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ABSTRACT Evolutionary mechanisms of origins of new
gene function have been a subject of long-standing debate.
Here we report a convincing case in which positive Darwinian
selection operated at the molecular level during the evolution
of novel function by gene duplication. The genes for eosinophil
cationic protein (ECP) and eosinophil-derived neurotoxin
(EDN) in primates belong to the ribonuclease gene family, and
the ECP gene, whose product has an anti-pathogen function
not displayed by EDN, was generated by duplication of the
EDN gene about 31 million years ago. Using inferred nucle-
otide sequences of ancestral organisms, we showed that the
rate of nonsynonymous nucleotide substitution was signifi-
cantly higher than that of synonymous substitution for the
ECP gene. This strongly suggests that positive Darwinian
selection operated in the early stage of evolution of the ECP
gene. It was also found that the number of arginine residues
increased substantially in a short period of evolutionary time
after gene duplication, and these amino acid changes probably
produced the novel anti-pathogen function of ECP.

Gene duplication and subsequent functional divergence of
duplicate genes is one of the most important mechanisms for
the evolution of novel gene function (1-5). However, it has
been controversial whether the functional divergence occurs
by positive Darwinian selection that accelerates the fixation of
advantageous mutations (largely nonsynonymous or amino
acid-altering mutations) (6) or by random fixation of neutral
mutations, which later induce a change in gene function when
the environment or the genetic background is altered (Dykhui-
zen-Hartl effect) (7, 8). In the latter case the rate of nonsyn-
onymous nucleotide substitution may also be enhanced be-
cause of relaxation of functional constraints of redundant
genes after gene duplication (8), but the rate will never exceed
that of synonymous substitution. Therefore, it is possible to
distinguish between the two hypotheses by comparing the rates
of synonymous and nonsynonymous substitution. Earlier stud-
ies (9-11) have indicated that the rate of nonsynonymous
substitution is often enhanced after gene duplication, but in no
case was the rate significantly higher than that of synonymous
substitution, leaving the role of positive selection uncertain. In
this paper we present a convincing case of positive selection
that occurred during the early stage of divergence of the
duplicated eosinophil cationic protein (ECP) and eosinophil-
derived neurotoxin (EDN) genes in primates.

EVOLUTION OF THE EDN AND ECP GENES

Novel Function of the ECP Gene. ECP and EDN in homi-
noids and Old World (OW) monkeys belong to the ribonu-
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clease (RNase) superfamily, and they are present in the large
specific granules of eosinophilic leukocytes (12). EDN has high
catalytic activity of RNase and nonphysiological neurotoxicity
(lethal to experimental rabbits when injected into the brain)
(12). The real physiological function of EDN is not well
understood, but recent studies suggest that it functions as an
antiviral agent through ribonucleolytic destruction of genomic
RNA of retroviruses (13, 14). By contrast, ECP has very low
RNase activity but is a potent toxin to various pathogenic
bacteria and parasites (15, 16). Interestingly, ECP kills these
pathogens by making pores in their cell membranes (17), and
this activity is RNase independent (18). New World (NW)
monkeys have only one gene that is homologous to the ECP
and EDN genes of hominoids and OW monkeys (19). This
gene is called the EDN gene, because its product has physi-
cochemical properties similar to those of EDN and has no
toxicity against bacteria and parasites, though the RNase
activity is much lower than that of human EDN (16). Phylo-
genetic analysis of DNA sequences (19) has suggested that the
ECP and EDN genes were produced by tandem gene dupli-
cation from an EDN-like ancestral gene after divergence of
OW and NW monkeys but before separation of hominoids and
OW monkeys (see Fig. 1). The anti-pathogen function of ECP
was apparently acquired after gene duplication, because this
function is not shared by EDN (12). Moreover, the evolution-
ary rates of the ECP and EDN genes, particularly the former,
are among the highest of all primate genes so far studied (19).
These observations have led to the suggestion that the ECP
gene has been subject to positive Darwinian selection (19), but
comparison of the ECP and EDN gene sequences does not
show a rate of nonsynonymous substitution significantly higher
than that of synonymous substitution. Nevertheless, we sus-
pected that positive selection operated in a relatively short
period of time after gene duplication but the subsequent
purifying selection and neutral nucleotide substitutions have
masked the effect of positive selection. We therefore examined
the rates of synonymous and nonsynonymous substitution for
each branch of the ECP/EDN gene tree in Fig. 1.

