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Maximum-likelihood models of codon substitution were used to analyze sperm lysin genes of 25 abalone (Haliotis)
species to identify lineages and amino acid sites under diversifying selection. The models used the nonsynonymous/
synonymous rate ratio (w = dy/dg) as an indicator of selective pressure and allowed the ratio to vary among lineages
or sites. Likelihood ratio tests suggested significant variation in selective pressure among lineages. The variable
selective pressure provided an explanation for the previous observation that the o ratio is >1 in comparisons of
closely related species and <1 in comparisons of distantly related species. Computer simulations demonstrated that
saturation of nonsynonymous substitutions and constraint on lysin structure were unlikely to account for the ob-
served pattern. Lineages linking closely related sympatric species appeared to be under diversifying selection, while
lineages separating distantly related species from different geographic locations were associated with low evolu-
tionary rates. The selective pressure indicated by the o ratio was found to vary greatly among amino acid sitesin
lysin. Sites under potential diversifying selection were identified. Ancestral lysins were inferred to trace the route
of evolution at individual sites and to provide lysin sequences for future laboratory studies.

I ntroduction

Comparison of synonymous (silent, dg) and non-
synonymous (amino acid—changing, dy) substitution
rates in protein-coding genes provides an important
means for understanding molecular evolution. The non-
synonymous/synonymous rate ratio o (=dy/dg) mea-
sures selective pressure at the protein level. If nonsy-
nonymous mutations are deleterious and are fixed at a
lower rate than synonymous mutations, the o ratio will
be <1. If nonsynonymous mutations have no effect on
the fitness of the protein and are fixed at the same rate
as synonymous mutations, » should be equa to 1. If
nonsynonymous mutations are beneficial and favored by
natural selection,  should be >1. Significantly higher
nonsynonymous than synonymous rates are evidence for
molecular adaptation. This criterion has been used to
identify a number of cases of adaptive molecular evo-
lution (Li 1997). Among the best studied are proteins
involved in reproduction (Palumbi 1994; Civetta and
Singh 1998; Vacquier et al. 1999). Examples include
sperm bindin in sea urchins (Palumbi and Metz 1991,
Metz and Palumbi 1996; Biermann 1998), abalone
sperm lysin (Vacquier and Lee 1993; Lee, Ota, and Vac-
quier 1995; Swanson and Vacquier 1995; Metz, Robles-
Sikisaka, and Vacquier 1998; Hellberg and Vacquier
1999, 2000), male reproductive proteins in Drosophila
(Tsaur and Wu 1997; Wyckoff, Wang, and Wu 2000),
and other sex-linked genes (Ferris et al. 1997).

Abalones are marine mollusks (order Archeogas-
tropoda) that broadcast and spawn their gametes into
seawater where fertilization and embryogenesis occur.
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Many sympatric abalone species overlap in depth zo-
nation and reproductive seasonality, yet maintain them-
selves as distinct species. Molecular incompatibilitiesin
the gamete recognition system may be responsible for
reproductive barriers between species. Lysin is a ~16
kDa protein that is released by the sperm onto the egg
vitelline envelope (VE), an elevated, glycoproteinacious,
protective microchamber in which development occurs.
Lysin is a nonenzymatic protein that unravels the tightly
intertwined glycoprotein fibers of the VE to create a 3-
pm-diameter hole through which the sperm passes prior
to fusing with the egg cell membrane. The species spec-
ificity of lysin's ability to dissolve isolated egg VES can
be quantitatively demonstrated (reviewed in Vacquier et
a. 1999). Anaysis of mitochondrial DNA sequences
permitted dating of the abalone species divergence times
and revealed that lysins evolve at surprisingly rapid rates
(Metz, Robles-Sikisaka, and Vacquier 1998).

Lysin is the first gamete recognition protein whose
crystal structure has been solved (Shaw et al. 1993,
1995; Kresge, Vacquier, and Stout 2000a, 2000b). Red
(Haliotis rufescens) and green (Haliotis fulgens) abalone
sperm lysins differ in 51 out of 134 amino acid posi-
tions. Although highly divergent in amino acid se-
quence, there are several conserved features between
these two lysins. For example, the apha-carbon atom
ribbon diagrams of the two lysins are essentially iden-
tical and thus superimposable with an average rms de-
viation of 1.14 A. Other conserved structural features
include one surface of the protein having a hydrophobic
patch of 11-16 amino acids (by which lysin dimerizes)
and, on the opposite surface, two tracks of basic amino
acids which run down the entire length of the lysin.
Variations in sequence between species map to the lysin
surface, where they could be involved in species-specific
recognition of the VE (Kresge, Vacquier, and Stout
2000a, 2000b). The N- and C-termini lie on the same
surface of the lysin. The N-terminal residues 2—12 are
always species-unique in sequence, while the C-termi-



nus is moderately variable, but not species-unique. Re-
combinant lysins, in which both termini were exchanged
between two species, demonstrated that these domains
play important roles in species-specific recognition lead-
ing to VE dissolution (Lyon and Vacquier 1999).

