ significantly among lineages, indicating that the
evolution of primate lysozymes is episodic, which is incompatible with the neutral theory. Maximum-likelihood
estimates of parameters suggested that about nine nonsynonymous and zero synonymous nucleotide substitutions
occurred in the lineage leading to hominoids, and the dN/dS ratio for that lineage is significantly greater than one.
The corresponding estimates for the lineage ancestral to colobine monkeys were nine and one, and the dN/dS ratio
for the lineage is not significantly greater than one, although it is significantly higher than the background ratio.
The likelihood analysis thus confirmed most, but not all, conclusions Messier and Stewart reached using recon-
structed ancestral sequences to estimate synonymous and nonsynonymous rates for different lineages.

Introduction

As mutation and selection have different effects on
synonymous (dS) and nonsynonymous (dN) substitution
rates, estimation of these rates provides an important
means for understanding the mechanisms of molecular
sequence evolution. A dN/dS ratio significantly greater
than one is a convincing indicator of positive selection.
Using this idea, Messier and Stewart (1997) performed
an interesting analysis of adaptive evolution in primate
lysozymes. They used parsimony and likelihood meth-
ods to reconstruct lysozyme genes of extinct ancestors
in a phylogeny of primates. The reconstructed and ob-
served sequences were then used to estimate the num-
bers of synonymous and nonsynonymous substitutions
per site (dS and dN) along each branch in the phyloge-
netic tree, with the approximate method of Li (1993)
used for pairwise sequence comparison. Their analysis
identified two lineages with elevated dN/dS ratios, indi-
cating episodes of positive Darwinian selection in the
lysozyme. One lineage, expected from previous analysis
(Stewart, Schilling, and Wilson 1987), is ancestral to
colobine monkeys, which have foreguts in which lyso-
zyme is present and has acquired a new digestive func-
tion. Another lineage that is ancestral to the hominoids
was previously unsuspected.

Although ancestral character states (nucleotides or
amino acids, for example) reconstructed using parsi-
mony have been used in all sorts of analyses as if they
were observed data (see Maddison and Maddison 1992
for a review), this is not a rigorous statistical approach.
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Since the reconstructed sequences involve random errors
and systematic biases (e.g., Collins, Wimberger, and
Naylor 1994; Perna and Kocher 1995), inferences based
on such pseudodata may be unsafe. The sequences an-
alyzed by Messier and Stewart (1997) are very similar,
so the accuracy of ancestral reconstruction is expected
to be high (Messier and Stewart 1997; Yang, Kumar,
and Nei 1995). Nevertheless, the authors’ results should
be examined by a more rigorous statistical analysis.

It is possible, and also advantageous, to avoid using
reconstructed ancestral sequences to estimate dS and dN
for lineages in the phylogeny. This can be achieved by
adopting a likelihood approach, which averages over all
possible ancestral sequences at each interior node in the
tree, weighted appropriately according to their relative
likelihoods of occurrence. Furthermore, in a likelihood
model, it is straightforward to take into account the tran-
sition/transversion rate bias and nonuniform codon us-
age, factors that are not properly accommodated in ap-
proximate methods of pairwise comparison but are nev-
ertheless very important in the estimation of dS and dN
(Ina 1995). Thus, the likelihood method has the impor-
tant advantage of being based on more realistic models
of sequence evolution. In this paper, I develop several
codon-based likelihood models that allow for different
dN/dS ratios among evolutionary lineages. The models
are then used to construct likelihood ratio tests to ex-
amine various hypotheses. The tests are applied to the
lysozyme data of Messier and Stewart (1997).

Data and Methods
Data

The lysozyme gene sequences of 24 primate spe-
cies analyzed by Messier and Stewart (1997) are used.
The phylogenetic tree of the species is shown in figure
1, and used in later analysis. Some sequences are iden-
tical, and only the n 5 19 distinct sequences are used
in the analysis of this paper. Use of all 24 sequences
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FIG. 1.—Phylogeny of the primate species analyzed by Messier and Stewart (1997) and this paper. Some species have identical lysozyme
gene sequences, and only the 19 distinct sequences are used. Branches are drawn in proportion to their lengths, defined as the expected numbers
of nucleotide substitutions per codon and estimated using the one-ratio model, which assumes the same dN/dS ratio for all branches in the tree
(Goldman and Yang 1994). The tree topology, but not the branch lengths, is used to fit different models.