Test of Positive Selection by Using the Numbers of Synon-
ymous (bs) and Nonsynonymous (bn) Nucleotide Substitu-
tions per Site for Each Tree Branch. A simple method to
estimate the number of synonymous nucleotide substitutions
per synonymous site (bs) and the number of nonsynonymous
substitutions per nonsynonymous site (bx) for each branch of
the phylogenetic tree is first to estimate the numbers of
synonymous (ds) and nonsynonymous (dyn) substitutions per
site for all pairs of present-day sequences and then to estimate
branch lengths (bs and by values) by using the least-squares
method for a given tree topology (20). The variances of the
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estimates (55 and EN) of bs and by can be qbtaineq from the
variances and covariances of the estimates (dss and dns) of dss
and dns by the method given in ref. 20. Once these estimates
are obtained, we can test positive selection by examining the
statistical significance of the difference between bs and by for
each branch.

The Nei-Gojobori (NG) method (21) is often used for
estimating ds and dy;, and the formulas given in ref. 22 can be
used for computing the variances and covariances of dss and
dns. However, the NG method is known to give biased
estimates of ds and dy when the rate of transitional nucleotide
change is higher than that of transversional change. For this
reason, a number of authors have developed new methods to
rectify this deficiency (23-26). Unfortunately, these methods
are not approprlate for our purpose, because it is difficult to
compute the covariances of dss and dxs that are required for
estlmatlng the VarlAances of bs and bN and testing the difference
between bs and byn. Furthermore, in some of the methods
(23-25), nonsense mutations are included in the category of
nonsynonymous substitutions and ds and dy sometimes be-
come negative when sequence divergence is low, whereas the
other (26) is often inapplicable when closely related sequences
are used. For these reasons we used a modified version of the
NG method, which is presented in the Appendix.

In the present study, we used the ECP and EDN gene
sequences from the human (Homo sapiens), chimpanzee (Pan
troglodytes), gorilla (Gorilla gorilla), orangutan (Pongo pyg-
maeus), and OW monkey macaque (Macaca fascicularis), and
the EDN gene sequence from the NW monkey tamarin
(Saguinus oedipus) (19), for which the phylogenetic tree is
known (Fig. 1). To estimate ds and dy values by the modified
NG method, we need to know the ratio (R) of transitional
changes to transversional changes for the data set used. For
this purpose we used the methods given in refs. 27 and 28 and
obtained R = 1 approximately. We therefore assumed R = 1
in the following computation. The bs and bN for each branch
obtained from ds and glN values are presented in Fig. 14. For
some short branches, bs and by became negative apparently
because of sampling errors, and these estimates were assumed
to be 0. A simple way to conduct a statistical test of the
positiveness of by — bs is to use the one-tail Z (ort.,) test under
the assumption that the numbers of synonymous and nonsyn-
onymous substitutions are so large that bs and by are normally
distributed (29).
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10.1/13.7 Tamarin
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Fig. 14 shows that in the EDN gene bs is greater than by for
most branches, as expected for genes that are subject to
purifying selection. In the branch a—c, by is greater than bg, but
the difference is not statistically significant. In the ECP gene,
b is greater than bs for several branches, but the application
of the Z test shows that the difference bn — bs is significantly
greater than O only in the branches a-b and d-e (Fig. 14).
These results suggest that the ECP gene was subject to positive
Darwinian selection in the early stage of evolution, as we
suspected. However, because the bg values in these branches
are quite small and the sequences used are relatively short (157
codons), the applicability of the Z test is questionable. When
the numbers of synonymous and nonsynonymous substitutions
are very small, the Z test is known to be too liberal (30). We
therefore conducted an exact test proposed by Zhang et al.
(30).