The only molecule in the VE-binding lysin with
high, species-selective affinity is a fibrous glycoprotein
of ~1,000 kDa named VERL (vitelline envelope recep-
tor for lysin). VERL is amagjor structural element of the
egg VE. Cloning and sequencing showed that VERL
was largely composed of approximately 28 tandemly re-
peating (intronless) 153—amino acid motifs. Sequencing
of VERL repeats from the seven species of Californian
abalone showed that VERL repeats were subjected to
weak purifying selection and evolved by the process of
concerted evolution (Elder and Turner 1995). Thisisin
contrast to lysin, VERL's cognate binding partner, which
evolves rapidly in response to strong selection pressure.

Lee, Ota, and Vacquier (1995) determined cDNA
sequences for lysin from 20 worldwide abalone species
and performed pairwise sequence comparisons to esti-
mate ds and dy using the method of Nei and Gojobori
(1986; hereinafter referred to as NG). The w ratio was
found to be >1 when closely related species were com-
pared but <1 when divergent species were compared
(see fig. 3 in Lee, Ota, and Vacquier 1995). Lee, Ota,
and Vacquier (1995) hypothesized that continuous se-
lective pressure may have driven lysin evolution and
that the small estimates of the w ratio in comparisons
of divergent species may be due to saturation of non-
synonymous substitutions and functional constraints on
lysin structure.

While the higher nonsynonymous than synony-
mous rates provide unequivocal evidence for adaptive
evolution in lysin, the selective pressure remains elu-
sive. Besides bias in the estimation procedure, the in-
verse relationship between sequence divergence and the
o ratio can also be caused by variable selective pres-
sures (variable o ratios) among lineages. To distinguish
between those factors, we performed a maximum-like-
lihood (ML) analysis of the lysin gene sequence data.
Likelihood models developed recently (Yang 1998;
Yang and Nielsen 1998) account for variable o ratios
among branches in the phylogeny and can be used to
test adaptive evolution along lineages. Models have also
been developed that alow the w ratio to vary among
amino acid sites (Nielsen and Yang 1998; Yang et al.
2000). These models may be used to identify critical
amino acids under diversifying selection without knowl-
edge of functionally important domains. The likelihood
models are based on more realistic assumptions, as they
account for unequal transition and transversion rates and
unequal base and codon frequencies. We also infer an-
cestral lysin proteins to trace evolutionary changes at
individua sites.

Materials and Methods
Sequence Data

Sperm lysin cDNA sequences from 25 abal one spe-
cies are analyzed in this paper; the species are identified
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in figure 1. Twenty species were used in the study of
Lee, Ota, and Vacquier (1995), and five more (Haliotis
pustulata, Haliotis varia, Haliotis coccinea, Haliotis gi-
gantea, and Haliotis conicopora) were included in this
paper (Lee and Vacquier 1995). Only codons encoding
amino acids in mature lysin were used, with the signal
seguence removed. Two codons (amino acids) had aign-
ment gaps in al but one or two species and were re-
moved from all sequences. Amino acids (codons) were
numbered according to the lysin of the red abalone (H.
rufescens; Vacquier and Lee 1993; Lee, Ota, and Vac-
quier 1995). Amino acids 135 (Gly) and 136 (Lys) were
removed, as they are not present in mature lysin (Lyon
and Vacquier 1999). The alignment contained 135 co-
dons in each sequence, with one gap (numbered 133a)
introduced between amino acids 133 and 134 relative to
lysin of the red abalone. The phylogeny of Lee, Ota,
and Vacquier (1995) and Lee and Vacquier (1995) was
used (fig. 1).

Statistical Analysis

Pairwise sequence comparisons were performed as
an exploratory analysis and for comparison with previ-
ous results (Lee, Ota, and Vacquier 1995). The NG (Nei
and Gojobori 1986) and ML (Goldman and Yang 1994)
methods were used to estimate ds and dy. The ML meth-
od is based on an explicit model of codon substitution
which accounts for the transition/transversion rate ratio
(k) and base frequencies at the three codon positions.
Parameters k, o and sequence divergence t were esti-
mated by ML, while the base frequencies were estimated
empiricaly from the data. For each pairwise compari-
son, the likelihood ratio test (LRT) could be used to test
whether the o ratio was significantly different from 1.
This was done by comparing the log-likelihood values
with = 1 constrained and without such constraint. If
the null hypothesis w = 1 is correct, twice the log-like-
lihood difference between the two models asymptoti-
cally has a x? distribution with df = 1.

Models of variable o ratios among lineages were
fitted by ML to the alignment of 25 sequences (Yang
1998; Yang and Nielsen 1998). The ‘‘one-ratio” model
assumes the same o ratio for all branches. The free-
ratios model assumes an independent w ratio for each
branch. Comparison of the two models constitutes an
LRT of the hypothesis that the w ratio isidentical among
lineages. The free-ratios model is parameter-rich and is
unlikely to produce accurate estimates for all o ratios.
Nevertheless, it is interesting to estimate the o ratios
without constraints, as knowledge of which lineages are
under diversifying selection may provide clues to the
selective pressure driving lysin's divergence. For ex-
ample, if closely related, sympatric species show strong
diversifying selection, while distant alopatric species
show purifying selection, a selective pressure related to
speciation may be implicated. Such a hypothesis can be
implemented as a ‘“‘two-ratios” model that assumes dif-
ferent o ratios for sympatric and allopatric lineages in
the phylogeny.