FIG. 2.—Phylogeny of a subset of seven primate species selected from those of figure 1 to represent the four major groups of species. The
two numbers shown along each branch are the maximum-likelihood estimates of the numbers of nonsynonymous and synonymous substitutions
for the entire gene along that branch. The ‘‘free-ratio’’ model is used, which assumes a different dN/dS ratio (parameter v) for each branch in
the tree. Branches are drawn in proportion to estimates of their lengths.

would introduce several zero-length branches and would
not change any of the results to be presented below. The
genes are quite similar among species; out of the 103
codon sites, 82 are constant. (A codon site is said to be
constant only if all the three nucleotides are identical
across all species.) A subset of n 5 7 species, identified

in figure 2 and selected to represent the four major
groups in the phylogeny, is also analyzed. This subset
is referred to as the ‘‘small’’ data set, while the complete
data set is referred to as the ‘‘large’’ data set. Differences
between the analyses of the two data sets will give us
an indication of the sensitivity of the results to species
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sampling. Branches c (ancestral to colobines) and h (an-
cestral to hominoids) in figures 1 and 2 were suggested
by Messier and Stewart (1997) to be potentially under
positive selection and will be the lineages of interest in
later analysis.

Methods

The basic model for the likelihood analysis is a
version of the codon-substitution model of Goldman and
Yang (1994) and accounts for the genetic code structure,
transition/transversion rate bias, and different base fre-
quencies at codon positions. The instantaneous substitution
rate from codon i to codon j (i ± j) is specified as

0 if the two codons differ at more than

one position,p for synonymous transversion,jq 5 (1)ij kp for synonymous transition,j

vp for nonsynonymous transversion,j
vkp for nonsynonymous transition, j

where k is the transition/transversion rate ratio, v is the
nonsynonymous/synonymous rate ratio, and pj is the
equilibrium frequency of codon j, calculated from the
nucleotide frequencies at the three codon positions. Note
that under this model, v 5 dN/dS.

Several models can be constructed that allow for
different levels of heterogeneity in the dN/dS ratio among
lineages. The simplest model assumes the same ratio for
all branches in the phylogeny, and will be referred to as
the ‘‘one-ratio’’ model. The most general model assumes
an independent dN/dS ratio for each branch in the phy-
logeny. This model, referred to as the ‘‘free-ratio’’ mod-
el, involves as many v parameters as the number of
branches in the tree and is parameter-rich for a tree of
many species. It will be applied to the small data set
only. Many intermediate models that lie between the two
extremes are possible and are implemented in the PAML
program package (Yang 1997; see below for program
performance and availability). Models used in this paper,
for the analysis of the lysozyme genes of figures 1 and
2, make different assumptions about the dN/dS ratios for
branches h and c, relative to the background dN/dS ratio
(v0) for all other branches. For instance, the ‘‘two-ratio’’
model assumes that the branches of interest (branch h
or c or both) have a dN/dS ratio (v1) that is different
from the background ratio v0. The ‘‘three-ratio’’ model
assumes that the ratios for branches h and c are different
and both are different from the background ratio.

The above models can be compared using the like-
lihood ratio test to examine interesting hypotheses. For
example, the likelihood values under the one-ratio and
free-ratio models can be compared to test whether the
dN/dS ratios are different among lineages. Heterogeneity
in the dN/dS ratio among lineages may be caused by
positive selection or relaxed selectional constraints in
some lineages; in either case, the neutral model of se-
quence evolution is violated. The one-ratio and two-ratio
models can be compared to examine whether the lin-
eages of interest have a different dN/dS ratio from other

lineages. The likelihood values under the two-ratio mod-
el with and without the constraint v1 # 1 can be com-
pared to test whether the branches of interest have a
dN/dS ratio that is greater than one (i.e., whether v1 .
1). This test directly examines the possibility of positive
selection operating on specific lineages.

