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Adaptive evolution at the molecular level can be studied by detecting convergent and parallel evolution at the amino
acid sequence level. For a set of homologous protein sequences, the ancestral amino acids at all interior nodes of
the phylogenetic tree of the proteins can be statistically inferred. The amino acid sites that have experienced
convergent or parallel changes on independent evolutionary lineages can then be identified by comparing the amino
acids at the beginning and end of each lineage. At -present, the efficiency of the methods of ancestral sequence
inference in identifying convergent and parallel changes is unknown. More seriously, when we identify convergent
or parallel changes, it is unclear whether these changes are attributable to random chance. For these reasons, claims
of convergent and parallel evolution at the amino acid sequence level have been disputed. We have conducted
computer simulations to assess the efficiencies of the parsimony and Bayesian methods of ancestral sequence
inference in ideniifying convergeni and paraiiei-change sites. Our resuits showed that the Bayesian method performs
better than the parsimony method in identifying parallel changes, and both methods are inefficient in identifying
convergent changes. However, the Bayesian method is recommended for estimating the number of convergent-
change sites because it gives a conservative estimate. We have developed statistical tests for examining whether
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the observed numbers of convergent and parallel changes are due to random chance. As an cxample, we reanalyzed

the stomach lysozyme sequences of foregut fermenters and found that parallel evolution is statistically significant,

whereas convergent evolution is not well supported.

Tandoar Bow nd?onoe
aiouuctuovi

It is important to understand adaptive evolution at
the molecular level (Nei 1990). One of the approaches
is to study convergent and parallel amino acid changes
in protein evolution. Here, a convergent change at an
amino acid site refers to changes from different ancestral
amino acids to the same descendant amino acid along
independent evolutionary lineages (see fig. 1A for ex-
amples). It is distinguished from a parallel change, in
which amino acid changes along independent lineages
have occurred from the same ancestral amino acid (see
fig. 1A for examples). Both convergent and parallel evo-
lution, if verified, suggest adaptive evolution. The rea-
son to distinguish them is that the convergence is a
stronger indication of adaptive evolution, because under
purifying selection and neutral evolution, convergent
changes are expected to occur more rarely than parallel
changes.

The study of convergent and parallel evolution at
the amino acid sequence level involves two steps. The
first step is to identify the amino acid sites that have
experienced convergent or parallel changes. For a given
set of amino acid sequences whose phylogenetic rela-
tionships are known (or can be reconstructed), the an-
cestral amino acids at all interior nodes of the phylo-
genetic tree can be inferred. Using this information, we
can tell whether there are convergent or parallel changes
on particular evolutionary lineages. The parsimony
method (Hartigan 1973; see also Maddison and Mad-
dison 1992) and the Bayesian method (Yang, Kumar,
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and Nei 1995; Zhang and Nei 1997) are often used for
inferring ancestral amino acids, but the efficiencies of
both methods in inferring convergent and parallel
changes are yet to be studied. The second step in the
study of convergent and parallel evolution is to test
whether the identified convergent and parallel changes
can be attributed to random chance. This kind of test is
necessary because a few convergent or parallel amino
acid changes may simply arise by random chance, as
protein sequence evolution is a stochastic process with
at most 20 possible states at each site. Stewart, Schilling,
and Wilson (1987) compared the number of uniquely
shared sites (see below) for the potentially convergent
or parallel sequences with the average number of
uniquely shared sites for all pairs of sequences in the
data and used a simple x? test to see whether the former
is significantly greater than the latter. Their procedure
does not take into account the extent of divergence
among pairs of sequences, so the test may be insensitive
or liberal depending on the sequence data. Stewart,
Schilling, and Wilson (1987) and Swanson, Irwin, and
Wilson (1991) have invented another test, so-called the
winning test, of convergent evolution. This test relies on
the conflict between the true tree and the estimated tree.
Because the failure of obtaining the correct tree may not
be due to convergent evolution (Nei 1996) and conver-
gent evolution may not affect the tree reconstruction
(Adachi and Hasegawa 1996), the winning test is inap-
propriate. Because of lack of a rigorous statistical test,
claims of convergent and parallel evolution have been
disputed in the literature (Doolittle 1994; Kreitman and
Akashi 1995 and references therein).

The purpose of this study was to investigate wheth-
er convergent and parallel changes can be correctly in-
ferred from the present-day sequences and to develop
statistical tests for examining whether the observed con-
vergent and parallel changes can be attributed to random
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chance. As an example, we analyzed the stomach ly-
sozyme sequences of foregut fermenters, which were
thought to have undergone convergent and parallel evo-
Iution. In this work, we focused our attention on the
amino acid sequences because adaptive evolutionary
processes are likely to be evident at the amino acid rath-
er than the nucleotide sequence level.

Methods

Statistical Tests for Examining Whether the Observed
Numbers of Convergent-Change and Parallel-Change
Sites Can Be Attributed to Random Chance

The tests of convergent and parallel evolution are
similar, so we will first describe the test of convergent
evolution. One may want to test the convergent evolu-
tion at each observed convergent-change site. This is not
easy because the probability for a particular amino acid
configuration at a given site of all sequences in the data
is usually very small. Instead of conducting a statistical
test at each convergent-change site, we test convergent
evolution by considering all sites of the sequences. In
our test, the null hypothesis is that all observed conver-
gent changes can be explained by random chance under
a certain substitution model.