1448 Yang et al.

1.40

0.63

10 H. fulgens (C)

4 H. kamtschatkana (C)
1 H. rufescens (C)

2 H. sorenseni (C)

1.48

0.67

0.78 0.55

3 H. walallensis (C)

5 H. sieboldii (J)

6 H. discus hannai (J)
7 H. gigantea (J)

8 H. corrugata (C)

9 H. cracherodii (C)
25 H. iris (NZ)

17 H. pustulata (M)
24 H. t. coccinea (AZ)

0.60

0.09

0.67

23 H. t. tuberculata (F,1,G)
22 H. australis (NZ)

1.55 0.21

0.52

18 H. midae (SA)
11 H. roei (A)

12 H. scalaris (A)
13 H. laevigata (A)

1.89
1.57
3.97

o0

0.00
0.36

14 H. cyclobates (A)
15 H. rubra (A)

959 16 H. conicopora (A)

1.17

20 H. diversicolor (J)

1.39 19 H. ovina (A)

0.30

0.1

21 H. varia (B)

Fic. 1.—Phylogeny for the sperm lysin genes from 25 abalone (genus Haliotis) species. Letters in parentheses indicate the collecting sites:
Australia (A), Azores (AZ), Borneo (B), Cdifornia (C), France (F), Greece (G), Italy (1), Japan (J), Madagascar (M), and New Zealand (NZ).
Analysis in this paper used the unrooted topology only. Branches are drawn in proportion to their lengths, defined as the expected number of
nucleotide substitutions per codon. Maximum-likelihood estimates of branch lengths were obtained under the ** free-ratios” model, which assumes
an independent o ratio (dy/ds) for each branch in the tree. Estimates of the w ratios under that model are shown along branches, and branches

for which the estimated  ratios are >1 are drawn in thick lines.

Models of variable o ratios among sites were used
to test for the presence of sites under diversifying se-
lection (with @ > 1) and to identify them (Nielsen and
Yang 1998). Note that in this paper, a site refers to an
amino acid or codon rather than a nucleotide. We use
the following five models for the o distribution (table
1), implemented in the CODEML program of the PAML
package (Yang 1999; Yang et al. 2000). Model M1 (neu-
tral) assumes two classes of sites in the protein: the con-
served sites at which o 0 and the neutral sites at
which @ = 1. Model M2 (selection) adds a third class
of sites with o as a free parameter, thus allowing for
sites with @ > 1. Model M3 (discrete) uses a general
discrete distribution with three site classes, with the pro-

Table 1

portions (p,, p;, and p,) and the o ratios (wg, ®;, and
w,) estimated from the data Model M7 (beta) uses a
beta distribution B(p, ), which, depending on parame-
ters p and g, can take various shapes (such as L, J, U,
and inverted U shapes) in the interval (0, 1). Model M8
(beta and w) adds an extra class of sites to the beta (M7)
model, with the proportion and the o ratio estimated
from the data, thus allowing for sites with > 1. From
these models, we construct three LRTs (table 2), which
compare MO (oneratio) with M3 (discrete), M1 (neutral)
with M2 (selection), and M7 (beta) with M8 (beta &
w), respectively. When the alternative models (M2, M3,
and M8) suggest the presence of sites with o > 1, all
three tests can be considered tests of positive selection

Parameter Estimates and Log-Likelihood Values Under Models of Variable o Ratios Among Sites

Model p Parameters 14 dn/ds Positively Selected Sites

MO: oneratio ... 1 o = 0.929 —4,682.42 =w None

M1: neutra ..... 1 Po = 0212, oy = 0 —4,577.12 0.788 Not allowed
p, = 0788, 0, = 1

M2: selection ... 3 Po = 0.204, wg = 0 —4,481.17 1.587 4,7,9, 10, 12, 14, 32, 33, 36, 41, 44, 64, 67,
p. = 0515 w;, =1 70, 74, 83, 86, 87, 113, 115, 120, 126, 127,
p, = 0.281, w, = 3.816 132, 133a

M3: discrete .... 5 Po = 0.329, wy = 0.085 —4,464.35 1.218 4, 7,9, 10, 12, 14, 32, 33, 36, 41, 44, 64, 67,
p, = 0402, w; = 0.911 70, 74, 83, 86, 87, 113, 120, 126, 127, 132,
p, = 0.269, v, = 3.065 133a

M7: beta ....... 2 p = 0.283, q = 0.211 —4,524.72 0.572 Not allowed

M8 beta& o ... 4 Po=0.731, p=0.310,q = 0.291 —4,464.66 1.173 4, 7,9, 10, 12, 14, 32, 33, 36, 41, 44, 64, 67,

Py = 0.269, » = 2.955

70, 74, 83, 86, 87, 113, 120, 126, 132, 133a

NoTe.—p = number of parameters in the w distribution; dy/ds = average over sites. Sites inferred under selection at the 99% level are listed in bold, and those

at the 95% level arein italic.



