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Abstract

Poliovirus is the etiological agent of poliomyelitis. From the observations that only simians are susceptible to poliovirus infection and that 37
amino acid sites (the poliovirus-binding associated [PBA] sites) in the domain D1 of CD155 are involved in the binding to poliovirus, it is considered
that the susceptibility to poliovirus infection evolved through amino acid substitutions that occurred at the PBA sites on the ancestral branch of
simians. Here it is shown that positive selection has operated on these substitutions by analyzing the nucleotide sequences encoding almost the entire
region of D1 in humans, non-human hominoids (chimpanzees and gorillas), Old World monkeys (African green monkeys), New World monkeys
(brown capuchins, squirrel monkeys, and marmosets), prosimians (ring-tailed lemurs), and non-primate mammals (rabbits). Positive selection is
unlikely to have operated on the susceptibility to poliovirus infection, but possibly on the binding to another molecule. Elimination of susceptibility to
poliovirus infection in simians may be difficult, because it also requires elimination of advantageous effects that have been exerted by CD155.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Poliovirus, a member of the genus Enterovirus in the family
Picornaviridae, is the etiological agent of poliomyelitis, which
is an acute disease causing flaccid paralysis through selective
destruction of motor neurons in the central nervous system
(Landsteiner and Popper, 1909). Only humans are natural hosts
for poliovirus. However, non-human hominoids and Old World
monkeys are considered to be susceptible to poliovirus infection,
because individuals or cell lines from these organisms may be
infected by poliovirus under experimental conditions (Hsiung
et al., 1964). New World monkeys are also known to be, at least
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partially, susceptible to poliovirus infection (Ida-Hosonuma
et al., 2003). In contrast, prosimians and non-primate mammals
do not appear to be susceptible.

Susceptibility to poliovirus infection is determined mainly by
the interaction between the surface capsid proteins (VP1, VP2,
and VP3) of poliovirus and the poliovirus receptor protein
(CD155) on the host cell surface (Mendelsohn et al., 1989).
CD155 (totally 417 amino acid sites) is a member of the
immunoglobulin (Ig) superfamily, consisting of a signal peptide
(amino acid positions 1–27), three extracellular Ig-like domains
(D1 [positions 28–142], D2 [positions 143–242], and D3
[positions 243–330]), a transmembrane domain (positions 331–
355), and a cytoplasmic tail (positions 356–417). (Note that the
numbers and positions of amino acid sites are those for human
CD155.) D1 is known to bind to poliovirus (Koike et al., 1991;
Selinka et al., 1991). From the analysis of the three-dimensional
structure of CD155–poliovirus complex, 26 amino acid sites
(positions 29, 30, 60, 61, 63, 75, 81–84, 86, 88–91, 93, 98, 102,
124, and 126–132) in D1were found to be located at its interface
(He et al., 2003). In addition, from mutagenesis analysis, 20
amino acid sites (positions 78, 80, 82–87, 92, 99–102, 117–119,
124, 126, 130, and 131) in D1 were identified as important for
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poliovirus binding (Bernhardt et al., 1994; Colston and
Racaniello, 1994; Morrison et al., 1994; Harber et al., 1995;
Liao and Racaniello, 1997). Therefore, 37 amino acid sites of D1
are involved in the binding to poliovirus, and are called the
poliovirus-binding associated (PBA) sites in this paper.

CD155 has been identified not only in simians, which are
susceptible to poliovirus infection, but also in prosimians and
non-primate mammals, which are not susceptible (Ida-Hosonuma
et al., 2003). Therefore, the difference in the susceptibility to
poliovirus infection between these organisms appears to result
from the difference in the amino acid sequence of CD155. To
understand the evolutionary mechanisms of the susceptibility to
poliovirus infection, it is interesting to examine natural selection
that has operated on CD155. In general, natural selection can be
detected by comparing the rates of synonymous (rS) and non-
synonymous (rN) substitutions for the protein-coding nucleotide
sequences (Hughes and Nei, 1988). Positive and negative se-
lection are inferred when rSb rN and rSN rN, respectively. Ida-
Hosonuma et al. (2003) analyzed the nucleotide sequences en-
coding almost the entire region (positions 36–132) ofD1 obtained
from humans, non-human hominoids (chimpanzees and gorillas),
Old World monkeys (African green monkeys), New World
monkeys (brown capuchins, squirrel monkeys, and marmosets),
prosimians (ring-tailed lemurs), and non-primate mammals
(rabbits). They observed that rSN rN for all pairwise comparisons
of these sequences, and concluded that positive selection had not
operated on D1. However, the binding of CD155 to poliovirus is
notmediated by the entire region ofD1, but only by the PBA sites.
In addition, according to the parsimony principle (Fitch, 1971),
the ancestor of primates was not susceptible to poliovirus in-
fection, but the susceptibility evolved on the ancestral branch of
Fig. 1. Multiple alignment of the amino acid sequences for almost the entire region (am
African green monkeys, brown capuchins, squirrel monkeys, marmosets, ring-tailed
CD155 in this species, respectively. The amino acid sites that were located at the in
structure and those that were important for poliovirus binding in the mutagenesis analy
analysis of natural selection are dark-shaded. The PBA sites where amino acid subs
simians in the phylogenetic tree. Therefore, natural selection
should be examined for the PBA sites on the ancestral branch of
simians.