The reader is referred to Kendall and Stuart (1979;
Chapters 18 and 24) for an accessible account of the
mathematical theory of maximum-likelihood estimation
and the likelihood ratio test. Calculation of the likeli-
hood function under the variable-ratio models in this
paper can be adapted from the algorithm for the one-
ratio model developed previously (Goldman and Yang
1994; see also Felsenstein 1981). A standard numerical
algorithm is used to obtain the eigenvalues and eigen-
vectors of the rate matrix, Q 5 {qij}, to be used for
calculating the transition probability matrix for a branch
of length t, P(t) 5 e Qt. When the dN/dS ratio (parameter
v) is different from branch to branch, it is necessary to
perform this calculation for each branch. Parameters in
the model including branch lengths of the tree, the tran-
sition/transversion rate ratio (k), and the dN/dS ratio(s)
(v parameters) are estimated by maximum likelihood.
A numerical iteration algorithm is used for this purpose.
Different starting values are used in the iteration to
guard against the existence of multiple local optima, and
the likelihood function appeared to be well-behaved and
unimodal. This means that the estimate of v1 for the
branches of interest under the constraint (null hypothe-
sis) v1 # 1 is obtained by fixing v1 5 1 if the estimate
without the constraint is .1. The codon frequency pa-
rameters (pj’s in equation 1) are calculated using the
observed nucleotide frequencies at the three codon po-
sitions.

Results
Test of Variable dN/dS Ratios Among Lineages

The free-ratio model, which assumes a different v
parameter for each branch in the tree, is applied to the
small data set only (fig. 2). The log likelihood value
under this model is l1 5 2896.41. The one-ratio model,
which assumes the same v parameter for the entire tree,
leads to l0 5 2906.02. Since the free-ratio model in-
volves 11 v parameters for the 11 branches, while the
one-ratio model assumes one, twice the log likelihood
difference, 2Dl 5 2(l1 2 l0) 5 19.21, can be compared
with a x2 distribution with df 5 10 to test whether the
free-ratio model fits the data significantly better than the
one-ratio model. The difference between the two models
is significant (0.01 , P , 0.05), indicating that the dN/dS
ratios are indeed different among lineages. This conclu-
sion also holds when the sequence of patas monkey (an-
other cercopithecine monkey) is added to the analysis,
and when codon frequencies (pj in eq. 1) are used as
free parameters in the model (Goldman and Yang 1994).

Maximum-likelihood estimates of parameters for
each branch under the free-ratio model (t for branch
length and v for the dN/dS ratio), together with the es-
timated k (4.59), can be used to calculate the numbers
of synonymous and nonsynonymous substitutions per
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Table 1
Log Likelihood Values and Parameter Estimates Under Different Models

Model p , k̂ 0v̂ Hv̂ Cv̂

Large data set (n 5 19)
A. One ratio: v0 5 vH 5 vC . . . . . . . . .
B. Two ratios: v0 5 vH, vC . . . . . . . . . .
C. Two ratios: v0 5 vC, vH . . . . . . . . . .
D. Two ratios: v0, vH 5 vC . . . . . . . . . .
E. Three ratios: v0, vH, vC . . . . . . . . . . .

35
36
36
36
37

21043.84
21041.70
21039.92
21037.59
21037.04

4.157
4.163
4.186
4.199
4.196

0.574
0.489
0.484
0.392
0.392

5 0v̂
5 0v̂

`
7.166

`

5 0v̂
3.383
5 0v̂
5 Hv̂
3.516

F. Two ratios: v0 5 vH, vC 5 1 . . . . . . .
G. Two ratios: v0 5 vC, vH 5 1 . . . . . .
H. Two ratios: v0, vH 5 vC 5 1 . . . . . .
I. Three ratios: v0, vH, vC 5 1. . . . . . . .
J. Three ratios: v0, vH 5 1, vC. . . . . . . .

35
35
35
36
36

21042.50
21042.29
21040.32
21037.92
21039.49

4.074
4.058
3.974
4.101
4.063

0.488
0.484
0.392
0.392
0.392

5 0v̂
1
1
`
1

1
5 0v̂

1
1

3.448

Small data set (n 5 7)
A. One ratio: v0 5 vH 5 vC . . . . . . . . .
B. Two ratios: v0 5 vH, vC . . . . . . . . . .
C. Two ratios: v0 5 vC, vH . . . . . . . . . .
D. Two ratios: v0, vH 5 vC . . . . . . . . . .
E. Three ratios: v0, vH, vC . . . . . . . . . . .