Table 2
Likelihood Ratio Statistics (2A¢)

Comparison 2A¢ df X306
MO (one ratio) vs. M3 (discrete) ... 436.14 4 13.28
M1 (neutral) vs. M2 (selection) ... 191.90 2 9.21
M7 (beta) vs. M8 (beta & ) ... .. 120.12 2 9.21

(Nielsen and Yang 1998; Yang et al. 2000). However,
the comparison of MO with M3 may also be considered
atest of variable w values among sites. After ML esti-
mates of parameters are obtained, the Bayes theorem is
used to calculate the posterior probahilities of site clas-
ses for each site (Nielsen and Yang 1998). If the w ratios
for some site classes are >1, sites with high posterior
probabilities for those classes are likely to be under di-
versifying selection.

Lysin sequences for extinct ancestral nodes in the
phylogeny were inferred using the empirical Bayes ap-
proach (Yang, Kumar, and Nei 1995) to trace amino acid
changes at individual sites. The analysis was performed
using the codon (nucleotide) sequences. Posterior prob-
ahilities for synonymous codons (codons that encode the
same amino acid) at each ancestral node were summed
to calculate the probability for that amino acid. All sta-
tistical analyses were performed using the CODEML
program in the PAML package (Yang 1999).

Computer Simulation

Computer simulation was performed to examine
the effect of saturation of nonsynonymous substitutions
(e.g., due to functional constraints on lysin) on the anal-
ysis of variable selective pressures among lineages. Co-
don sequences were simulated using the EVOLVER
program in the PAML package. The program generates
a codon sequence for the root of the tree and ‘“ evolves”
the sequence along branches in the phylogeny using
specified branch lengths and substitution parameters.
The o ratio was assumed to be either constant across
sites or variable according to a discrete distribution.
Each simulated data set was analyzed in the same way
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as the original data either by pairwise comparison or by
ML joint analysis. Values of parameters used in the sim-
ulation are described |ater.

Results
Pairwise Comparison

The ML method (Goldman and Yang 1994) was
used to estimate dg and dy, with the transition/transver-
sion rate ratio k fixed at 1.6 to reduce sampling errors.
This was the ML estimate from joint analysis of all se-
guences. The estimates are plotted in figure 2A. Esti-
mates obtained using the NG method (Nei and Gojobori
1986) are not shown but were very similar to the ML
estimates, especially for small distances (see also fig. 3
in Lee, Ota, and Vacquier 1995). At large distances (dg
> 0.5, dy > 0.2), NG gave dlightly lower estimates of
ds and dy than did ML. Both the transition/transversion
bias and the base frequency biases were weak, and the
two methods produced very similar estimates.

An intriguing pattern in figure 2A is that dy > dg
at low sequence divergences (ds < 0.2), and dy < dg at
high divergences (ds > 0.4), as found by Lee, Ota, and
Vacquier (1995). In figure 2B, o is plotted against the
sequence divergence t, where the inverse relationship
between the two is strikingly clear. Sequence divergence
t is defined as the expected number of nucleotide sub-
stitutions per codon and is about 3 X (0.243ds +
0.757dy), where 0.243 and 0.757 are the proportions of
synonymous and nonsynonymous sites in the lysin
genes (Goldman and Yang 1994). Lee, Ota, and Vac-
quier (1995) hypothesized that lysin evolution may be
continuous and attributed the smaller estimates of w in
distant comparisons to saturation of nonsynonymous
substitutions due to constraints on lysin structure. In lat-
er sections, we examine possible variation of selective
pressure along lineages as an alternative explanation.

The hypothesis ® = 1 can be tested using an LRT
comparing the null model H, with = 1 fixed and the
alternative model with o estimated from the data. Sup-
pose the log-likelihood values under the two models are
€y and €4, respectively. Then, 2A¢ = 2(¢; — €,) can be

A B c
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] .: St 8-
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AR AL
dy03y so HHe t Tl 0] 5]
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Fic. 2—Pairwise comparison of sperm lysin genes from 25 abalone species. A, Estimates of dg and dy using ML (Goldman and Yang
1994). B, The w ratio (dy/ds) plotted against the estimated sequence divergence t, defined as the expected number of nucleotide substitutions
per codon. C, The LRT dtatistic A¢ = ¢, — €, where ¢, and ¢, are the likelihood values with and without the constraint w = 1, respectively.
2A¢ can be compared with x? with df = 1 to test the null hypothesis ® = 1. The 95% and 99% critical values, %x?> = 1.92 and 3.32, are
indicated on the graph. In the comparisons between Haliotis discus hannai and Haliotis gigantea and between Haliotis rubra and Haliotis
conicopora, no synonymous difference was found, and  is set to 10 in the plots.
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5 H. sieboldii

