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Abstract

The rapid accumulation of genomic sequences in public databases will finally allow large scale studies of gene
family evolution, including evaluation of the role of positive Darwinian selection following a duplication event.
This will be possible because recent statistical methods of comparing synonymous and nonsynonymous substi-
tution rates permit reliable detection of positive selection at individual amino acid sites and along evolutionary
lineages. Here, we summarize maximum-likelihood based methods, and present a framework for their applica-
tion to analysis of gene families. Using these methods, we investigated the role of positive Darwinian selection
in the ECP-EDN gene family of primates and the Troponin C gene family of vertebrates. We also comment on
the limitations of these methods and discuss directions for further improvements.

Introduction

Duplication of genetic material is generally accepted
as an important precursor of functional divergence
(Ohno, 1970; Ohta, 1988a, 1988b; Hughes, 1999).
Indeed, the majority of genes in higher organisms are
members of multigene families or superfamilies
(Hughes, 1999). There is often an acceleration of the
non-synonymous rate following gene duplication (Li,
1985; Lynch and Conery, 2000), but the mechanism
for this acceleration is not clear. Studies of several
gene families indicated that natural selection acceler-
ated the fixation rate of nonsynonymous substitutions
shortly after a duplication event, presumably to adapt
those proteins to a new or modified function (Zhang
et al., 1998; Schmidt et al., 1999; Duda and Palumbi,
1999; Rooney and Zhang, 1999; Bielawski and Yang,
2000). However, an accelerated nonsynonymous rate
also could be driven by a relaxation, but not complete
loss, of selective constraints. Here, duplicated pro-
teins evolve under relaxed functional constraints for
some period of time, after which functional diver-
gence occurs when formerly neutral substitutions

convey a selective advantage in a novel environment
or genetic background; this model was named the
“Dykhuizen-Hartl effect” by Zhang et al. (1998). The
rapid accumulation of genomic sequences in public
databases will allow large scale studies of functional
divergence in gene families.

For protein coding genes, the most compelling evi-
dence for positive Darwinain selection is derived
from comparison of nonsynonymous (amino acid
replacement) and synoymous (silent) substitution
rates, dy and dg, respectively. The difference between
these two rates, measured as the ratio w=d,/d,,
reflects the effect of selection on the protein product
of the gene (Kimura, 1983). For example, if nonsyn-
onymous mutations are deleterious, purifying selec-
tion will reduce or prevent their fixation rate and
dy/dg will be less than 1, whereas if nonsynonymous
mutations are neutral then they will be fixed at the
same rate as synonymous mutations and dy/dg= 1.
Only under positive Darwinian selection can nonsyn-
onymous mutations be fixed at a rate higher than that
of synonymous substitutions, with d/dg > 1. Tradi-
tionally, to demonstrate positive Darwinian selection
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models of neutral evolution and purifying selection
must be rejected, i.e., the d/dg ratio must be shown
to be significantly greater than 1 (Hughes and Nei,
1988; Yang, 1998).

Models of adaptive evolution by gene duplication
(Ohta, 1988a, 1988b; Hughes, 1999) make clear pre-
dictions about patterns of genetic changes. After
duplication, natural selection favours the fixation of
mutations in one or both copies that adapt them to
divergent functions. Once new or enhanced functions
become established, positive selection ceases and
purifying selection acts to maintain the new functions.
For protein coding genes, this means nonsynonymous
substitutions will be accelerated following the dupli-
cation, and then slow down due to increased effects
of purifying selection. Furthermore, many amino
acids in a protein are under strong structural con-
straints, and adaptive evolution following a duplica-
tion event will most likely operate at only a subset of
sites. An w ratio measured as an average over all sites
and evolutionary time will rarely be greater than one,
and is too stringent a criterion for detecting positive
selection (e.g., Ward et al., 1997; Crandall et al.,
1999; Bielawski and Yang, 2001). Hence, the appar-
ent period of relaxed selection following gene dupli-
cation (e.g., Lynch and Conery, 2000) might also
reflect adaptive divergence of duplicate genes at just
a subset of amino acid sites.

Recent ML models of codon substitution relax the
assumption of a single w ratio for all branches of a
phylogeney (Yang, 1998). Theses models can provide
a framework for constructing likelihood ratio tests of
changes in selective pressure following gene duplica-
tion (Bielawski and Yang, 2001). Other codon mod-
els allow the w ratio to vary among amino acid sites
(Nielsen and Yang, 1998; Yang et al., 2000). Very
recently, Yang and Nielsen (2002) developed a third
type of model that can simultaneously account for
variation in selective constraints among sites and lin-
eages. Here, we summarize all three types of models,
and present a framework for their application to gene
families. We also comment on limitations of current
methods and discuss directions for further improve-
ments.