Test of Positive Selection by Using Synonymous (s) and
Nonsynonymous (n) Substitutions per Sequence for Each
Branch. In the Zhang et al. test (30), nucleotide sequences of
ancestral organisms at all ancestral nodes are inferred from the
present-day sequences, and the numbers of synonymous (s)
and nonsynonymous (n) substitutions per sequence rather than
bs and by are computed for each branch. The s and n values
are then compared with their expected numbers under the
hypothesis of neutral evolution.

To compute s and n for each branch of the tree, we first
inferred the ancestral amino acid sequences by using the
distance-based Bayesian method (31) under the Poisson model
of amino acid substitution and then inferred the ancestral
nucleotide sequences under the restriction of the inferred
ancestral amino acids. We also used an empirical model of
amino acid substitution (JTT model in ref. 32), but the results
were essentially the same. Direct inference of ancestral nucle-
otide sequences by the likelihood-based Bayesian method (33)
and the parsimony method (34) gave similar results, but some
inferred ancestral sequences contained amino acids that do not
exist in the present-day sequences. For this reason, the ances-
tral sequences inferred from the distance-based Bayesian
method were used in further analyses. Because the extent of
sequence divergence was low in the present case, the accuracy
of the inference was generally very high except for a few sites
(Fig. 2). The average accuracy (posterior probability) of the
ancestral amino acid inference was in the range of 0.96-0.99
for the nine interior nodes. The accuracy of inference of
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N/S =280 ———‘__—2_,—_1: ,
6/0 Chimpanzee
e
1/2 € 271 Gorilla ECP
33/3 b 17/2 Orangutan
> 1578 Macaque
a 7/3 LA Chimpanzee
1/2 .
3/5 - Gorilla EDN
75125 c Orangutan
21/13 Macaque
36/16 Tamarin

Fic. 1. Evolutionary tree of primate ECP and EDN genes. The root of this tree is located on the branch linking node a and the NW monkey
tamarin if we use mouse sequences (54, 55) as outgroups. The gene duplication occurred at node a. (4) The b and bs for each branch are presented
as bx (X100)/bs (X100) above the branch. The standard errors of by and bg are 0.0176 and 0.0151 for the branch a—b and 0.0108 and 0.0056 for
the branch d—e, respectively. The statistical significance of the positiveness of by — bs was determined by one-tailed Z test and is indicated by asterisks
(*+*,1%). (B) The numbers of nonsynonymous () and synonymous (s) substitutions per sequence per branch are presented asn/s above each branch.
The N/S ratio for the sequences is given above the tree. The statistical significance of the difference between n/s and N/S was tested by Fisher’s

exact test (Table 1).
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F16. 2. Amino acid sequences of present-day and ancestral ECP and EDN proteins. Amino acids are presented by single-letter codes, and dots
show the same amino acids as those of the sequence at node a. The arginine (R) residues of ECP and EDN are shown in bold type when they are
not identical with those of the ancestral protein at node a. Ambiguous amino acid sites of ancestral sequences at nodes a, b, and c are underlined,
where the posterior probability of the most likely amino acid is lower than twice the probability of the second most likely amino acid. The alternative
amino acids at the underlined sites were K, R, M, T, Q, N, and T for sites 28, 72, 87, 88, 104, 111, and 113, respectively. These ambiguities occurred
almost always at the sites where the orangutan ECP and EDN have the same amino acids but different ones from those of the other orthologous
sequences. The overall accuracies (posterior probabilities) of the ancestral proteins were 0.96, 0.97, and 0.98, for nodes a, b, and c, respectively.

ancestral nucleotides was 0.99-1.00 when the ancestral amino
acids were given.

The numbers of synonymous (s) and nonsynonymous (7)
substitutions for each tree branch (see Fig. 1B) were then
estimated from the sequences at the two nodes of the branch
by the method in refs. 21 and 35. To test the null hypothesis of
equal rates of synonymous and nonsynonymous substitution
(neutral evolution), we have to know the numbers of potential
synonymous sites () and potential nonsynonymous sites (N)
for the sequences compared. These numbers can easily be
computed by the method described in the Appendix if the
transition/transversion ratio (R) is given. In the present case R
can be obtained by counting the total numbers of transitional
and transversional changes that are observed in the entire
phylogenetic tree. This method yielded R = 109/113 = 0.96,
which is very close to the values obtained by the mathematical
methods mentioned earlier. Therefore, we again used R = 1.
Using this R value, we computed S and N for all present-day
and ancestral sequences and obtained approximately § = 124
and n = 347 for all sequences.