116GR 120EA . )
7QA 9QK 10YH rv=ry
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41RH 43TS 44TA 45|V 49TA 73IT 100FY 4HN 7QR 32VN 36RS
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75AK 81VN 83GS 120KE 123AR 691V 83GA 115MV 7 H. gigantea
86LV 97DP 98ML 116PG 119EA
100FV 101FT
T07CR 1ML 3CF 4R BVI 7QP 90K 8 H. corrugata
114YW 116PQ 14AE 40RG T1KR
119EG 120KN 3WC 12NR43TS | 99EA 106KN 121L1 )
83GA 132KA 134MN
1%52\“/” 112274»’1':5K 3CY 4HQ 37VN 41RG 438N 44TE 45VN 47KR 9 H. cracherodii
49AV 74DN 86SR 87RA 99EG 107GN 109NV
126VI13aM R Ty 1his 1A 119ER 120ER 123RN 127AE 134KN
— 11 H. roei
4HV 6VT 14PQ 33TN 36QR 40RK
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100VL 101TM 105LM 110LM 116QP 120NV 123AS 126VK 14 H. cyclobates
32AT 74ND

KR 14PH 29RK 36QA

ATHN B4AT 67VQ 68WF 15 H. rubra
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o 5. con

128DN 131V1 . conicopora
0.1

Fic. 3.—Phylogeny for a subset of 16 abalone species, with inferred amino acid changes shown along branches. Branch lengths were
estimated, and ancestral sequences were reconstructed under a codon substitution model that assumed an o ratio for branches within the North
Pacific (species 1-10) and Australian (species 11-16) clades and another w ratio for the branch connecting the two clades.

compared with a x? distribution with df = 1 to test
whether o is significantly different from 1. Use of the
X2 approximation is reliable when the sample size is
“large’” or when the sequence islong. Asthe lysin gene
has only about 130 codons, we performed computer
simulations to check the reliability of the x? approxi-
mation. We examined two pairwise comparisons, with
the estimated w being >1 and <1, respectively. Thefirst
comparison was between H. rufescens and H. sorenseni.
The estimates under H; weret = 0.149 and ® = 5.572,
with €; = —634.04, while under Hy, t = 0.149 and ¢,
—636.09. Thus, 2A¢ = 2(¢, — €y) = 4.10, with a P
value of 0.04 from the x?2 distribution. We simulated 200
replicate data sets using parameter estimates from Hy,
and for each data set, we calculated the log-likelihood
values under Hy and H;. The test statistics among rep-
licates are used to construct a histogram. The observed
value is at the fifth percentile of the simulated distri-
bution. This P value is close to that from the x? distri-
bution. A second case is that of the comparison between
H. rufescens and H. roei. Estimates of parameters under
H, weret = 1.411 and @ = 0.482, with ¢; = —910.15,
while under Hy, t = 1.348 and ¢; = —914.01. Thus,
2A¢ = 7.73, and P = 0.0054 from the x? distribution.
The P value estimated from 1,000 replicates simulated
under Hy was 0.010. In both comparisons, the P values

from the x? distribution are close to those from the sim-
ulated distributions. While the limitations of pairwise
comparison should be borne in mind, the x2 approxi-
mation to the LRT appears usable even for pairwise
comparisons and small genes such as lysin. Use of the
x? approximation for data of multiple sequences, which
contain more information, is expected to be more
reliable.

The LRT dtatistics are plotted in figure 2C as a
function of the estimated o ratio. For 12 comparisons,
w is >1 at the 1% significance level (fig. 2C). In 13
additional pairs, w is >1 at the 5% level. It is notewor-
thy that a large estimate of the o ratio is not necessarily
strong evidence for adaptive evolution, as an estimate
based on very few changes is unreliable. In two com-
parisons, that between H. discus hannai and H. gigantea
and that between H. rubra and H. conicopora, two non-
synonymous differences and no synonymous differences
were found. The estimate of o in both comparisons was
o (dy = 0.0065, ds = 0). However, this ratio is not
significantly >1; the test statistic 2A¢ = 1.0 is rather
small, with P = 0.3. Because there were only two
changes, we are unable to rule out chance effects.

For distant comparisons, the estimated o ratios are
<1. In 107 comparisons, w is significantly <1 at the 1%
level, while in 49 additional comparisons, o is signifi-



cantly <1 at the 5% level. For the remaining 119 com-
parisons, the null hypothesis ® = 1 cannot be rejected.
While many more pairs show o < 1 than o > 1, the
pairwise comparisons are not independent and the pat-
terns are not easy to interpret.

Variable Selective Pressures and Positive Selection
Along Lineages

The one-ratio model assumes the same o ratio for
all lineages (fig. 1) and involves atotal of 58 parameters:
47 branch lengths, 9 parameters for the nucleotide fre-
guencies at the three codon positions, the transition/
transversion rate ratio k, and the dy/ds ratio w. The log-
likelihood value under this model was €, = —4,682.42,
with parameter estimates k = 1.56 and o = 0.929. This
o ratio was an average over all sites and lineages. While
larger than estimates from most other genes (see, e.g.,
Li 1997; Yang and Nielsen 1998), this ratio was <1.
The free-ratios model, which assumes an independent w
ratio for each branch, was then applied to the same data.
The tree in figure 1 has 47 branches, so 46 additional
parameters are involved in this model. Estimates of the
o ratios are shown along branches in figure 1. The like-
lihood value under this model was ¢, = —4,627.27.
Comparison of 2A¢ = 2(€; — €,) = 2 X 55.15 = 110.30
with the x2 distribution (df = 46) suggests rejection of
the one-ratio model, with P = 0.3 X 107%. The w ratios
are extremely variable among lineages.