ML estimation of the d /dg ratio
Markov model of codon evolution

A markov process is used to describe substitutions
between 61 of the 64 sense codons. The three stop
codons are excluded because they aren’t allowed
within a protein. Independence among the codon sites
of a gene is assumed, and hence the substitution pro-
cess can be considered one codon site at a time. For
any single codon site, the model describes the instan-
taneous substitution rate from codon i to codon j, q,;.

In the following, we describe the basic model of
Goldman and Yang (1994). A similar, but simpler
model was described by Muse and Gaut (1994).
Because transitional substitutions are known to occur
more often than transversions, the rate is multiplied
by the k parameter when the change involves a tran-
sition; this is the transition/transversion rate ratio.
Usage of codons within genes also can be highly
biased, and consequently, the rate of change from i to
Jj is multiplied by the equilibrium frequency of codon
J (7). Finally, selective constraints acting on substi-
tutions at the amino acid level affect the rate of
change when that change represents a nonsynony-
mous substitution. The rate is multiplied by the w
parameter if the change is nonsynonymous; the w
parameter is the nonsynonymous/synonymous rate
ratio (dy/dy).

The substitution model is specified by the instan-
taneous rate matrix, Q0 = {q,}, where

0, if i and j differ at two or three codon positions
pr;  if i and j differ by a synonymous transversion

q,; =4 Mk, ifiandj differ by a synonymous transition
poT;, if i and j differ by a nonsynonymous transversion

pok, if i and j differ by a nonsynonymous transition.

The diagonal elements of the matrix Q are defined by
the mathematical requirement that the row sums are
equal to zero. Because separate estimation of the rate
() and time () is not possible, the rate (w) is fixed
so that the expected number of nucleotide substitu-
tions per codon is equal to one. This scaling allows
us to measure time (f) by the expected number of
substitutions per codon, i.e., genetic distance. The
probability that codon i is substituted by codon j after
time ¢ is p,(f), and P() = {p (1)} = e?".
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Figure 1. Trees (a) and (b) are for two sequences; (a) is rooted and
(b) is unrooted. Codon models are time-reversible; hence, the root
cannot be identified and only the sum of branch lengths, ¢, is esti-
mable. Tree (c) is an unrooted tree for four sequences.

ML estimation on a phylogeny

Let us consider a simple case, the likelihood of
observing the data of a pair of species. Suppose there
are n codon sites in a gene, and a certain site (/) has
codons CCC and CTC. The data at site &, denoted
X, = {CCC, CTC} are related to an ancestor with
codon k by branch lengths ¢, and ¢, (Fig. 1a). The
probability of site % is

L(x,) = 2 7TkPk,ccc(to)pk,CTC(t1)-

k
Since the ancestral codon is unknown the summation
is over all 61 possible codons for k.

The log likelihood is a sum over all codon sites
(n) in the sequence

[(tk,0) = D, log{L(x,)}.

h=1
Codon frequencies (,’s) are usually estimated using
observed base or codon frequencies. Parameters w, k,
and ¢ are estimated by maximizing the likelihood
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function. Because the root cannot be identified, ¢, and
t, cannot be estimated individually, and only
t, +t,=t1is estimated (Fig. 1b). Since an analytical
solution is not possible, numerical optimisation algo-
rithms are used.

Likelihood calculation for multiple lineages on a
phylogeny (e.g., Fig. 1c) is an extension of the calcu-
lation for two lineages. As in the case of two
sequences, the root cannot be identified and is fixed
at one of the ancestral nodes arbitrarily. For example,
given an unrooted tree with four species and two
ancestral codons, k and g, the probability of observ-
ing the data at codon site &, X, = {x,, Xx,, X5, X4}
(Fig. 1c), is

L(x,) = ;2 [wkplql(tl)pkxz(t2)pkg(t())ng3(t3)
ng4(t4)]

The quantity in the brackets is the contribution to the
probability of observing the data by ancestral codons
k and g at the two ancestral nodes. For an unrooted
tree of N species, with N-2 ancestral nodes, the data
at each site will be a sum over 61 %2 possible com-
binations of ancestral codons. The log likelihood is a
sum over all codon sites in the alignment

1= 3 logfLix,)}

As in the two-species case, numerical optimisation is
used to estimate w, k, and the (2N-3) branch length
parameters (¢’s).

Detecting lineage-specific changes in selective
pressure

Models of functional divergence in gene families
emphasize the episodic nature of substitution rates
(Ohta, 1988a, 1988b; Hughes, 1999). Under these
models, most evolution in gene families will be by
purifying selection, with episodes of either reduced
selective constraints or positive Darwinian selection
following duplication events. If divergence is driven
by positive Darwinian selection, nonsynonymous
mutations might be fixed at a much higher rate than
synonymous mutations immediately following the
duplication event. However, if the gene family
evolves under purifying selection at other times, com-
parisons among distantly related pairs of sequences
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are unlikely to yield d/dq ratios greater than 1. For
this reason, adaptive evolution will be very difficult
to detect in gene families by using a pairwise
approach to estimating d/dg ratios.