13
14
14
14
15

2906.02
2904.64
2903.08
2901.63
2901.10

4.540
4.561
4.568
4.605
4.598

0.807
0.686
0.675
0.540
0.540

5 0v̂
5 0v̂

`
7.263

`

5 0v̂
3.506
5 0v̂
5 Hv̂
3.646

F. Two ratios: v0 5 vH, vC 5 1 . . . . . . .
G. Two ratios: v0 5 vC, vH 5 1 . . . . . .
H. Two ratios: v0, vH 5 vC 5 1 . . . . . .
I. Three ratios: v0, vH, vC 5 1. . . . . . . .
J. Three ratios: v0, vH 5 1, vC. . . . . . . .

13
13
13
14
14

2905.48
2905.38
2904.36
2902.02
2903.48

4.437
4.413
4.312
4.465
4.435

0.686
0.675
0.543
0.541
0.541

5 0v̂
1
1
`
1

1
5 0v̂

1
1

3.559

NOTE.—p, number of parameters in the model not including the nine parameters for codon frequencies (pj’s in eq. 1).
Parameters vH, vC, and v0 are the dN/ds ratios for branches h, c, and all other branches, respectively (see figs. 1 and 2).
Estimates of branch lengths are not shown.

site (dS and dN) for that branch (Goldman and Yang
1994). According to the model of equation 1 and the
approach of Goldman and Yang (1994), the lysozyme
gene has 107.9 synonymous and 282.1 nonsynonymous
sites (with a total of 390 sites or 130 codons). The num-
bers of synonymous and nonsynonymous substitutions
for the entire gene along each branch can then be cal-
culated as the product of the rate per site (dS or dN) and
the number of sites in the gene. For example, the esti-
mates for branch c (fig. 2) are t̂ 5 0.079 (nucleotide
substitutions per codon) and , which lead tov̂ 5 3.512
dN 5 0.033 and dS 5 0.009. Thus, 9.3 (50.033 3 282.1)
nonsynonymous and 1.0 (50.009 3 107.9) synonymous
substitutions are estimated to have occurred along
branch c. The estimates for branch h are t̂ 5 0.071 and

, yielding dN 5 0.033 and dS 5 0. These esti-v̂ 5 `
mates suggest that 9.3 nonsynonymous and 0 synony-
mous substitutions occurred along branch h, with an
even more extreme dN/dS ratio than for branch c. Esti-
mates for other branches are shown in figure 2. Branches
c and h differ from other branches in the tree in that
both of them are long (i.e., have accumulated many
changes) and have very high dN/dS ratios. These results
are similar to the findings of Messier and Stewart
(1997), although estimates of the dN/dS ratios are some-
what different in the two analyses.

While estimates of the dN/dS ratios for branches
other than h and c are not identical, most of these back-
ground branches are very short (with very few changes)
and do not contain much information. Changing the dN/dS
ratios for these branches will cause little change in the
likelihood under the model. It therefore appears justifi-
able to assume the same dN/dS ratio (v0) for those back-

ground branches, as we will do in later analyses in this
paper.

Test of Positive Selection Along the Ancestral
Lineages of Hominoids and Colobines

Log likelihood values and maximum-likelihood es-
timates of parameters under different models are given
in table 1. Both the large and small data sets are ana-
lyzed. The models place different constraints on the
three dN/dS ratio parameters: vH for branch h, vC for
branch c, and v0 for all other (background) branches (see
figs. 1 and 2). The simplest model assumes one dN/dS
ratio (table 1, A and F), while the most general model
in table 1 (E, I, and J) assumes three ratios. The three
possible two-ratio models (B–D and F–H) are also fitted
to the lysozyme data. For example, model B assumes
that branch c has a different ratio (vC) while all other
branches have the same background ratio (vH 5 v0). In
models F–J, the dN/dS ratio for the branch(es) of interest
is fixed at one.

We examine the maximum-likelihood estimates of
parameters first. Estimates of the transition/transversion
rate ratio are quite similar under different models, and
range from 4.0 to 4.2 for the large data set and from 4.3
to 4.6 for the small data set. The estimate of the dN/dS
ratio under the one-ratio model (v0 5 vH 5 vC) is 0.57
for the large data set and 0.81 for the small data set.
The difference is due to the fact that the lineages not
included in the tree for the small data set (fig. 2) involve
low dN/dS ratios. Both estimates are smaller than one
and indicate that, on average, synonymous substitutions
occur more often than nonsynonymous substitutions and
that lysozyme has spent a majority of time under neg-
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Table 2
Likelihood Ratio Statistics (2D,) for Testing Hypotheses

Null Hypothesis
Tested

Assumption
Made

Models
Compared

Large
Data Set
(n 5 19)