Under the hypothesis of neutral evolution, the n/s ratio is
expected to be equal to N/S = 2.80. There are several branches
in which n/s is higher than 2.8. However, n and s are so small
that the difference could be due to stochastic errors. We
therefore applied Fisher’s exact test for examining the statis-
tical significance of the difference between /s and N/S. This
test showed that the difference is significant only in the branch
a-b (P = 0.0055; Table 1). In the previous large-sample Z test,
branch d—e also showed a significant difference, but the present
analysis shows that the large-sample test is clearly inappropri-
ate for this branch (Fig. 1B). It is interesting, however, that
both the large-sample and the small-sample tests give essen-
tially the same result for the branch a-b.

We also considered alternative (but less likely) amino acids
for those sites where the ancestral amino acids could not be
accurately inferred (Fig. 2). There are seven such sites, and the
alternative amino acids are given in the legend to Fig. 2. The
posterior probability of having this set of amino acids is about
one sixth of that of the set of more likely amino acids presented
in Fig. 2. However, if we consider this worst-case scenario (i.e.,
smallest n/s ratio), n and s for the branch a—b become 26 and
3, respectively, and the difference between n/s and N/S is still
statistically significant (P = 0.028). These results strongly
suggest that positive Darwinian selection accelerated nonsyn-
onymous substitution in the ECP gene immediately after gene
duplication.

The above test of positive selection depends on the assump-
tion that synonymous substitutions are neutral. The rate of
synonymous substitution for the EDN gene is close to the rate
of nucleotide substitution for intron regions of genes and
pseudogenes in primates (36). This approximate equality
suggests that the synonymous substitutions in the EDN gene
are more or less neutral. The rate of synonymous substitution
in the ECP gene after divergence of hominoids and OW
monkeys appears to be lower than that for the EDN gene,
though the rates of nonsynonymous substitution of the two
genes are similar to each other (Fig. 1). (The codon usage
pattern is essentially the same for the two genes.) However, the
synonymous substitution rate of the ECP gene seems to be

Table 1. Test of positive selection for the branch a—b
Nonsynonymous Synonymous
Changes 33 (n) 3(s)
No changes 314 (N — n) 121 (S = s)

Fisher’s exact test was used to test the null hypothesis of equal rates
of synonymous and nonsynonymous changes. P = 0.0055.
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normal at the early stage of evolution after gene duplication,
because the s values for the branches a-b and a-c are
essentially the same. Therefore, our test of positive selection
for the branch a-b seems to be acceptable.

High Rate of Amino Acid Substitution in the Branch a-b. To
evaluate the absolute rate of amino acid substitution in the
branch a-b, we estimated the time of occurrence of gene
duplication by using data on synonymous substitutions. There
are on average 22.75 synonymous substitutions in the EDN
genes between the macaque and hominoid lineages (Fig. 1),
which diverged about 25 million years (Myr) ago (37). The
average number of synonymous substitutions for branches a—b
and a—c is 2.75. Therefore, the time span of the branch a-b is
estimated to be [(2 X 2.75)/22.75] X 25 = 6.0 Myr. Twenty-
nine amino acid substitutions were identified for the branch
a-b (Fig. 2). Therefore, a conservative estimate of the rate of
amino acid substitution for the branch a-b becomes (29/
157)/6 Myr = 31 X10~? per site per year, where 157 is the total
number of amino acids of ECP. Although this estimate has a
rather large sampling error, it is more than 3 times higher than
the rate (9 X107?) of the fastest evolving protein, fibrinopep-
tide (35). Since the fibrinopeptide rate is considered to be close
to the neutral rate (8), this finding supports positive selection
involved in the evolution of ECP.