For simplicity, let us assume that the data set con-
sists of five aligned present-day amino acid sequences
(1-5), whose phylogenetic relationships are given in fig-
ure 1B. The ancestral sequences at the interior nodes are
sequences 6, 7, and 8, which can be statistically inferred
(reviewed in Zhang and Nei 1997). First, we have to
choose two (or more) lineages (called focused lineages)
along which we are going to study the convergent evo-
lution. Generally, a focused lineage can be one branch
of the tree or several head-to-tail-connected branches.
However, a lineage of only one branch is recommended
since it enables us to know more specifically when the
convergent or parallel evolution occurred. The focused
lineage must begin at an interior node and end at either
an interior or an exterior node. The direction of evolu-
tion on each focused lineage must be known so that one
end of the lineage represents the ancestral state, and the
other represents the descendant state. We will consider
the amino acid change on the lineage by comparing
these two states irrespective of any intermediate state.
This is because, in practice, the intermediate state is of-
ten unknown and a focused lineage usually only consists
of one branch. It is obvious that the tree root is not
allowed to be on any of the focused lineages. It is also
required that the focused lineages be independent, i.e.,
(1) there is no shared tree branch between different fo-
cused lineages, and (2) there is no shared point between
different focused lineages except that they can have the
same starting point. For simplicity, we choose the
branch from node 6 to node 1 and the branch from node
8 to node 3 (fig. 1B) as two focused lineages for further
explanations. Then nodes 6 and 8 are the ancestral nodes
and nodes 1 and 3 are the descendant nodes of the two
focused lineages, respectively. For a given site, let x; be
the amino acid in sequence k. As mentioned earlier, a
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FiG. 1.—Examples of convergent and parallel changes. A, Con-
vergent changes, parallel changes, and uniquely shared sites. There are
convergent changes on branches 8 and 9 (A—S and T—S, respective-
ly). There are parallel changes on branches 7 and 8 (A—S). When a
focused lineage consists of several head-to-tail-connected branches, the
amino acid change is determined by comparing the beginning and end
of the lineage. For example, a T—K change is considered on the lin-
eage consisting of branches 9 and 1. A uniquely shared site may not
be a convergent- or parallel-change site and vice versa. For instance,
when branches 1 and 2 are chosen as the focused lineages, there are
parallel changes (S—K) on the lineages, but K is not uniquely shared
by the descendants of the focused lineages. When branches 3 and 6
are chosen as the focused lineages, T is uniquely shared by the de-
scendants of the focused lineages, but there is no parallel change on
the focused lineages. Note that the tree topology is predetermined and
is not inferred just from the amino acids shown in the figure. B, A
model tree used to explain the statistical tests. The thick lines show
the focused lineages on which the convergent and parallel evolution is
studied. The arrows show the direction of evolution on the focused
lineages. The b;’s are the branch lengths.

ing conditions (fig. 1B): the amino acids at the descen-
dant nodes are identical with each other (x; = x;) and
different from their respective ancestral amino acids (x,
# x¢ and x; # xg), and these ancestral amino acids are
different (x4 # xg). Note that whether a site is a con-
vergent-change site depends on the focused lineages we
choose.

When an amino acid substitution model is given,
the probability that an amino acid i changes to j along
a branch with length b, P,(b), can be computed (e.g.,
see Dayhoff, Schwartz, and Orcutt 1978; Yang and Ku-
mar 1996). We denote the configuration of a site by x
= {x;, Xy, X3, X4, X5, Xg, X7, Xg}, Where x; is the amino
acid of sequence k and can take any of the 20 amino
acid states. The probability (p,) that a site has the con-
figuration x is computed using the following equation.

Px = ﬁn'xszzx-;(bZ)Px-;xc,(bﬁ)szxl(bl)Px6X4(b4)PX7Xg(b7)
'PXSX3(b3)Px8x5(b5)v (1)

where 7, is the observed frequency of amino acid x, in
the five present-day sequences. In the above formula-
tion, the tree root was arbitrarily assumed to be at node
2 (fig. 1B). However, this does not affect the computa-
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The probability that a site is a convergent-change
site (f.) is the sum of probability of occurrence of all
site configurations satisfying the condition {x; = x3; x;
# x¢ and x; # Xxg; and xg # xg}. Therefore,

=22 22222 X pe

X] X2 X3=X] X4 X5 XeFEX| X7 XgHFX3,Xg

)

Since only the amino acids at nodes 1, 3, 6, and 8 and
the branch lengths b, b3, bs, and b, affect the f., equa-
tion (2) can be simplified to
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If the sequences used are m amino acids long and
all sites evolve according to the same substitution model
used, the observed number of convergent-change sites
(n.) follows a binomial distribution with the mean and
variance equal to mf. and mf.(1 — f.), respectively. So,
&, the probability of observing n. or more convergent-
change sites by chance, is given by
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Equation (4) is applicable when n, is equal to or greater
than 1. When n, is 0, ¢ is obviously 1. When m is large
(e.g., > 30) and mf, is small (e.g., < 7), this binomial
distribution can be approximated by a Poisson distri-
bution with mean and variance both equal to mf,. There-
fore,

&~ i ""fC(mfc) 2‘ ""fc(mfc)’

i=n, i=0

&)

Similarly, equation (5) is applicable when n, is equal to
or greater than 1. When n, is 0, ¢ is 1. Thus, if ¢ is
smaller than 0.01, we can reject our null hypothesis that
the observed convergent changes are simply due to ran-
dom chance at the 1% significance level.