Estimates of o ratios in figure 1 suggest that the »
ratios for recent lineages linking closely related or sym-
patric species are most often >1, while those for branch-
es separating distantly related species are all <1. For
example, in the North Pacific clade (species 1-10 from
California and Japan), all except two very short branch-
es have estimates of o > 1. A similar pattern is seen
among closely related species in the Australia clade
(species 11-16). One explanation is that lysin may be
under pressure to evolve to establish reproductive iso-
lation during sympatric speciation, while such pressure
is absent in allopatric lineages or after reproductive bar-
riers are well established. One difficulty with testing
such a hypothesis is that the models used here only de-
scribe the average pattern along each lineage. If aline-
age undergoes a short episode of positive selection but
is under purifying selection most of the time, the aver-
age o ratio for the lineage may not be >1. Another
difficulty with testing the hypothesis is that we do not
know whether a node represents a sympatric or an al-
lopatric speciation event. Here, we used a phylogeny
(fig. 3) for a subset of species from the North Pacific
(species 1-10) and Australia (species 11-16) clades to
fit atwo-ratios model, assuming aratio w, for the branch
connecting the two clades and another ratio w; for
branches within the two clades. The one-ratio model for
this subset data gives €, = —2,719.60, with the estimate
® = 1.450. The two-ratios model gives ¢, = —2,698.46,
with @y, = 0.272 between clades and &, = 2.396 within
clades. The LRT suggested that the two o ratios were
significantly different; 2A¢ = 2(¢, — €¢;) = 2 X 21.14
= 42.28, and P < 0.8 X 10710 with df = 1. Further-
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more, an LRT comparing models with w; = 1 con-
strained and without such constraint suggested that
was significantly >1; 2A¢ = 2 X (—2,698.46 —
(—2,712.97)) = 29.02 is much greater than x%,, =
6.63 with df = 1.

However, the two branches separating the Japanese
(H. sieboldii, H. discus hannai, and H. gigantea) and
Californian species probably represent allopatric rather
than sympatric speciation. When those two branches
were assigned the ratio w,, the same conclusions as
above were reached. The two-ratios model gave ¢, =
—2,706.10 with &y = 0.477 and ®, = 2.326, and the
two-ratios model with w; = 1 constrained gave ¢, =
—2,718.76. Thus, o, was significantly >w, (2A¢ =
27.00) and also significantly >1 (2A¢ = 25.32). Nev-
ertheless, the large estimates of w for the two lineages
under the free-ratios model, which were averages over
al sites, did not appear to be due to chance effects and
were in contradiction to the hypothesis.

Variable Selective Pressures Among Sites and
Identification of Amino Acids Under Diversifying
Selection

Table 1 lists parameter estimates and log-likelihood
values under models of variable o ratios among sites.
Model MO (one ratio) assumes the same ratio for all
sites and fits the data far more poorly than any of the
other models, which account for variable w ratios across
sites. For example, M3 (discrete) involves four more
parameters than MO (one ratio), and the LRT statistic
2A¢ = 436.14 is much greater than the critical value
X% = 13.28 with df = 4 (table 2). The results suggest
extreme variation in selective pressure among amino
acid sites.

All three models that allow for the presence of pos-
itively selected sites, i.e., M2 (selection), M3 (discrete),
and M8 (beta & w), do suggest the presence of such
sites (table 1). Allowing for the presence of positively
selected sites (with o > 1) improves the fit of the mod-
els significantly. For example, the neutral model (M1)
does not allow for siteswith o > 1. The selection model
(M2) adds an additional site class, with the o ratio es-
timated to be 3.8. The log-likelihood improvement was
huge, as 2A¢ = 191.90 should be compared with
X% = 9.21 with df = 2 (table 2). Comparison between
M7 (beta) and M8 (beta & ) produced similar results
(table 2). M7 (beta) fits the data better than M1 (neutral),
as it allows for sites at which 0 < o < 1 (table 1).

Posterior probabilities for site classes calculated
under M3 (discrete) are plotted in figure 4. ML esti-
mation suggests that the three site classes are in pro-
portions p, = 0.329, p; = 0.402, and p, = 0.269, with
the ratios w, = 0.085, w; = 0.911, and w, = 3.065
(table 1). Those proportions are the prior probabilities
that any site belongs to each of the three classes. The
data (codon configurations in different species) at a site
ater the prior probabilities dramatically, such that the
posterior probabilities may be very different from the
prior probabilities. For example, the posterior probabil-
ities for site 1 are 0.944, 0.056, and 0.000, and this site
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FiG. 4—Posterior probabilities for site classes with different selective pressures (measured by the o ratio) for amino acid sites along the
sequence. The lysin sequence of the red abalone (Haliotis rufescens) is shown below the x-axis. Model M3 (discrete) is applied to the data of

figure 1.

isvery likely to be under strong purifying selection. The
probabilities for site 4 are 0.000, 0.000, and 1.000, and
this site is amost certainly under diversifying selection.
The analysis was also performed under models M2 (se-
lection) and M8 (beta & ), and the results (not pre-
sented) were highly similar. For example, the probabil-
ities that site 127 belongs to the class of positively se-
lected sites (with the o ratio being 3.82 under M2, 3.07
under M3, and 2.96 under M8; table 1) were 0.979,
0.957, and 0.950 under the three models, respectively.
For site 116, the corresponding probabilities were 0.872,
0.806, and 0.802. Table 1 lists sites inferred to be under
positive selection under different models at the 95% cut-
ting point.