Nonrandom Amino Acid Substitution. It is of great interest
to identify the amino acid substitutions that produced the novel
anti-pathogen function of ECP. ECP is known to be more basic
than EDN (12, 19), and the isoelectric point (pI) for the ECPs
from hominoids and OW monkeys is in the range of 9.9-10.3,
whereas that for the EDNs is 8.4-8.8. These pl values were
computed from the amino acid sequences by using the Laser-
gene software. The pl of the ancestral protein at node a was
computed to be 8.4 from the amino acid sequence, and this
indicates that the ancestral protein was physicochemically
more similar to EDN than to ECP. The pl of the protein at
node b was computed to be 10.6. This suggests that the new
biochemical properties and probably the function of ECP were
established before separation of hominoids and OW monkeys.

Of the 29 amino acid substitutions that occurred in the
branch a-b, 12 resulted in arginines (R), the most basic amino
acid (Figs. 2 and 3). If we assume that amino acid substitution
occurs at random, the probability that a substitution results in
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arginine is p = 1/20. The probability of having 12 or more
arginine substltutlons out of 29 substitutions is given by the
binomial formula 372 ,(7)pi(1 — p)2°~*, which becomes 6.7 X

107°. A similar probability (9.8 X 10~%) was obtained when the
amino acid composition of the ancestral protein at node a was
considered and an empirical model of amino acid substitution
(JTT model) was used. These results strongly suggest that
amino acid substitutions in the branch a-b were nonrandom
and arginines were positively selected for. We also compared
the arginine substitution pattern for the branch a—b with that
for the ECP lineages that descended from node b, including all
branches linking the present-day ECP genes. The total number
of amino acid substitutions for these descendent lineages was
39, of which four resulted in arginines. Fisher’s exact test
showed that the proportion of arginine changes for these
lineages (4/39) is significantly lower than that (12/29) for the
branch a-b (P = 0.003), indicating that the amino acid
substitution pattern is not the same for the two evolutionary
periods. Note also that the proportion of arginine changes in
the EDN lineages that descended from node a is low (6/41).
It is apparent that the arginine content of ECP increased
substantially in a relatively short period of time and then has
remained more or less constant (Fig. 3). These results suggest
that the arginine changes probably generated the novel anti-
pathogen toxicity. There is experimental evidence that ECP
kills bacteria and parasites by making pores in their cell
membranes, probably through the contact of positively
charged amino acids to the membranes (17, 38).

DISCUSSION

In the present paper we used two different methods for testing
positive selection in ancestral sequences: estimation of bs and
bn from ds and dN values (bN/bs test) and computation of s and
n from ancestral nucleotide sequences (n/s test). These two
methods have advantages and disadvantages. When the num-
ber of nucleotides used is large and bs and by are relatively
large, the bN/bs test is a valid statistical test. A special case of
this test was recently used for the DNA sequences of the gene
Acp26Aa (a gene controlling male reproduction) from four
Drosophila sibling species, and positive selection was detected
(39). Our reanalysis of this data set by using the n/s test gave
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F1G. 3. Evolution of the novel anti-pathogen toxicity and arginine changes in ECP. Each circle represents one arginine residue in ECP or EDN
sequences (see Fig. 2). For the present-day proteins, only the numbers of arginines for human sequences are presented. The average number of
arginines for OW monkeys and hominoids is 18.2 for ECP and 7.6 for EDN. The plI value for each protein is also presented. The numbers of amino
acid changes to arginines in the branches a—b and a—c in Fig. 1 are given alongside the arrow signs. The numbers of changes from arginines to other
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the same conclusion. However, when the conditions men-
tioned above are not satisfied, the bn/bs test may become too
liberal (30). o

The n/s test is more complicated than the bn/bs test and
requires accurate inference of ancestral sequences. When
closely related sequences are used, the latter requirement is
usually satisfied (31). However, when the sequences used are
distantly related, two or more possible nucleotides may be
inferred at a site, and this makes the n/s test less powerful. At
the present time, the condition under which the n/s test
becomes inefficient is unclear, and we are currently investi-
gating this problem.

Our analysis suggested that an increase in arginine content
is responsible for the evolution of anti-pathogen toxicity of
ECP. However, the number of arginine residues of the oran-
gutan ECP is somewhat smaller than that of the other ECP
sequences, and it appears that some of the arginine residues at
node b mutated back to the original amino acids in the
orangutan lineage (Fig. 2). At first sight, this observation does
not seem to conform to our conclusion, but the important
factor is apparently the total charge of the ECP protein.
Actually, the orangutan ECP contains two extra basic amino
acids, lysines (K), and the pl value for this protein is 9.9 and
is not particularly lower than that of other ECPs.