Similar statistics can be applied to the observed
number of parallel-change sites (np). In this example, a
parallel-change site is a site that satisfies the following
conditions: x; = x3, X; # X, X3 * X3, and xg = xg (see
fig. 1B).

Above, we discussed only the case where only two
lineages are studied and both lineages end at exterior
nodes. Our statistical tests apply to more lineages as
well as lineages that end at interior nodes.

The computation of the probability that a site is a
convergent-change site (f.) and the probability that a site
is a parallel-change site (fp) requires the information of
the branch lengths of the tree and the amino acid sub-
stitution patterns. The branch lengths can be estimated
by various methods. In this paper, the pairwise gamma
distances (with the shape parameter = 2.4; see Zhang
and Nei 1997) among the amino acid sequences were
Fioad (}“f?ﬁlmﬁ(?t‘?s and Nei, 19942 andart?.‘% ‘e’r;“b‘s‘Frléc!‘??ih
t
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with the restriction that all branches are nonnegative
(Felsenstein 1995). Since the estimation of f, and f, de-
pends on the substitution model used, we have used
three different models. The first model we used was the
equal-input model, which assumes that the probability
of the substitution from amino acid i to amino acid j is
proportional to the frequency of j in the data. The second
was the JTT-f model, which was modified from the JTT
model (Jones, Tayor, and Thornton 1992) to make the
equilibrium frequencies of amino acids equal to the ob-
served frequencies in the data and was shown to be quite
good in approximating the evolution of protein sequenc-
es (e.g., Cao et al. 1994). The original JTT model is an
update of the Dayhoff model (Dayhoff, Schwartz, and
Orcutt 1978), which was derived from many protein se-
quences and can be regarded as an average substitution
pattern of all proteins. The third model we used was a
general reversal model whose parameters were estimat-
ed specifically for the protein sequences used (Yang and
Kumar 1996). We refer to this model as the data-specific
model in this paper.

Computer Simulations

The efficiencies of the parsimony and Bayesian
methods of ancestral sequence inference in identifying
convergent and parallel changes were investigated by
computer simulations. The parsimony method is the
simplest method for inferring ancestral sequences. In
this method, each amino acid site is considered sepa-
rately, and the amino acid at each interior node of the
tree is determined so as to make the total number of
changes at the site smallest. The pattern of amino acid
substitution and the tree branch lengths are not consid-
ered in this method. In the Bayesian method of ancestral
sequence inference, first the tree branches are estimated,
and then the posterior probability of each assignment of
amino acids at ancestral nodes is computed at every site
by using the Bayesian approach. At each node, the ami-
no acid that has the highest posterior probability is cho-
sen as the ancestral amino acid. There are two versions
of the Bayesian method. The difference between them
is that in the Yang, Kumar, and Nei (1995) version (also
called the maximum-likelihood method), the branch
lengths of the tree are estimated by the likelihood meth-
od, whereas in the Zhang and Nei (1997) version (also
called the distance method), the branch lengths are es-
timated by the ordinary least-squares method. Computer
simulations (Zhang and Nei 1997) showed that these
two versions almost always give the same ancestral ami-
no acids. However, the computational time required by
the distance method is considerably smaller than that
required by the maximum-likelihood method. In this
study, the efficiencies of both versions of the Bayesian
method were examined.

Computer simulations were conducted by using the
model tree given in figure 2A. Two different levels of
sequence divergence were used with the largest pairwise
distances (d,,,) among the present-day sequences being
0.6 and 1.2 amino acid substitutions per site. The ex-
terior branches leading to sequences 1 and 7 were cho-
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sen as the focused lineages. The simulation scheme was
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F1G. 2.—Model trees used for studying the efficiencies of the Bay-
esian and parsimony methods in identifying convergent and parallel
changes and for studying the frequencies of convergent-change, par-
allel-change, uniquely shared, and binary-unique sites. Thick lines
show the focused lineages. A, The model tree. The a values used are
0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 amino acid substitutions per site
for six different levels of sequence divergence, respectively. The larg-
est pairwise distance (d,,,,) among the present-day sequences is equal
to 20a. B, An example in which the number of uniquely shared sites
is larger than the sum of the numbers of parallel-change and conver-
gent-change sites. The numbers of uniquely shared, parallel-change,
and convergent-change sites are 0.307, 0.185, and 0.042 per 100 amino
acid residues, respectively. Branch lengths are shown above the
branches.

as follows: First, a random sequence of 200 amino acids
was generated at the tree root, with the expected amino
acid frequencies equal to the equilibrium frequencies
given in the JTT model. Second, the sequence evolved
according to the branching pattern of the tree. Random
amino acid substitutions were introduced following the
JTT model. The expected number of substitutions per
amino acid site for a branch was equal to the branch
length in the model tree. Thus, the ancestral amino acid
sequences at all interior nodes and the present-day se-
quences at all exterior nodes were generated and re-
corded. Third, the ancestral amino acids for all interior
nodes were inferred by the parsimony and Bayesian
methods, and their efficiencies were assessed. In the par-
simony method, there were often multiple reconstruc-
tions requiring the same number of amino acid changes

at a site. In this case, the fraction of these reconstruc-
tions indicating a convergent (or parallel) change on the
focused lineages was counted as the number of inferred
convergent- (or parallel-) change sites at this site. The
total number of convergent- (or parallel-) change sites
of the sequence was the summation over all sites. In the
Bayesian method, the number of inferred convergent-
(or parallel-) change sites was defined as the number of
sites at which the reconstructed ancestral amino acids
indicated a convergent (or parallel) change on our fo-
cused lineages. The simulation was replicated 5,000
times in the case of d,,, = 0.6 and 1,000 times in the
case of d,,, = 1.2. Note that, in carrying out the statis-
tical tests of convergent and parallel evolution, we were
mainly interested in the numbers of convergent-change
and parallel-change sites rather than the inferred ances-
tral amino acids themselves. Therefore, we investigated
the correctness of the substitution type (parallel, con-
vergent, or other) instead of the accuracy of inference
of the ancestral amino acids, which has been studied by
Zhang and Nei (1997).