Small
Data
Set

(n 5 7)

A. (vH 5 vC) 5 v0

B. vC 5 v0 . . . . . . . .
C. vC 5 v0 . . . . . . . .
D. vH 5 v0 . . . . . . . .
E. vH 5 v0 . . . . . . . .

vH 5 vC

vH 5 v0

vH free
vC 5 v0

vC free

A and D
A and B
C and E
A and C
B and E

12.50**
4.28*
5.76*
7.84**
9.32**

8.78**
2.76
3.96*
5.88*
7.08**

A9. (vH 5 vC) # 1 . .
B9. vC # 1 . . . . . . . . .
C9. vC # 1 . . . . . . . . .
D9. vH # 1. . . . . . . . .
E9. vH # 1 . . . . . . . . .

vH 5 vC

vH 5 v0

vH free
vC 5 v0

vC free

D and H
B and F
E and I
C and G
E and J

5.46*
1.60
1.76
4.74*
4.90*

5.46*
1.68
1.84
4.60*
4.76*

* Significant (P , 5%; x 5 3.84).2
1

** Extremely significant (P , 1%; x 5 6.63).2
1

ative selection during primate evolution. Estimates of vC

for branch c range from 3.4 to 3.6 when vC is free to
vary (models B, E, and J in table 1). Estimates of vH

are always infinite when vH is assumed to be a free
parameter (models C, E, and I), indicating the absence
of synonymous substitutions along branch h. Estimates
of the dN/dS ratios for the two branches are thus highly
similar across models and data sets and are also almost
identical to estimates obtained under the free-ratio mod-
el for the small data set (3.5 for vC and ` for vH). When
the same ratio is assumed for branches h and c (vH 5
vC; model D), the estimate is 7.2, which is an average
over the two branches. Estimates of the background dN/
dS ratio (v0) are 0.39 and 0.54 for the large and small
data sets, respectively, when vH and vC are not con-
strained to be equal to v0 (models D, E, I, and J).

The log likelihood values under different models of
table 1 were compared to test various hypotheses, with
the results shown in table 2. Tests A–E examine whether
the dN/dS ratio for the branch(es) of interest is different
from (that is, greater than) the background ratio, while
tests A9–E9 examine whether the ratio is greater than
one. In tests A and A9, branches h and c are those of
interest and are assumed to have the same dN/dS ratio.
This ratio (vH 5 vC) is found to be significantly greater
than the background ratio v0 (P , 1%; table 2, A) and
also significantly greater than one (P , 5%; table 2,
A9). To find out which of branches h and c may have
caused the significant results, vH and vC are allowed to
differ in tests B–E and B9–E9; in each case, only one of
the two is compared with the background ratio v0, while
the other is either allowed to vary freely or constrained
to be equal to v0. These tests suggest that vH is signif-
icantly greater than the background ratio v0 (P , 1%;
table 2, D and E) and also significantly greater than one
(P , 5%; table 2, D9 and E9). Similar tests suggest that
vC is significantly greater than v0 (P , 5%; table 2, B
and C for the large data set and C for the small data
set) except for the small data set under the constraint vH

5 v0, for which P 5 10% (table 2, B for the small data
set). However, vC is not significantly greater than one

whether or not vH is constrained to be equal to v0 (P
ranges from 17% to 20%; table 2, B9 and C9).

It is remarkable that the large and small data sets
lead to the same conclusions in 19 out of 20 compari-
sons (table 2). The test statistics (2Dl) for tests A9–E9
are highly similar between the two data sets. The statis-
tics for tests A–E are more different, obviously because
the inclusion of additional lineages with low dN/dS ratios
in the large tree (fig. 1) makes it more obvious that vH
and/or vC are greater than the background ratio v0. It is
also noted that the results of the tests are not sensitive
to the common assumption made in the null and alter-
native hypotheses about the dN/dS ratios. For instance,
vH is significantly greater than one whether or not the
constraint vC 5 v0 is enforced, and vC is not signifi-
cantly greater than one whether or not vH 5 v0 is as-
sumed. The results are thus robust to species sampling
and to minor changes of assumptions made in the model.