We need tools to (1) estimate selective pressures
at different time points in the phylogenetic history of
a gene, and (2) test the hypothesis that those estimates
differ significantly. Codon models that allow indepen-
dent w ratios in different parts of a phylogeny pro-
vide a framework for analysing changes in selective
pressure over time (Yang, 1998; Bielawski and Yang,
2001). The advantage of this likelihood-based ap-
proach is that it does not depend on the accuracy of
hypothetical ancestral sequences, as in other
approaches, although it does incur greater computa-
tional costs (Yang, 2001).

Models of variable selective pressures among
branches

The null model (the one-ratio model) assumes the
same o ratio for all branches (Fig. 2; R1). Nested
models are constructed based on the assumption that
selective constraints change following a gene dupli-
cation (Fig. 2). Here, the likelihood calculation is
modified so that independent w’s are used to calcu-
late rate matrices (Q) and transitions probabilities for
different branches. In a simple case where there is
only a single duplication event in a phylogeny, model
R2 (two-ratio model) assumes two independent w
ratios: one ratio for all branches predating a duplica-
tion event and a second for all branches postdating a
duplication event (Fig. 2; R2). A likelihood ratio test
(LRT) of the one-ratio model with model R2 exam-
ines the difference between average selective con-
strains before and after a duplication event. A more
complex model assumes three independent w ratios:
one for all branches predating the duplication event,
a second for the branches immediately following the
duplication event, and a third for all subsequent
branches (Fig. 2; R3). An LRT comparing model R2
and R3 examines the difference between selective
constraints at branches immediately after the duplica-
tion and those in subsequent branches. Finally, R4
extends R3 to allow selective pressure to differ be-
tween paralogous genes (Fig. 2; R4). Different hy-
potheses, perhaps involving multiple duplication
events, also can be constructed; we used this example
(Fig. 2) to illustrate the general framework of the ML
approach.

K " _E paralog1 @»
_E
—E paralog 2 @
_E
T'I_E Pro-orthologs
One ratio (R1): oo = o1= = w3
Tworatios (R2): wp+# w1= wr= w3

Three ratios (R3): wp # w1 2= w3
Four ratios (R4): wp # w1# 0% w3

Figure 2. Phylogeny for a hypothetical gene family. Pro-orthologs
are the single-copy genes that predate the duplication event. Para-
logs 1 and 2 refer to the two sets of genes that derived from the
duplication event. The one-ratio model (R1) assumes all branches
have the same w parameter. The R2 model assumes one w is for all
branches that predate the duplication event, and a second w for all
branches that follow the duplication event. Model R3 assumes one
o for all branches that predate the duplication event, a second w
for the branches that immediately follow the duplication event, and
a third w is for subsequent branches. Model R4 is an extension of
R3, and allows selective constraints to differ in the two paralogs.

Changes in nonsysnonymous substitution rates
following gene duplication in the ECP-EDN gene

family

The ECP-EDN gene family of primates is comprised
of the eosiophil-derived neurotoxin (EDN) and the
eosinophil cationic (ECP) genes. ECP and EDN are
ribonucleases present in the large specific granules of
eosinophilic leukocytes (Rosenberg and Doma-
chowske, 1999). While both ECP and EDN have host-
defence roles, their specific functions differ. ECP is a
cationic toxin, apparently functioning as a non-spe-
cific toxin to parasites and bacteria (Rosenberg and
Domachowske, 1999). EDN is considerably less cat-
ionic, but has strong ribonucleic activity making it a
potent antiviral agent via ribonucleic degradation of
viral RNA (Rosenberg and Domachowske, 1999).
Zhang et al. (1998) studied the evolution of this gene
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Figure 3. A phylogenetic tree for the ECP-EDN gene family. The
tree is rooted with RNase k6 genes. All analyses were conducted
using unrooted topologies; this topology is rooted for convenience.
Note that branch lengths are not to scale.

family and found an excess of nonsynonymous sub-
stitutions over synonymous substitutions in the
branch leading to the ECP gene. They suggested that
the anti-parasitic function of ECP evolved shortly af-
ter the duplication that gave rise to ECP and EDN.
We use the ECP-EDN family to demonstrate the
application of codon models to studies of evolution
by gene duplication. A phylogenetic hypothesis for
the ECP-EDN gene family is presented in Figure 3.