We have shown that the ECP gene rapidly evolved by
positive selection after gene duplication. However, it is not
very clear how the positive selection operated for this gene.
One plausible scenario is that when the EDN gene was
duplicated, the purifying selection for the duplicate genes was
relaxed and at this stage a few neutral or nearly neutral
mutations changed the function of one of the two duplicate
genes in the direction of anti-pathogen toxicity. Once this
change occurred, the anti-pathogen toxicity of the gene was
enhanced by further mutations and natural selection due to
exposure to bacteria and parasites. The enhancement of
nonsynonymous substitution apparently occurred in this sec-
ond stage. Another scenario is that the original EDN gene had
a weak anti-pathogen activity as well as the RNase function,
and gene duplication provided an opportunity for one of the
two redundant genes to evolve into the ECP gene specializing
in anti-pathogen toxicity. In this scenario the primordial ECP
gene was functional as an anti-pathogen gene from the begin-
ning, and no neutral mutations were necessary at the initial
stage. Hughes has emphasized the importance of this type of
evolution for duplicate genes (40). At this moment, it is
difficult to decide between these two hypotheses.

In this study we were able to show that positive selection was
involved in the evolution of the novel anti-pathogen function
of ECP. To our knowledge, this is the first case in which the
Dykhuizen—Hartl effect was ruled out. Previously, a number of
authors reported detection of positive selection after gene
duplication (6, 10, 11, 41), but none of them has seriously
considered the possibility of the Dykhuizen—-Hartl effect.
Therefore, their conclusions are debatable. For example, Long
and Langley reported an extraordinary case of origin of a new
gene called jingwei (jgw) in two sibling species, Drosophila
teissieri and Drosophila yakuba (10). This gene is believed to
have arisen by retrotransposition of a processed mRNA of the
alcohol dehydrogenase (Adh) gene and by acquisition of
upstream exons, introns, and possibly a promoter region from
unknown sources. These events apparently occurred in an
ancestral species some time before the two species diverged.
Sequence analysis of the jgw and Adh genes from D. teissieri
and D. yakuba as well as of the Adh genes from related species
indicated that eight nonsynonymous and no synonymous sub-
stitutions occurred in the Adh segment of jgw between the time
of occurrence of the retrotransposition and the divergence of
the two species. Because this pattern of nucleotide substitution
is unusual for most functional genes, the authors suggested that
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positive selection was involved in the early stage of evolution
of jgw.

It is unclear whether the 5’ region of the jgw gene was
acquired immediately after the retrotransposition event or
some time later, but it is possible that the Adh segment of jgw
accumulated random mutations for a period of time because
of relaxation of purifying selection. We therefore examined the
possibility of neutral evolution in the early stage of evolution
of jgw by using the n/s test. We obtained R = 0.6, N = 567, and
S = 198 for the Adh segment of jgw, and the n/s test showed
that an n/s ratio of 8/0 is not significantly different from the
expectation of N/S = 567/198 (P = 0.090). Therefore, we
cannot reject the null hypothesis of neutral evolution. The
function of jgw is still unknown, but if it has gained a new
function, the evolution of this gene can be explained by the
Dykhuizen—Hartl effect. Furthermore, the fact that jgw has a
lower degree of codon usage bias than Adh (10) suggests that
the purifying selection for jgw has been less stringent than that
for Adh, because the codon usage bias in Drosophila genes is
mainly caused by purifying selection (42). Long and Langley
also applied the McDonald-Kreitman test (43) to polymorphic
sequences of this gene and showed that the ratio of nonsyn-
onymous to synonymous substitutions between the two species
is higher than that within species. They took this finding as
evidence for positive selection. In the present case, however,
the same results would be obtained even without positive
selection if the intensity of purifying selection gradually in-
creased after the divergence of the two species as their data
suggest.