Discussion

Maximum-likelihood analyses in this paper showed
that the dN/dS ratios in the primate lysozyme genes are
highly variable among evolutionary lineages, indicating
that the evolution of primate lysozymes is incompatible
with a neutral model of sequence evolution. The dN/dS
ratio along branch h (the lineage leading to hominoids)
was found to be significantly greater than the back-
ground ratio for other lineages and also significantly
greater than one, indicating that positive selection may
have operated during the lysozyme evolution along this
lineage. These results are in agreement with those of
Messier and Stewart (1997). The likelihood ratio tests
also suggested that the dN/dS ratio for branch c (the lin-
eage leading to colobine monkeys) was significantly
greater than the background ratio but not significantly
greater than one. This result is somewhat different from
that of Messier and Stewart (1997), who found that both
vH and vC were significantly greater than one. The two
analyses are different in many respects (see Introduc-
tion), and it is not very clear which factor is the major
cause of this discrepancy.

Before we draw conclusions about possible positive
selection or lack of it in the evolution of primate lyso-
zymes, particularly along branch c, several factors
should be considered. First, strictly speaking, a proper
statistical test requires the null hypothesis to be specified
before the data are analyzed. This is not entirely the case
in the analysis in this paper, since branch h was identi-
fied in Messier and Stewart’s (1997) analysis of the
same data set and used together with branch c as the
branches of interest in the likelihood ratio tests of this
paper. While the lack of independence of the hypothesis
on data is not expected to have a great effect, it does
increase the probability of rejecting the null hypothesis.
Furthermore, multiple tests were performed in table 2,
yet it is well known that multiple tests using the same
data may lead to significant results simply because of
chance effect. This problem, however, does not appear
to be serious in this paper. The primary question has
been whether vH and vC are greater than one, and most
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tests in table 2 serve as robustness analyses only. It
might be argued that not many more than two hypoth-
eses were effectively tested in table 2.

Both the likelihood analysis in this paper and the
pairwise comparison of Li (1993) used by Messier and
Stewart (1997) assume that the dN/dS ratio is constant
over all codon sites in the gene; that is, all amino acid
sites in the lysozyme are under the same selectional
pressure. This assumption must be highly unrealistic, as
most amino acids in the lysozyme are conserved to
maintain the structure and function of the protein (Stew-
art, Schilling, and Wilson 1987; Messier and Stewart
1997), and the intrinsic dN/dS ratios at these sites must
be very low. The approaches of Messier and Stewart
(1997) and of this paper detect positive selection only
if the average dN/dS ratio over all sites in the lysozyme
is significantly greater than one. This criterion is ex-
tremely stringent. Even when the average dN/dS ratio
over the entire gene is considered, the assumption of a
constant nonsynonymous rate among sites is expected
to lead to underestimates of dN, as nonsynonymous or
amino acid substitution rates are variable among sites.
For example, comparison of a gamma model of rates
among sites (Yang 1994) and a constant-rate model us-
ing the amino acid sequences for the species of figure
1 leads to clear rejection of rate constancy (P 5 0.003;
the statistic is 2Dl 5 2[2673.54 2(2677.84)] 5 8.61,
and the estimated gamma parameter is 0.66).

Lastly, although the likelihood ratio test failed to
reject the null hypothesis, vC # 1, the alternative hy-
pothesis, vC . 1, indicating positive selection along lin-
eage c, is never rejected. Little is known about the prob-
ability of type II errors associated with the test, that is,
the probability of failing to reject the null hypothesis
when it is wrong. Power analyses of this and other tests
of positive selection appear to be very important. The
likelihood ratio test established that the dN/dS ratio along
branch c is significantly higher than the background ra-
tio. This result is compatible with both relaxed selec-
tional constraints and operation of positive selection
along the lineage. Since lysozyme did not lose function
along branch c, and, indeed, it acquired a new function,
the hypothesis of positive selection seems at least as
plausible as that of relaxed selectional constraint. To
reach a decisive conclusion concerning the operation of
positive selection along branch c, further studies seem
necessary, especially those based on more realistic mod-
els of sequence evolution that account for nonsynony-
mous rate variation among sites.

Program Performance and Availability

The likelihood models developed in this paper are
implemented in the codonml program in the PAML
package (Yang 1997) and will be made available

through the World Wide Web at http://aba-
cus.gene.ucl.ac.uk/ziheng/paml.html. The analyses in
this paper were performed on a DEC Alpha Station 500/
433, which is about three times as fast as a Pentium Pro/
200. Likelihood estimation under each model of table 1
took from a few hours to almost a day.
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