We estimated w as an average over all sites and
branches (Fig. 3) and the ratio was substantially less
than 1 (one ratio model; w=0.51). The one-ratio
model was compared with model R2, and the LRT
indicated that model R2 provided a significantly bet-
ter fit to these data (26 = 14.92, d.f. = 1, P = 0.0001).
Estimate of @ under model R2 indicated a significant
increase in the average rate of nonsynonymous sub-
stitution following the duplication event (Table I;
w,=0.38 vs. w, =0.87). To test if more recent se-
lective pressure in ECP and EDN differed from that
immediately following the duplication event, we
compared model R2 with R3. The likelihood of model
R3 was significantly better than R2 (26=4.2,
d.f.=1, P=0.04), with estimates of ’s indicating
that adaptive evolution had occurred subsequent to
the duplication event (Table 1; w, = 2.00). Lastly, we
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Table 1. Parameter estimates and likelihood scores for the ECP-
EDN gene family under different branch-specific models

Model NP Parameters for l

branches

One-ratio (R1) 1 w,=0.51

;= W,

-3109.63

W, = w,
W3 = Wy
Two-ratios (R2) 2 w,=0.38
w, =0.87

W, = W,

-3102.17

3= W,
Three-ratios (R3) 3 w,=0.38
w, =1.99
w,=0.72

W3 = W,

-3100.06

Four-ratios (R4) 4 w,=0.38
w,=2.00
w,=0.45

;=156

-3095.50

“ Models R1 to R4 are presented in Figure 2. The topology for
the ECP-EDN gene family is presented in figure 3: w,, is for
branches that predate the duplication event, w , for the branches
that immediately follow the duplication event (grey branch in
Fig. 3), w, is for branches in the EDN clade excluding Owl
monkey and Tamarin, and wj is for all branches in the ECP
clade. NP is the number of freely estimated w ratios.

investigated the assumption of the same selective
pressures for both EDN and ECP by comparing model
R3 with R4 . Likelihood of model R4 was signifi-
cantly better than R3 (26 =9.64, d.f. = 1, P =0.002),
indicating different selective pressures in ECP and
EDN. Interestingly, parameter estimates indicated
positive Darwinian selection for the ECP clade
(w5 = 1.56) and purifying selection in the EDN clade
(w, = 0.45).

Our findings indicate there was a significant in-
crease in the rate of fixation of nonsynonymous sub-
stitutions following the duplication that gave rise to
the ECP-EDN gene family. This rate increase was
partially due to adaptive evolution immediately fol-
lowing the duplication. Presumably, natural selection
increased the fixation rate for nonsynonymous muta-
tions that adapted ECP for greater anti-parasitic
activity, and nonsynonymous mutations that enhanced
anti-viral ribonuclease activity in EDN. Our findings
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also suggest that ECP has continued to evolve under
positive Darwinian selection long after the initial pe-
riod of function divergence. Rosenberg and Doma-
chowske (1999) have speculated that both EDN and
ECP might have acquired specialized anti-viral activ-
ity, perhaps against respiratory viral pathogens. Per-
haps subsequent adaptive evolution in the ECP clade
reflects long term selective pressure for effective anti-
viral activity against respiratory viral pathogens.

Identification of amino acid sites under adaptive
evolution

In general, most amino acid sites are subject to strong
functional constraints, with dy, and consequently w,
close to zero (Sharp, 1997). Most studies of molecu-
lar evolution indicate adaptive changes occur at only
a subset of sites (e.g., Golding and Dean, 1998);
hence, use of w averaged over all sites has little power
to detect positive selection (e.g., Endo et al., 1996).
In the previous section we assumed that all amino
acid sites were subject to identical selective pressure,
with a single w ratio applied to all sites. By allowing
an independent w for specific intervals of time, such
as for those branches that immediately postdate a
duplication event, we greatly increased the power to
detect positive selection. However, finding adaptive
evolution during a certain time interval provided no
information about variation in selective constraints
among sites. Hence, we also need tools (1) to test for
evolution by positive Darwinian selection at a subset
of codons, and (2) to identify such sites when they
exist.

Two strategies can be taken. In the first, amino
acid sites are classified into several independent w
ratio classes based on prior knowledge of structural
and functional domains. Likelihood calculation in this
case is similar to that under the model of one w ratio
for all sites, except that different w parameters are
used to calculate the transition probabilities at differ-
ent sites (Yang, 2001; Yang and Swanson 2002).
Under the second strategy, information of structural
and functional domains of the protein is unknown, or
not used, and a statistical distribution is used to
account for variation of the w ratio among sites
(Nielsen and Yang, 1998; Yang et al., 2000). After
ML estimates of parameters in the w distribution are
obtained, an empirical Bayes approach is used to pre-
dict the most likely o class for each site, with the
posterior probability providing a measure of reliabil-

ity (Nielsen and Yang, 1998; Yang et al., 2000). It is
important to point out that these codon models
assume a constant selection pressure along the tree
and are thus conservative in detecting positive selec-
tion. Despite this assumption, they proved useful for
identifying sites under positive selection and study-
ing the process of adaptive molecular evolution (e.g.,
Zanotto et al., 1999; Bishop et. al., 2000; Haydon et
al., 2001; Swanson et al., 2001).