Results
Efficiencies of the Parsimony and Bayesian Methods
in Identifying Convergent and Parallel Changes

The numbers of actual and inferred parallel-change
and convergent-change sites per 100,000 sites from the
computer simulation are shown in figure 3. Since the
two versions of the Bayesian method give virtually the
same result, we present the result from the distance-
based Bayesian method only. In the Bayesian method,
the numbers of inferred parallel-change sites are about
103% (391/381) and 114% (1,032/905) of those of ac-
tual parallel-change sites when d,, is 0.6 and 1.2, re-
spectively, which means that the estimates are quite ac-
curate. Unfortunately, some non-parallel-change sites
were erroneously inferred as parallel and vice versa. For
example, when d,,, = 0.6, 14% (1 — 336/391) of the
inferred parallel-change sites have not experienced par-
allel changes. Some of these sites are actually conver-
gent-change sites, but many are neither convergent nor
parallel. The probability of an actual parallel-change site

Bayesian method

dpax =0.6 dyax =12
Inferred Inferred
Parallel Convergent Neither [ All Paralle] Convergent Neither| All
Parallel 336 1 4 | 381 Parallel 734 13 158 1905
S|Convergent 11 8 2 21 S [Convergent | 78 27 42 | 147
g Neither 4 3 | g Neither 220 11 [
All 391 12 | All 1032 51 |
Parsimony method
d = 0.6 dpax =12
Inferred Inferred
Parallel Convergent Neither | All Parallel Convergent Neither | All
Parallel 242 37 102 [ 381 Parallel 384 144 377 |905
'8 |Convergent 3 12 6 21 'S |Convergent 21 56 70 147
3 [Neither 14 12 | g Neither 66 68 |
<[an 259 6| Al a7 268 |

FiG. 3.—Efficiencies of the Bayesian and parsimony methods in inferring parallel and convergent changes. The rows show the numbers of
Doparakléde andmonm@lmﬂdan'?e. sitescobsepvedr perl E080800asiminated2sitegsamd the columns show the numbers estimated by the inference of
24
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being inferred correctly is about 89% (336/381) and
81% (734/905) when d,,,, is 0.6 and 1.2, respectively.

The numbers of convergent-change sites inferred
by the Bayesian method are about 57% (12/21) and 35%
(51/147) of the actual numbers for d,,,, of 0.6 and 1.2,
respectively, suggesting that the number of convergent-
change sites is largely underestimated with this method.
Furthermore, even when d,,, was 0.6, 8% (1/12) of the
inferred convergent-change sites were in fact parallel,
and 25% (3/12) were neither parallel nor convergent.
The probability of a convergent-change site being cor-
rectly inferred is only 38% (8/21).

In practice, the pattern of amino acid substitution
for a given protein is generally unknown, and a simple
substitution model is often used in the analysis. Such
applications are known to decrease the accuracy of the
Bayesian method (Zhang and Nei 1997). We investigat-
ed the efficiency of the Bayesian method in inferring
parallel- and convergent-change sites when a simple
model is used. For this purpose, we simulated sequence
evolution by using the JTT model, but inferred ancestral
amino acids according to the Poisson (equal probability
for any amino acid substitution) model. The results
show that the numbers of inferred and actual parallel-
change sites are quite similar, but the efficiency of iden-
tification of convergent-change sites becomes even low-
er.

In the case of the parsimony method, the numbers
of inferred parallel-change sites are about 68%
(259/381) and 52% (471/905) of the actual numbers
when d,,, is 0.6 and 1.2, respectively. By contrast, the
numbers of inferred convergent-change sites are about
290% (61/21) and 182% (268/147) of the actual num-
bers for the two levels of divergence. These results in-
dicate that the parsimony method largely underestimates
the number of parallel-change sites but substantially
overestimates the number of convergent-change sites.

These results suggest that ancestral sequence infer-
ence by the parsimony method may not be appropriate
for estimating the numbers of parallel-change and con-
vergent-change sites. The Bayesian method appears to
be useful in estimating the number of parallel-change
sites, but it underestimates the number of convergent-
change sites. For conducting the statistical test of con-
vergent evolution, use of the Bayesian method is more
appropriate than use of the parsimony method, because
the test becomes conservative rather than liberal.

Uniquely Shared and Binary-Unique Sites

Without distinguishing between convergent and
parallel changes, some authors have assumed that
uniquely shared sites have experienced either conver-
gent or parallel changes (e.g., Setewart, Schilling, and
Wilson 1987). A site is said to be uniquely shared when
the potentially convergent or parallel (present-day) se-
quences share an amino acid that is not found in other
present-day sequences in the data (e.g., see fig. 1A).
Clearly, whether a site is a uniquely shared site depends
largely on the number of sequences in the data. More
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fig. 1A for examples). Therefore, the utility of the
uniquely shared sites in studying convergent and parallel
evolution needs to be explored.