Of course, the above comments do not imply that there was
no amino acid substitution aided by positive selection in the
evolution of jgw. Positive selection might be common in the
evolution of new gene function (44). However, it is generally
difficult to rule out the possibility of the Dykhuizen—Hartl
effect or relaxation of purifying selection, unless we identify
the target site of selection (45) or concentrate our attention to
short branches of evolutionary trees (30, 46, 47). As shown by
many authors (48-50), the number of amino acid substitutions
that are involved in a change of gene function is usually small,
so that statistical tests of positive selection are not always
powerful. In recent years, however, it has become possible to
reproduce ancestral proteins by site-directed mutagenesis and
examine the functional change of proteins in the evolutionary
process (51-53). This approach in combination with the sta-
tistical analysis used in this paper will probably make it easier
to identify positive selection.

APPENDIX

Modified NG Method. In the original NG method (21) the
numbers of synonymous and nonsynonymous nucleotide dif-
ferences between two homologous sequences are computed
for each codon site by taking into account the properties of the
codons compared. The total numbers of synonymous (S4) and
nonsynonymous (Ng4) differences per sequence are then ob-
tained by the sums of the numbers of synonymous and
nonsynonymous differences over all codons, respectively. We
then estimate the proportions of synonymous and nonsynony-
mous differences by

Ps=S4/S and py = N4/N, [1]

respectively, where § and N are the expected numbers of
potential synonymous and nonsynonymous sites of a sequence
and are obtained under the assumption of random nucleotide
substitutions. Once ps and pn are obtained, ds and dn are
computed by

. 3 4 , 3 4.
ds=—;In{1-3ps|anddy= —7In|1-3py], 2]
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respectively. As mentioned earlier, when the ratio (R) of the
numbers of transitional to transversional changes is higher
than 0.5, the above NG method tends to give biased estimates
of ps, P, ds, and dy, because in this case § is underestimated
and N is overestimated. Therefore, if we compute S and N
correctly by taking into account the actual value of R, unbiased
estimates of ps and pn can be obtained by Eq. 1. Similarly,
bias-corrected but approximate values of ds and dn are ob-
tained by Eq. 2 if we use newly defined ps and pn.

For estimating S and N, we use Kimura’s model of nucleo-
tide substitution (27). In this model the rates of transitional and
transversional changes are denoted by « and B, respectively.
Because any nucleotide can have one transitional and two
transversional changes, the proportion of transitions among
the total changes is given by o/(a + 2B8) = R/(1 + R), where
R = «/(2B). Ina showed that the expected number of synon-
ymous sites per codon can be expressed in terms of R for all
codons (26). For example, in the case of codon TTT the
number of potential synonymous sites iss; = 0 + 0 + o/(a +
2B) = R/(1 + R), because only the third codon position
produces synonymous changes and only one (transition) of the
three possible changes is synonymous. Therefore, if we know
R, we can compute s; for every codon and obtain S by the sum
of s; over all codons and N by N = 3r — S, where r is the total
number of codons. R can be estimated by various methods
(e.g., see refs. 27 and 28).

Study of positive selection is usually conducted when ps and
P are relatively small, as in the present case. In such a case we
may use ps and py for estimating bs and bn. The bs and by
obtained from ps and py may be smaller than those obtained
from ds and dy, but the bn/bs ratio should be nearly the same.
Furthermore, the former estimates have smaller variances than
the latter. If sequence divergence is high and R is large, ds and
dn obtained by Eq.2 could both be underestimates. However,
this is not a_serious problem for testing positive selection,
because the dN/ds ratio is hardly affected. In the data set used
in this paper, the same conclusion is reached, whether ps and
P or dn and ds are used. In the case of nuclear genes, R is
usually between 0.5 and 2. Therefore, the modified NG method
is appropriate in most cases.

The modified NG method has advantages over other meth-
ods (23-26) in that it never gives negative estimates of ds and
dn when sequence divergence is low, and the number of
inapplicable cases (35) is much lower than that in other
methods when sequence divergence is high. In fact, if we use
Ps and pn, we can avoid inapplicable cases completely. Fur-
thermore, the sampling variances of ds and dn obtained by the
modified NG method are smaller than those obtained by other
methods.

Computer programs for computing all the statistical quan-
tities required for the bN/bs and the n/s tests are available on
request.
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