Models of variable selective pressure among sites

Usually, the structural and functional domains of a
protein are not well understood or are completely
unknown. For this reason we focus on models that use
a statistical distribution to account for variation of the
o ratio among sites. Collectively, Nielsen and Yang
(1998) and Yang et al. (2000) implemented 12 such
models; here we discuss five of them (M1, M2, M3,
M7, and MS8) because they comprise the set generally
recommended for data analysis (Yang et al., 2000;
Anisimova et al., 2001).

The first two models, introduced by Nielsen and
Yang (1998), specify just a few discrete w classes.
The ‘neutral’ model (M1) assumes two classes of sites
with fixed w values; in one class of sites nonsynony-
mous mutations are completely selected against, with
w, =0, and the other class is comprised of neutral
sites, with w, = 1. The proportion of sites is estimated
via ML for only one w class (p,), as p, =1 — p,,. The
‘selection’ model (M2) adds a third class of sites with
the underlying w ratio freely estimated from the data.
M2 has parameters p,, p;, and w,. These models
appear too simple to capture the complexity of the
substitution process of various proteins (Yang, 2001).
They are conservative for the purpose of testing and
identifying sites under positive selection (Anisimova
et al., 2001).

Yang et al. (2000) introduced more general mod-
els M3, M7, and M8. M3 (discrete) assumes k site
classes, with corresponding w; and p, for each class
(i =1,...k) estimated as parameters. M7 (beta)
assumes that w ratios are distributed among sites
according to a beta distribution. Note that the beta
distribution is very flexible, taking a variety of shapes
within the interval (0,1) depending on the parameters
p and g. M8 (beta&w) is an extension of M7, having
an extra class of sites with an independent w ratio
freely estimated from the data.

An LRT of the one-ratio model with M3 is a test
of variable selective pressures among sites. To spe-
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Table 2. Parameter estimates and likelihood scores for the ECP-EDN gene family under different models of variable w ratios among sites.

Model Parameter estimates

Positively selected sites 1

One-ratio 0=0.79

Neutral (M1) (w,=0), f, =0.36
(0, =1), (f, =0.64)
(0, =0), f, =0.36
(w,=1),f,=0.38
w, =222, (f,=0.26)
w,=0.17, f,=0.56
w, =19, (f,=044)

Selection (M2)

Discrete (M3)

Beta (M7) p =0.011, g =0.05
Beta&w (M8) p=20,¢g=99
fo=0.56

©, =19, (f, =0.44)

None -1912.05

Not allowed —-1890.38
37 sites® —1886.59
70 sites® —1885.49
Not allowed -1891.10
70 sites® -1885.50

# None of the positive selection sites identified under model M2 had posterior probabilities >0.95.

® Positive selection sites identified under M3 and M8 were identical; sites with posterior probabilities = 0.95 under M8 were as follows
(sites with posterior probabilities = 0.99 are in bold): 19M, 27A, 28R, 30P, 34R, 39A, 448, 45L , 48P, 49R, 521, 55R, 62W, 72R, 77N,
85Q, 86S, 88R, 93R, 94T, 96N, 100R, 102R, 103F, 117A, 118Q, 124T, 126A, 127D, 129P, 130G, 143P, 1447, 159T. Letters refer to the

amino acid residue found in the human ECP gene.

cifically test for a portion of sites evolving by posi-
tive Darwinian selection, LRTs are conducted to com-
pare M1 with M2 and M7 with M8. Positive selection
is indicated when a freely estimated w parameter is
>1 and the LRT is significant.

Detection of positive selection sites in the
EDN-ECP gene family

We now re-examine the EDN-ECP dataset using
models of variable w ratios among sites. Because pre-
vious analysis indicated positive selection followed
the duplication event, and because the RNase-k6
sequences were highly divergent, we excluded the
outgroups from these analyses, leaving twelve
sequences in the dataset. Note that a very high diver-
gence can reduce power to detect positive selection
under models of variable w ratios among sites (Anisi-
mova et al., 2001). Results obtained under several
models are presented in Table 2.

Averaging o over all sites and branches for these
sequences gives an w ratio of 0.818, an average which
indicates evolution by weak purifying selection.
However, a LRT of the one-ratio model with M3
(k = 3) indicates that selective pressure is not uniform
among sites (26 =53.12, d.f. =4, P <0.0001). Fur-
thermore, all three models which permit an w param-
eter to exceed 1 (M2, M3, and MS8) indicated a large

fraction of sites evolving under positive Darwinian
selection (Table 2). LRTs indicate that models M2 and
MBS fit the data significantly better than models M1
and M7, in which positively selected sites are not al-
lowed (M1 v. M2: 26=17.58, d.f. =2, P=0.02; M7
v. M8: 26=11.2, d.f. =2, P=10.004). Clearly, some
variation in selective pressure is due to evolution by
positive selection. It is worth noting that parameter
estimates also suggest a large fraction of sites evolv-
ing under strong purifying selection (Table 2).
Clearly, estimation of the single w parameter, as an
average over sites, did not provide a sensible measure
of selective constraints for the ECP-EDN gene fam-
ily.