Goldman (1993) developed an algorithm for iden-
tifying parallel-change sites. If we consider the situation
where all focused lineages end at exterior nodes, his
parallel-change sites are uniquely shared sites where all
exterior nodes other than the descendant nodes of the
focused lineages share the same amino acid. Since there
are only two states at each of these sites, we will call
them the binary-unique sites (e.g., a site with x; = x; =
A, x, = x4, = x5 = S in fig. 1B). Although binary-unique
sites are mostly parallel-change sites, the reverse is often
not true. Furthermore, the binary-unique sites cannot be
used for identifying convergent-change sites. The reason
is that a binary-unique site has only two different states
among the present-day sequences, whereas a conver-
gent-change site usually requires at least three different
states, and therefore they are mutually exclusive.

To examine the relationships of the numbers of
convergent-change, parallel-change, uniquely shared,
and binary-unique sites, we conducted a computer sim-
ulation by using the model tree of figure 2A4. Six differ-
ent levels of sequence divergence were used, with d,,,
equal to 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2. In this simula-
tion, two exterior branches leading to sequences 1 and
7 were chosen to be the focused lineages, and the JTT
model of amino acid substitution was used.

The numbers of convergent-change, parallel-
change, uniquely-shared, and binary-unique sites ob-
served per 100 sites are shown in figure 4. The random
chance occurrence of convergent and parallel changes
increases with the extent of sequence divergence. In
general, however, the frequencies of the convergent- and
parallel-change sites, particularly the former, are quite
low. The number of uniquely shared sites is close to the
sum of the numbers of parallel- and convergent-change
sites only when the sequence divergence is relatively
low (dnax < 0.4). This means that under this condition,
the former is a good estimate of the latter. When the
sequence divergence is higher, the number of uniquely
shared sites tends to be an underestimate of the total
number of parallel- and convergent-change sites. There-
fore, many convergent- and parallel-change sites will
remain unexplored if only the uniquely shared sites are
studied. In fact, when d,,,, = 1.2, only 74% of the con-
vergent-change sites and 64% of the parallel-change
sites are uniquely shared. Moreover, as mentioned ear-
lier, some uniquely shared sites are neither convergent-
nor parallel-change sites (18% in the case of d;,, = 1.2).
Note that in this computer simulation, we have used
only one model tree, in which evolutionary rates are
constant among different lineages. In fact, the number
of uniquely shared sites may be greater than the number
of parallel- and convergent-change sites. One such ex-
ample is given in figure 2B. At any rate, the number of
uniquely-shared sites is expected to be close to the sum
of the numbers of parallel- and convergent-change sites

povdeziguslyorthe. wnigue share of aming acids is.neither.sufs,, ©mly when closely related sequences are studied. As for

the number of binary-unique sites, figure 4 shows that



532 Zhang and Kumar

1.2
¢ P+C

w2
3
=]
‘@ AP
g U
S o081 i
yo—
s A
(o}
7] L ] [u]
2 A
w2
G
o
St
2 04- )4
5 o
Z

a}

o C
A A Iy
g o aBU
00 L4 4’ T T
0.0 0.4 0.8 12
Cixnax

FIG. 4—Numbers of uniquely shared, parallel-change, convergent-change, and binary-unique sites per 100 amino acid sites observed from
a simulation of 100,000 sites (see fig. 24 for the model tree used). BU, binary-unique sites; C, convergent-change sites; P, parallel-change sites;
P + C, parallel- or convergent-change sites; U, uniquely-shared sites. The d,, is the largest pairwise distance (see fig. 2A).

it is substantially smaller than that of the parallel-change
sites.

Evolution of Stomach Lysozyme Sequences of the
Foregut Fermenters: A Case Study
Background Information

The lysozyme of higher vertebrates is normally ex-
pressed in macrophages, tears, saliva, avian egg white,
and mammalian milk to fight invading bacteria. But in
foregut-fermenting organisms such as the ruminants, co-
lobine monkeys, and hoatzins (an avian species), lyso-
zymes have been recruited independently in stomachs to
prevent the loss of nutrient assimilated by bacteria that
pass through the guts. These stomach lysozymes have
similar biochemical properties and functions (Dobson,
Prager, and Wilson 1984). Previous studies suggested
that the stomach lysozymes have evolved to the same
biological function through convergent and parallel evo-
lution at certain amino acid sites (Stewart, Schilling, and
Wilson 1987; Kornegay, Schilling, and Wilson 1994).
To determine if this is the case, we obtained all the ly-
sozyme ¢ sequences available at the time of this study
(ENTREZ, release 18) and reconstructed a phylogenetic
tree of these sequences by the neighbor-joining method
(Saitou and Nei 1987). We found that the tree topology
was not stable and might change with the number of
sequences used (see also Adachi and Hasegawa 1996).
We then selected stomach lysozyme sequences of the
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sequences of the human (Homo sapiens), baboon (Papio
cynocephalus), rat (Rattus norvegicus), chicken (Gallus
gallus), pigeon (Columba livia), and horse (Equus ca-
ballus) for primary analysis because previous studies of
convergent and parallel evolution have been based on
the analyses of these sequences (Stewart, Schilling, and
Wilson 1987; Kornegay, Schilling, and Wilson 1994).
Our phylogenetic analysis suggested that these lysozyme
genes are not orthologous, but this does not affect the
statistical tests as long as the gene tree is correct. The
phylogenetic tree of the nine selected lysozyme se-
quences is given in figure 54, which is derived from our
phylogenetic analysis of all available lysozyme ¢ se-
quences. Note that this tree is similar in topology to
those used in previous studies (Stewart, Schilling, and
Wilson 1987; Kornegay, Schilling, and Wilson 1994;
Adachi and Hasegawa 1996). We removed all sites con-
taining alignment gaps, and the final sequence length
was 124 amino acids.