Sites inferred to be under diversifying or purifying
selection under M3 (discrete) (table 1) are mapped onto
the alpha-carbon ribbon diagram of red abalone sperm
lysin in figure 5 (Shaw et al. 1993, 1995; Kresge, Vac-
quier, and Stout 2000a, 2000b). The 23 sites under pos-
itive selection are scattered over the entire primary se-
quence (fig. 4), whereas in the crystal structure (fig. 5),
they cluster at the top and bottom of the molecule. Both
the N- and the C-termini lie close together, and about
half the sites in the N-terminus are inferred to be under
positive selection. Other sites under positive selection,
such as sites 14, 64, 67, 70, 74, 83, 86, and 87, cluster
at the top of the protein. The mgjority of conserved sites
are found in the internal portions of the alpha helices,
where they are involved in interhelical interactions
which determine the conserved fold common to al
lysins.

Computer Simulation to Examine the Effect of
Saturation and Functional Constraints

The pairwise comparison (fig. 2) and likelihood
analysis of variable selective pressures among lineages
(fig. 1) assumed that the selective pressure was the same
over all amino acid sites. This assumption was unreal-
istic, both from biological considerations and from the
analysis discussed above (tables 1 and 2). This unreal-

istic assumption is expected to cause underestimation of
nonsynonymous rates, with greater biases at larger dis-
tances. We performed computer simulations to examine
this effect, as models that account for variation of w both
among sites and among lineages have not yet been
implemented.

We distinguished between two factors. The first
was saturation, that is, inadequacy of the estimation pro-
cedure to correct for multiple nonsynonymous substi-
tutions at the same site at high sequence divergences.
When the substitution model is correct, the ML method
does not appear to involve such a bias. Previous simu-
lations (Yang and Nielsen 2000) suggest that the ML
method tends to overestimate rather than underestimate
w in short sequences when w > 1. We generated a data
set under the one-ratio model with k = 1.6 and o = 3
and with branch lengths three times as large as those
estimated from the lysin data. The sequences were more
divergent and the o ratio was much higher than in lysin.
For this data set, NG underestimated the w ratio in al-
most all pairwise comparisons, with the average o =
1.8. ML produced estimates around the correct value of
3 (with the average » = 3.0) although with large sam-
pling errors at high divergences.

The second factor was variation of selective pres-
Sures or o ratios among sites. To examine whether such
a variation caused the LRT to suggest incorrectly sig-
nificant differences among lineages, we simulated data
sets under model M3 (discrete) using parameter esti-
mates obtained from the lysin data under the same mod-
el (table 1). Each simulated replicate was then analyzed
using two models: the one-ratio model assuming one o
for al branches, and the free-ratios model assuming one
w ratio for each branch. Both models assume no varia-
tion among sites. The statistic 2A¢ was then calculated.
As the free-ratios model is computation-intensive, only
10 replicates were simulated. In none of the 10 repli-
cates did the LRT reject the null model of one w ratio
for al lineages. The statistic 2A¢ ranged from 32.5 to
60.2 among replicates. Note that if the LRT is strictly
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N

Fic. 5.—Lysin crysta structure from the red abalone Haliotis rufescens (Shaw et al. 1993). The structure starts from amino acid 4 (His).
Sites under diversifying selection are in black and labeled, except for sites 64 and 67, which are on the face opposite that shown in the figure.
Sites under purifying selection are indicated in white. The discrete model (M3) is used (see table 1).

correct, there will be a 5% chance of rejecting the null
hypothesis at the 5% level.

In another set of simulations, 12 replicates were
simulated under model M3 (discrete) with three classes
of sites in proportions 0.2, 0.3, and 0.5 with o ratios of
0.1, 1, and 10. The branch lengths used were three times
those estimated from the lysin data. The 2A¢ statistics
ranged from 40.4 to 78.9 among replicates. The null
model of one w ratio for all lineages was incorrectly
rejected in four replicates at the 1% level (x? = 71.20)
and in two more replicates at the 5% level (x? = 62.83).
The extreme nonsynonymous rate variation among sites
and the high sequence divergence had a substantial ef-
fect on the LRT, causing far more false positives than
indicated by the x? distribution. Nevertheless, the ob-
served statistic, 110.30, was well outside the range from
the simulation performed under even such extreme pa-
rameter values. It is thus safe to conclude that the o

ratios are variable among lineages, even though the LRT
ignores variable selective pressures at sites.