Zhang et al. (1998) reported that the number of
arginines increased substantially along the branch
leading to the ECP clade. We wanted to evaluate the
pattern of arginine evolution in the ECP clade at sites
subject to positive selection. The Bayes theorem was
used to identify candidate positive selection sites.
There was no major increase in the number of
argenines at those sites within the ECP clade. This
suggests that more recent adaptive pressure in ECP
might differ from the early selection pressure to
enhance cationic toxicity. Interestingly, residues criti-
cal to ribonucleic activity in ECP are evolutionary
conserved despite their making no contribution to the
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cationic toxicity of ECP (Rosenberg and Doma-
chowske, 1999).

It is important to note that the current Baysean
analysis did not distinguish between sites related to
adaptive divergence of ECP and EDN, and those sites
that have been the target of continual adaptive pres-
sure in ECP. Additional sequences of ECP will be
needed to infer positive selection sites specific to that
gene. Bayes identification of positively selected sites
in EDN and ECP, combined with reconstruction of
ancestral amino acid sequences and site-directed
mutagenesis, could help identify the key sites associ-
ated with EDN and ECP activities.

Lineage-specific changes in selective pressure at
specific amino acid sites

Yang and Nielsen (2002) recently extended previous
codon models to permit the w ratio to vary both
among lineages and among sites. These new models
are called “branch-site” models. Because they were
developed to identify adaptive evolution in pre-speci-
fied branches, they are suited to studying the role of
positive selection in gene families.

We are interested in knowing if adaptive evolution
has occurred in the lineages immediately following a
duplication event. The branch, or branches, of inter-
est are called the “foreground” branches, and all oth-
ers are called “background” branches. In the branch-
site models, selective constraints are assumed to vary
among sites, but at a subset of sites selective con-
straints are permitted to change in the foreground lin-
eage. Sites changing in the foreground lineage are
permitted to have w > 1. The basic model has four w
site classes. The first two classes of sites, with w,, and
w,, are uniform over the entire phylogeny. The other
two classes allow some sites with w, and w, to
change to positive selection (w,) in the foreground
lineage, i.e., sites where w, = w, and w, = w,.

Yang and Nielsen (2002) implemented two ver-
sions of branch-site models (A and B). In model A,
w, is fixed to 0 and w, is fixed to 1; hence positive
selection is permitted only in the foreground branch.
This model is compared with model M1 (neutral)
with d.f. = 2. In model B, w, and w, are free param-
eters. Thus some sites could evolve by positive selec-
tion across the entire phylogeny, whereas other sites
could evolve by positive selection in just the fore-
ground branch. Model B is compared with M3 (dis-
crete) with k=2 site classes and d.f. = 2.

Application to the Troponin C gene family

We use the Troponin C gene family to demonstrate
the application of the branch-site models (Yang and
Nielsen, 2002) to studies of evolution by gene dupli-
cation. Through association with actin and tropomyo-
sin, Troponin C inhibits actomysin interaction at sub-
micromolar Ca?* concentrations, and stimulates the
interaction at micromolar concentrations (Farah and
Reinach, 1995). In vertebrates there was a single
duplication in this family that initiated evolution of
the two distinct muscle isoforms for Troponin C: (i)
the fast skeletal-muscle isoform, and (ii) the cardiac
and slow skeletal-muscle isoform. Ohta (1994) exam-
ined estimates of dy and dg within and between the
different isoforms of Torponin C and found a higher
rates of nonsynonymous substitution between iso-
forms than within an isoform. Ohta (1994) considered
this as evidence for an accelerated nonsynonymous
rate following the duplication event and suggested
divergence by positive selection. However, in no
comparisons were d/d ratios greater than 1, and the
results also seemed compatible with reduced purify-
ing selection after gene duplication. Here we investi-
gate the evolutionary forces associated with the func-
tional divergence of these two isoforms using branch
models, sites models, and branch-site models. The
phylogeny for the Troponin C gene family is pre-
sented in Figure 4. We treat the branch labelled A as
the foreground branch and all other branches in the
phylogeny as background branches.

Averaging w over all sites and branches yielded the
estimate w = 0.017 (one ratio model; Table 3), indi-
cating the overwhelming role of purifying selection
in this gene family. We relax the assumption of a
single w for all branches in the two-ratios model.
Here we assign one w ratio for the branch separating
the two isoforms (w,) and a second for all other
branches (w,). The branch separating the two iso-
forms (Fig. 4, branch A) immediately postdates the
Troponon C duplication event. Parameter estimates
suggested a higher relative rate of nonsynonymous
substitution in branch A (Table 3), but the two-ratio
model did not provide a significantly better fit to these
data (Table 4).