Statistical Tests of Convergent and Parallel Evolution

The evolution of the new function of the stomach
lysozymes is thought to have occurred independently in
the langur, cow, and hoatzin lineages. Therefore, we fo-
cused our attention on the three lineages: from node 1
to langur, from node 2 to cow, and from node 3 to hoat-
zin (fig. 5A). In the nine lysozyme sequences analyzed,
there were two parallel-change sites (sites 75 and 87)

E;l%%ﬁé%d Sfﬁ%’?}’g‘-‘s’ems poow(Bostanrusysand heat-s27aonio convergent-change sites identified by the Baye-

sian method (fig. 5B). Our statistical test shows that the
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FiG. 5.—Parallel and convergent amino acid substitutions in the
stomach lysozymes. A, The phylogenetic relationships of the nine ver-
tebrate lysozymes. The focused lineages are shown by thick lines. Note
that the gene tree is not identical to the species tree because some of
the genes are paralogous. The branch lengths of the tree are not pro-
portional to the extent of sequence divergence. B, The identified par-
allel-change and convergent-change sites of the stomach lysozymes in
the two-lineage and three-lineage comparisons. Site positions are ac-
cording to the human lysozyme sequence. Amino acid residues are
indicated by single-letter symbols, where uppercase letters denote pres-
ent-day sequences and lowercase letters denote ancestral sequences in-
ferred by the Bayesian method. The ancestral amino acids with prob-
abilities lower than 80% are underlined. The foregut fermenters and
their stomach lysozyme sequences are shown in bold type.

Table 1
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observed number of parallel-change sites is significantly
greater than the random chance expectation (table 1).

We also tested parallel and convergent evolution in
every pair of the three stomach lysozyme sequences
mentioned above. In each pair comparison, the third
stomach lysozyme sequence was removed from the
analysis. Table 1 shows that the number of parallel-
change sites is significantly greater than the expectation
in the cow-langur comparison and the langur-hoatzin
comparison. In the cow-hoatzin comparison, the signif-
icance level is marginal (& = 0.04). There is a conver-
gent-change site identified in the cow—hoatzin compar-
ison and another in the langur-hoatzin comparison, but
the former is not significantly greater than the expecta-
tion and the latter is only marginally significant (¢ =
0.05).

In our analysis, we considered a convergent- or
parallel-change site only when the descendant amino ac-
ids in independent lineages were identical. Although
some amino acid residues may be functionally equiva-
lent because of similar biochemical properties, and con-
vergence and parallelism should not be restricted to sites
with the same descendant states, it is usually difficult to
know which two amino acids at a particular site would
be functionally similar without extensive experimental
studies.

In the statistical tests, we have used three different
models of amino acid substitution: the equal-input,
JTT-f, and data-specific models. Since all these models
have some similar assumptions, such as time reversibil-
ity and constant amino acid frequencies in evolution, it
is necessary to inspect whether these models fit the data
at least with respect to the numbers of parallel-change
and convergent-change sites. As a negative control, we
examined the numbers of these two types of sites by
comparing lysozyme sequences that are not likely to be
under parallel or convergent evolution (e.g., cow—ba-
boon, pigeon-langur, pigeon-rat pairs). We found that

Tests of Convergent and Parallel Evolution of Stomach Lysozyme Sequences of the Cow, Langur, and Hoatzin

EXPECTED NUMBER OF SITES

PROBABILITY
OBSERVED NUMBER? ¢

MobEeL USED EI° JTT DSd (SITE POSITIONSY) EI JTT-f DS

Cow, langur, and hoatzin comparison

Parallel-change . . ... ... 0.000¢ 0.011 0.019 2 (75, 87) <0.001 <0.001 <0.001

Convergent-change. . . . . 0.000 0.000 0.000 0 1 1 1
Cow and langur comparison

Parallel-change . . . ... .. 0.110 0.299 0.374 4 (14, 21, 75, 87) <0.001 <0.001 <0.001

Convergent-change. . . .. 0.006 0.007 0.010 0 1 1 1
Cow and hoatzin comparison

Parallel-change . ....... 0.280 0.716 0.755 3 (75, 76, 87) 0.003 0.036 0.041

Convergent-change. . . . . 0.104 0.109 0.148 1(83) 0.099 0.103 0.138
Langur and hoatzin comparison

Parallel-change . .. ... .. 0.072 0.191 0.204 341, 75, 87) <0.001 0.001 0.001

Convergent-change. . . . . 0.037 0.039 0.051 1(126) 0.036 0.038 0.050

2 Estimated by comparing the present-day sequences and the ancestral sequences inferred by the Bayesian method.

b Site positions are according to the human lysozyme sequence.
¢ Equal-input model.
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when the JTT-f or data-specific model is used, there is
no case where the observed number of parallel- or con-
vergent-change sites is significantly greater than the cor-
responding expectation. This result suggested that the

AfF tha TTT_ £ aend An 16~ Adals
UscC O1 ui€ v 1 1-1 anda uald'bpcblllb moacis lb aPPlUPllalC