Tracing Evolutionary Changes at Amino Acid Sites by
Reconstructing Ancestral Lysins

Codons and amino acids at ancestral nodes were
inferred using the empirical Bayes method (Yang, Ku-
mar, and Nei 1995) for the subtree of species 1-16 (fig.
3). The codon-based model assumed two o ratios, one
for lineages within the North Pacific and Australian
clades, and another for the branch between the two
clades. Ancestral amino acids were then used to map
changes onto branches in the phylogeny (fig. 3). The
ancestral lysin proteins may be useful for future labo-
ratory studies.

As mentioned earlier, in two pairwise comparisons,
that between H. discus hannai and H. gigantea and that
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between H. rubra and H. conicopora, two nonsynony-
mous differences and no synonymous differences were
found. These two species pairs deserve special attention.
Ancestral reconstruction suggests that the ancestor of H.
discus hannai and H. gigantea had GGA (Gly) at site
116 and GAA (Glu) at site 120, both with probability
1.00, and that the differences between the two species
are due to a GGA (Gly) -~ AGA (Arg) change at site
116 and a GAA (Glu) » GCA (Ala) change at site 120
aong the H. discus hannai lineage. The ancestor of H.
rubra and H. conicopora had GCC (Ala) at site 32 with
probability 1.00 and AAC (Asn) at site 74 with proba
bility 0.97, so the differences between the two species
are most likely due to a GCC (Ala) - ACC (Thr)
change at site 32 and an AAC (Asn) -~ GAC (Asp)
change at site 74 along the H. rubra lineage. Note that
previous analysis suggests that sites 32, 74, and 120 (P
> 0.99) and site 116 (P = 0.8) are under diversifying
selection (table 1 and fig. 4). While the individual pair-
wise comparisons discussed earlier cannot rule out
chance effects as the cause for the observed differences
in the two species pairs, the combined evidence makes
it most likely that those differences occurred not by
chance, but by selective pressure. It would be interesting
to examine the efficiency of the egg-sperm interaction
within and between species for these species pairs.

Discussion

ML analysis of the lysin gene sequences reveals
significant variation in selective pressure among sites.
Many amino acid sites are clearly under strong purifying
selection, with the nonsynonymous rate close to 0, while
some other sites are under diversifying selection, with
the nonsynonymous rate elevated to more than three
times the synonymous rate. The analysis also suggests
that the selective pressure indicated by the o ratio is
variable among lineages. Purifying selection clearly op-
erates on conserved sites in al lineages, and variable
selective pressures among lineages appear to be due to
the presence or absence of diversifying selective
pressure.

While the data provide support for variable selec-
tive pressures among lineages, indicating episodic evo-
lution in lysin, it is unclear what may have caused this
variation. Estimates of the o ratios under the free-ratios
model suggest that recent lineages of closely related
sympatric species tend to be under diversifying selec-
tion, while old lineages separating distantly related spe-
cies tend to lack such pressure. One hypothesis is that
lysin evolution is driven by the selective pressure to
establish cross-species reproductive barriers, possibly
through reinforcement (Dobzhansky 1940). However,
this explanation is contradicted by the high estimates of
the o ratio for the two branches separating the California
and Japanese species, which most likely represent an
alopatric speciation event.

Another factor that may cause variable o ratios
among lineages is population size fluctuation. The im-
portance of selection relative to random drift increases
with the population size. Thus, aslightly deleterious mu-

tation will have a greater chance of getting fixed, and a
dightly advantageous mutation will have a reduced
chance of fixation in a smaller population (Ohta 1973).
The majority of lineages with estimated o < 1 involve
potential dispersal (founding) events, which might result
in small population sizes. When the population is small,
random fixations of mutations may be as important in
lysin evolution as positive selection. Small population
sizes may also lead to low animal density and low sperm
concentration, and thus reduced sperm competition, a
factor that may be driving lysin evolution. While dif-
ferences in population size may create variable o ratios
among lineages, they do not seem likely to change the
direction of selection or to produce both lineages with
w>lando < 1.

An additional hypothesis incorporates the evolution
of VERL repeats by concerted evolution (Elder and
Turner 1995). It has been hypothesized that lysin
evolves to match the VERL repeats, which are being
homogenized by concerted evolution (Swanson and
Vacquier 1998). Positive selection may favor lysins
which match the new VERL repeat or lysins which tend
to conserve lysin's three dimensional structure while di-
versifying its amino acid side chains. Thus, VERL
changes first, with the change propagated by concerted
evolution, and lysin adapts to match its cognate VERL
repeat while conserving its overall three-dimensional
structure. The rate and extent of homogenization of re-
peating motifs may vary between lineages and species
(Modi 1993), and there is evidence that the homogeni-
zation of VERL repeats differs between species (unpub-
lished data). This variation in VERL homogenization
rates may lead to variation in the selective pressure on
lysin among lineages. For example, once lysin-VERL
interaction has been optimized, purifying selection may
act on lysin until a new VERL repeat type appears and
is propagated by concerted evolution. Instead of being
the driving force in achieving reproductive isolation (the
mismatch of lysin and VERL), the species specificity of
abalone fertilization may evolve as a by-product of the
way in which these two cognate gamete recognition pro-
teins evolve.
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