We also applied sites models (Nielsen and Yang,
1998; Yang et al., 2000) to Troponoin C (Table 3).We
employed the following model pairs: (i) one-ratio
(MO0) and M3; (ii) M1 and M2; and (iii) M7 and MS.
M3 fitted these data significantly better than the one-
ratio model (Table 4), but no parameter estimate
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Figure 4. A phylogenetic tree for the Troponin C gene family. Note
branch lengths are not to scale. Branch A, indicated in grey, repre-
sent the lineage that immediately follows the duplication event in
Troponin C. All analyses were conducted using unrooted topolo-
gies; this topology is rooted for convenience.

indicated positive selection (Table 3). This finding
indicates significant variation in selective constraints
among sites, but not by positive Darwinian selection.
Comparisons of M1 with M2 and M7 with M8 are
consistent with this interpretation, in that both mod-
els that permit an w ratio to exceed 1 (M2 and MS)
also failed to indicate sites under positive selection
(Table 3).

Branch-site models were applied to Troponin C
with branch A (Fig. 4) specified as the foreground
branch. In contrast, the new branch-site models indi-
cated evolution by positive Darwinian selection in the
Troponin C gene family. Both models A and B indi-
cated a relatively large fraction of sites (model A:
14%; model B: 22%) evolving under positive selec-
tion in the foreground branch. Comparison of model
A with its null model (M1), and model B with its null
model (M3; k = 2) indicated that the branch-site mod-
els provided a significantly better fit to these data
(Table 4). Positively selected sites identified by the
Bayes method were listed in Table 3. Model B iden-
tified fewer sites than model B (Table 3).
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Table 4. Likelihood ratio test statistics (28) for the Troponin C
dataset.

26 df  P-value *
LRT of w at branch A(Fig. 4)
One ratio vs. two ratios 1.02 1 0.31
LRTs of variable w’s among sites
One ratio vs. M3 88.62 2 <0.0001
M1 vs. M2 679.14 2 <0.0001
M7 vs. M8 2.70 2 0.26
LRTs of variable w’s along branch A
(Fig. 4)
M1 vs. Model A 152.54 2 <0.0001
M3 vs. Model B 13.86 2 0.001

Initial application of the branch-sites models to
two single copy genes (primate lysozme and tumour
suppressor BRCA1) yielded mixed results, and Yang
and Nielsen (2002) speculated that branch-site mod-
els might not provide a significant improvement over
previous models in many single copy genes. In con-
trast, our analysis of the Troponin C gene family
illustrates the utility of these new models. Previous
codon models did not have the power to detect adap-
tive evolution in Troponin C because adaptation
appears to have occurred at a subset of sites for a
limited period of time. This mode of molecular adap-
tation is likely to be very common in gene families.
Indeed, these new models also were successful in
detecting adaptive evolution after the gene duplica-
tion of the cone opsin that gave rise to rhodopsin
genes of vertebrates, a gene family in which the sites-
models and branch-models were not effective (B.S.W.
Chang, personal communication).

Power and accuracy of ML methods

Initial application of these codon based models led to
the detection of positive selection in many genes for
which it had not previously been known. In particu-
lar, relaxing the assumption of a constant selective
pressure over sites appears to increase the power of
the detection method considerably. For example,
Yang et al. (2000) analysed 10 genes from a variety
of genomes and identified six of them to be under
positive selection. Moreover, previous studies using
average dy and dg over all sites and branches indi-
cated that evolution in the nef gene of HIV1 (Pilkat
et al., 1997) and the DAZ gene in primates (Agulnick
et al., 1998) was dominated by genetic drift, yet sub-
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Table 3. Parameter estimates and likelihood scores for the Troponin C gene family under different branch models, sites models, and branch-

site models.

Model p Estimates of w parameters Positive selection l

One-ratio 1 w=0.02 None —2945.08

Branch specific

Forground/background 2 w ,=0.15 (branch A; Fig 4) None —2944.57
o ; = 0.02 (background)

Site specific

Neutral (M1) 1 (w ,=0), f, =045 Not allowed -3245.91
(w,=1),f,=055

Selection (M2) 3 (w ,=0), f,=0.38 None -2906.34
(w ,=1),f,=0.02
w ,=0.03, (f, =0.60)

Discrete (M3), k=2 w =001, f,=0.76 None -2900.77

w , =008, (f, = 0.24)

Beta (M7) 2
Beta&w (MS8) 4

p=042, g=17.08
p=0254g=822
fo=0.69

o =0.015, (f, =0.31)

Branch-site

Model A 3 (w ,=0), f, =043
(w,=1),f,=033
o ,=89,(f,,;=0.14)
Model B 5 w ,=0.01, f,=0.56

®,=007,f, =022

® ,=76, (f,, 3= 0.22)

—2898.82
—2897.47

Not allowed
None

Foreground: -3169.63
22 sites®

Background: Not allowed
Foreground: —2893.84
12 sites”

Background:

None

* Positive selection sites identified under Model A with posterior probabilities = 0.95 (sites with posterior probabilities = 0.99 are in
bold): 15V, 16E, 17Q, 23K, 32I, 34V, 35L, 37A, 39D, 41C, 64Q, 65E, 66M, 68D, 78V, 90C, 95S, 109M, 126M, 157Y, 163F, 165K.
Letters refer to the amino acid residue found in the slow skeletal-muscle isoform of Human.