Parallel Evolution of Stomach Lysozyme Sequences of
Foregut Fermenters

An examination of the lysozyme sequences of the
nine DPUUI\/D revealed that two sites \DILLD 75 and 87)
have experienced parallel substitutions in the evolution-
ary lineages of the foregut fermenters (cow, langur, and
hoatzin). Statistical tests suggested that these two sites
have evolved with unusual substitution patterns which
could be due to positive selection. The lysozyme ¢ se-
quences of many mammal and bird species are known.
Particularly, stomach lysozyme sequences of the ad-
vanced ruminants goat (Capra hircus), sheep (Ovis ar-
ies), and deer (Cervus axis) have been determined (Jol-
leés et al. 1990; Irwin and Wilson 1990). (Recently, mul-
tiple copies of stomach lysozyme genes were found in
the advanced ruminants and hoatzin [Jollés et al. 1990;
Irwin and Wilson 1990; Kornegay 1996]. However,
these genes are subject to concerted evolution, so the
stomach lysozyme sequences within species are very
similar.) If sites 75 and 87 have actually undergone
adaptive evolution, we expect to see the same amino
acids at these sites in all stomach lysozymes, but dif-
ferent amino acids in any other lysozyme. We find that
at site 75, there is a D (Asp) in all of the stomach ly-
sozymes, but an N (Asn) in all of the 34 nonstomach
lysozymes examined. At site 87, all stomach lysozymes
have an N; other lysozymes have an A (Ala), D, E (Glu),
or S (Ser). Amino acid residue A is neutral and hydro-
phobic, D and E are acidic, and N and S are neutral and
polar. It seems that site 87 can have a variety of amino
acids with different physiochemical properties in non-
stomach lysozymes, but in the stomach lysozymes, this
site seems to be invariant, because only the N, one of
the seven neutral and polar amino acids, is observed.
This suggests that the variability of a site can change
when the function of the protein shifts. From these anal-
yses, it appears that sites 75 and 87 of the stomach ly-
sozymes have evolved adaptively under positive selec-
tion.

In addition to sites 75 and 87, other parallel-change
sites in pairwise comparisons of the three stomach ly-
sozymes are observed (table 1). Are they also adaptive?
To address this question, we first removed sites 75 and
87 from the sequences and then tested whether parallel
evolution was still significant in pairwise comparisons.
We found that now the null hypothesis could not be
rejected at the 1% level. So, positive selection is not
necessary to explain the evolution of stomach lyso-
zymes except for sites 75 and 87. At some sites, the
parallel or convergent changes probably occurred just
by chance. For example, parallel changes from R (Arg)
to K (Lys) were inferred in the cow and langur lineages
at site 14. But this parallel substitution does not seem

deer stomach lysozyme has an E (Irwin and Wilson
1990). Since amino acid R changes to K with a rela-
tively high probability (Jones, Taylor, and Thornton
1992), it is possible that this parallel change occurred in
the cow and langur lineages just by chance.

Nevertheless, even after we removed sites 75 and
87, the numbers of parallel-change sites are still larger
than the random chance expectations in all pairwise
comparisons (although not 51gn1ﬁcantly s0). It is possi-
ble that some of these sites are buUJCbL to pumuvc S¢-
lection. For example, site 76 is reconstructed as a par-
allel-change site in the cow-hoatzin comparison. This
site may have undergone adaptive evolution, since only
in the ruminant and hoatzin stomach lysozymes does it
have a G (Gly). In nonstomach lysozymes, there is an
A, L (Lys), or V (Val) at this site, all of which are
hydrophobic, whereas G is polar. But the foregut fer-
menter langur also has an A at this site, as many non-
foregut fermenters do. Probably, the stomach lysozymes
of the ruminants and hoatzin have some common prop-
erties that the langur lysozyme does not possess. It is
possible that the functions of the stomach lysozymes in
the three groups of foregut fermenters are not exactly
the same.

In the analysis, we have assumed that the ancestral
amino acids inferred by the Bayesian method are cor-
rect. In fact, the reliability of some of the inferred amino
acids at the convergent- and parallel-change sites is not
very high (<80%). More present-day sequences seem
to be necessary to increase the accuracy of the inference
of the ancestral amino acids. Also note that the number
of convergent-change sites identified in this analysis is
a conservative estimate due to the properties of the Bay-
esian method of ancestral sequence inference.

Discussion
Difficulties in Identifying Parallel and Convergent
Changes

Our simulation results suggest that the Bayesian
method of ancestral amino acid inference is generally
accurate in estimating the number of parallel-change
sites. For convergent-change sites, neither the Bayesian
nor the parsimony method is efficient: the Bayesian
method tends to underestimate whereas the parsimony
method tends to overestimate the number of convergent-
change sites. In this case, the Bayesian method is rec-
ommended because it will make the statistical test of
convergent evolution conservative. Another advantage
of the Bayesian method is that the reliability of the in-
ferred ancestral amino acids can be evaluated.

If sequence convergence is the basis of functional
convergence, the sites that have experienced convergent
evolution are likely to be crucial for the protein function.
Convergence implies that there is more than one pos-
sible amino acid state at a site before the occurrence of
convergent evolution, but only one state after the con-
vergence. In other words, the variability of the site
changes when the protein function changes. Although

oolQ have ﬁ%ﬁ%‘mﬁ L from adaptive svelution, singe, the 1abrs,,Ressible, we think that the variability of a site rarely
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changes unless the sequences are highly diverged (e.g.,



Miyamoto and Fitch 1995). Parallel evolution, however,
occurs more easily because the site is conservative be-
fore as well as after the parallel changes have occurred.
Interestingly, convergent evolution was claimed more
often than parallel evolution in previous studies, even
though both were rare. This is probably due to use of
the parsimony method, which overestimates the number
of convergent-change sites and underestimates the num-
ber of parallel-change sites; claims of convergent evo-
lution without distinguishing it from parallel evolution
are another possible reason.

In our computer simulations, all sites in an amino
acid sequence are assumed to have the same substitution
pattern. In reality, the substitution pattern of a site un-
dergoing adaptive evolution is likely to be different from
that of other sites. This makes the identification of con-
vergent-change sites more difficult.

Factors Affecting the Performance of the Statistical
Tests

The statistical tests of convergent and parallel evo-
lution depend on the estimates of the probability of a
site being a convergent-change site (f.) and the proba-
bility of a site being a parallel-change site (fz), which
are affected by the amino acid substitution model used.
We have used the equal-input, JTT-f, and data-specific
models in computing f, and f, for the lysozyme sequenc-
es. The substitution model adopted affected these esti-
mates substantially (2-3 times for two-lineage compar-
isons and 2-10 times for the three-lineage comparison,
see table 1). The estimates of f. and f, under the data-
specific model are similar to those under the JTT-f mod-
el. This suggests that the JTT-f model is sufficient for
estimating f, and fp, especially when we consider large
errors of the data-specific model. The estimates under
the equal-input model are much smaller, indicating that
the statistical tests may become liberal if these estimates
are used. Another factor that affects the computation of
f. and fp is the evolutionary rate variation among sites.
Under the JTT-f model, the evolutionary rate at a site
depends only on its amino acid state; however, in reality,
different sites with identical amino acid residue may
evolve with different rates. This is expected to increase
the f. and fp. The gamma distribution has been used to
approximate the rate variation among sites (see Yang
1996 for a review). Zhang and Nei (1997) found that
the number of amino acid substitutions per site between
two sequences which have evolved under the JTT model
can be approximated by a gamma distance with the
shape parameter equal to 2.4, which is a little smaller
than that for the lysozyme sequences (2.8; estimated by
Yang and Kumar’s [1996] method). Therefore, the use
of the JTT-f model for the lysozyme sequences is un-
likely to underestimate the f. and fp. But when the gam-
ma shape parameter is very small (i.e., large rate vari-
ation among sites), the JTT-f-gamma model will be bet-
ter. In this case, however, the P (b) of equation (1) is
hard to obtain analytically, but a simulation approach as
described in the Methods section can be used to obtain
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the JTT-f-gamma model with the shape parameter equal
to 0.5 resulted in about a two-fold increase in f, and fjp,
as compared to the case of the simple JTT-f model.
Moreover, ignoring rate variation among sites leads to
underestimation of the tree branch lengths, which may
largely decrease the estimated values of f, and fp. In the
analysis of the lysozyme sequences, the tree branch
lengths were estimated by using the gamma distances
with the shape parameter equal to 2.4, so the branch
lengths are unlikely to be underestimated for the lyso-
zyme tree. In practice, one has to be cautious about the
influence of the rate variation among sites on the statis-
tical tests.

Parallel and Convergent Amino Acid Changes and the
Role of Positive Darwinian Selection

In the computer simulations and in the analysis of
the lysozyme data, we found that the expected numbers
of parallel- and convergent-change sites are rather small.
This means that the statistical tests of parallel and con-
vergent evolution are expected to be quite powerful be-
cause the presence of a few parallel- or convergent-
change sites could lead to the rejection of the null hy-
pothesis of random chance. However, the rejection of
the null hypothesis does not necessarily indicate positive
selection at these convergent- or parallel-change sites.
An excess of convergent and parallel-change sites may
be observed because of the use of an inadequate sub-
stitution model, as discussed before. For instance, if ei-
ther amino acid Asn or Asp is necessary at a certain site
to keep the protein functional, this site is likely to be
identified as a parallel-change site even if the substitu-
tions between the Asn and Asp are neutral to the func-
tion of the protein. This is because parallel substitutions
from one amino acid to the other easily occur if there
are only two possible states at the site. However, if this
is the case, we are also likely to see this kind of parallel
change on all lineages, rather than just on the focused
lineages (e.g., see Well 1996). By using other lineages
as a negative control, we may be able to identify such
sites and remove them from the analysis. We analyzed
the lysozyme sequences using this strategy and did not
find any such site.

However, it is generally difficult to know which
substitution model is appropriate for every site of a giv-
en protein and the use of a simple model is common in
practice. This may underestimate f. and fp, as discussed
earlier. Therefore, to be more conservative, we recom-
mend that the 1% (instead of 5%) significance level be
used to reject the null hypothesis in the statistical tests.
Also, the inferred ancestral amino acids with low prob-
abilities should be used with caution.

Since the expected numbers of parallel-change or
convergent-change sites are usually less than 1 per 100
amino acids, the presence of a few such sites in a not-
very-long protein sequence would indicate at least a dif-
ferent substitution pattern at these sites from that as-
sumed in the analysis, and probably imply real parallel
and convergent evolution under positive selection. Al-
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demonstrate positive selection, the identified parallel
and convergent changes provide potential examples of
positive selection and adaptive evolution, which can be
tested in the future.

Program Availability

A program for computing f. and f» is available on
request.
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