® Positive selection sites identified under Model B with posterior probabilities = 0.95 (sites with posterior probabilities = 0.99 are in
bold): 11Y, 15V, 17Q, 23K, 24N, 35L, 41C, 60P, 64Q, 90C, 95S, 163F. Letters refer to the amino acid residue found in the slow skel-

etal-muscle isoform of Human.

sequent ML analyses indicated a small fraction of
sites evolving under positive selection and the
remaining sites under purifying selection (nef,
Nielsen and Yang, 1998; Zanotto et al., 1999; DAZ,
Bielawski and Yang, 2000).

Although successful in those cases, the accuracy
and power of the LRT and Bayesian site identifica-
tion were largely unknown. Anisimova et al. (2001)
used computer simulation to address the performance
of the site models (Nielsen and Yang, 1998; Yang et
al., 2000), leading to the following observations: (i)
the LRT statistic (26) does not follow the x? distribu-
tion because some model parameters are fixed at the
boundary of parameter space, and use of the x? dis-
tribution made the test conservative; i.e., false posi-
tives always occurred less frequently than expected

under the specified significance level of the test. (ii)
Despite being conservative, the LRT still provided a
powerful means of detecting positive selection given
enough variation in the data; power was 100% with
datasets of 17 taxa, but quite low for datasets of only
5 or 6 taxa. (iii) Sequence length, sequence diver-
gence, and strength of positive selection all influence
power of the LRT, but the number of sampled taxa is
the most important. (iv) Power is low for both highly
similar and highly divergent sequences, and is high-
est at intermediate or moderately high divergence. (v)
The LRT is robust to the assumed distribution for w
across sites.

Anisimova et al. (2002) also used computer simu-
lation to study the power and accuracy of Bayesian
identification of sites evolving under positive selec-



tion. The findings can be summarized as follows: (i)
identification of sites is not feasible from a few highly
similar sequences; (ii) accuracy of site identification
is most dependent on the numbers of lineages. The
number of lineages and the sequence divergence are
the most important factors affecting power. (iii)
Unlike results for LRT, the assumed distribution for
w across sites can affect both accuracy and power of
site identification. Anisimova et al. (2002) recom-
mended using multiple models to identify positively
selected sites.

Limitations and Future prospects

The site models are computationally complex and
intensive. Models M2 and M8 are known to have
multiple local optima in some datasets. Because
accuracy is sensitive to parameter estimation, sub-
optimal parameter estimates, based on a local opti-
mum, could increase the probability of a type-I error.
To avoid being trapped at a local optimum, it is
important to run M8 multiple times; minimally it
should be run with one initial w > 1 and one initial
w < 1. Results corresponding to the highest likelihood
value should be used.

Codon models are limited in effectiveness by the
sample of sequences. Typically, the power to detect
adaptive evolution will be low for sequences less than
one hundred codons in length. Furthermore, the anal-
ysis is impacted by the requirement that information
is drawn from both synonymous and nonsynonymous
substitutions. Hence, the power can be quite low for
highly similar and highly divergent sequences (Anisi-
mova et al., 2001). Although sampling additional lin-
eages can improve power when sequence divergence
is low or high, the window of suitable sequence di-
vergence is expected to be narrower than for phylog-
eny reconstruction.

Gu (1999, 2001) developed a maximum likelihood
approach to testing for functional divergence that is
based on amino acid substitution rates. The method
can detect specific amino acid residues that contrib-
ute to functional divergence following gene duplica-
tion (Gu, 1999, 2001). Although amino acid substitu-
tion rate might not be as sensitive a measure of
selective pressure as the d/dg ratio, amino acid evo-
lution is much slower than nucleotide evolution, and
Gu’s (1999, 2001) approach should provide an excel-
lent tool for studying evolution by gene duplication
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in gene families too divergent for analysis with codon
models.

An interesting avenue for future development of
codon models is the “covarion-like” model (Galtier,
2001). Covarion-like models allow site specific rates
to vary among lineages, and can be achieved by add-
ing as few as two additional parameters to non-cova-
rion models (Galtier, 2001). Galtier’s (2001) ML
implementation for nucleotide models is promising,
as it revealed a significant amount of site-specific rate
variation in ribosomal RNA sequences. Covarion-like
codon models might provide an alternative frame-
work for investigating episodic adaptive evolution
acting on a few amino acid sites (Galtier, 2001). This
approach would have the advantage of not requiring
a priori knowledge of the specific branches where
episodes of adaptive evolution have occurred.
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