Here it is shown that ancient positive selection on CD155 is
a possible cause for susceptibility to poliovirus infection in
simians. The biological significance of the results is discussed.

2. Materials and methods

2.1. Sequence data

The nucleotide sequences encoding almost the entire region
of D1, that were analyzed by Ida-Hosonuma et al. (2003), were
used to examine natural selection that has operated at the PBA
sites on the ancestral branch of simians. The accession numbers
in the International Nucleotide Sequence Database (INSD) for
the sequences of humans, chimpanzees, gorillas, African green
monkeys (copies 1 and 2), brown capuchins, squirrel monkeys,
marmosets, ring-tailed lemurs, and rabbits are M24407, AB086
255, AB086253, D12611, D12613, AB086124–AB086131, AB
086252, AB086254, AB086132–AB086137, and AB086138–
AB086144, respectively. These sequences have been reported to
be orthologous (Ida-Hosonuma et al., 2003). Note that African
greenmonkeys possess two sequences because of the occurrence
of gene duplication after speciation (Koike et al., 1992).

A multiple alignment of the nucleotide sequences was made
using the computer program CLUSTAL W (version 1.81)
(Thompson et al., 1994). The alignment contained a gap which
was apparently accompanied by a frame shift. To eliminate the
gap, a multiple alignment was also made for the amino acid
sequences thatwere encoded by the nucleotide sequences (Fig. 1).
ino acid positions 36–132) of D1 obtained from humans, chimpanzees, gorillas,
lemurs, and rabbits. African green monkeys 1 and 2 indicate copies 1 and 2 of
terface of CD155–poliovirus complex in the analysis of the three-dimensional
sis are marked with ⁎ and #, respectively. The sites that were eliminated from the
titutions occurred on the ancestral branch of simians are light-shaded.
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The nucleotide and amino acid alignments were compared with
each other, and only the codon sites in the former alignment that
were consistently aligned with the latter alignment without gaps
between the nucleotides within the codons were extracted. As a
result, codon positions 54 and 55were not extracted, and a total of
95 codon sites, consisting of 35 PBA sites and 60 non-PBA sites,
was used for the analysis of natural selection.

2.2. Data analysis

The ancestral branch of simians in the phylogenetic tree could
be identified only when the sequences analyzed were ortholo-
gous, as reported by Ida-Hosonuma et al. (2003). To confirm the
orthologous relationships among these sequences, the phyloge-
netic tree was constructed by the neighbor-joining method
(Saitou and Nei, 1987) using the p-distance with MEGA
(version 3.1) (Kumar et al., 2004). Note that the topology of the
phylogenetic tree constructed using the p-distance is generally
known to be more reliable than that using other distances (Nei
and Kumar, 2000). The reliabilities of the interior branches were
assessed by the bootstrap method with 1000 resamplings (Fel-
senstein, 1985).

Natural selection that has operated at the PBA sites on the
ancestral branch of simians was examined by the method of
Zhang et al. (1998). For the PBA sites, the ancestral codon
sequence was inferred for each interior node of the phyloge-
netic tree by the likelihood-based Bayesian method (Yang et
al., 1995) using PAML (version 3.14) (Yang, 1997). The
numbers of synonymous (CS) and nonsynonymous (CN)
differences per sequence were counted for the ancestral branch
of simians by comparing its flanking codon sequences. In
addition, the average numbers of synonymous (S) and
nonsynonymous (N) sites per sequence for the entire
phylogenetic tree were estimated by the maximum likelihood
method. The probability (p) of obtaining the observed or more
biased values for CS and CN, under the assumption of selective
neutrality, was computed by Fisher's exact test using a 2×2
contingency table consisting of CS (in the first column of the
first row), CN (in the first column of the second row), (S−CS)
Fig. 2. The phylogenetic tree constructed for the nucleotide sequences encoding
chimpanzees, gorillas, African green monkeys, brown capuchins, squirrel monkey
indicate copies 1 and 2 of CD155 in this species, respectively. The bootstrap probabili
tree is the same as that of the species tree (Fig. 3), except that chimpanzees cluste
marmosets instead of squirrel monkeys. The scale bar indicates 0.05 substitutions p
(in the second column of the first row), and (N−CN) (in the
second column of the second row). Positive and negative
selection were inferred when CN /CSN (N−CN) / (S−CS) and
CN /CSb (N−CN) / (S−CS), respectively, with pb0.05.

3. Results

3.1. Phylogenetic relationships among CD155 sequences

The phylogenetic tree constructed for the nucleotide
sequences encoding almost the entire region of D1 in humans,
chimpanzees, gorillas, African green monkeys, brown capu-
chins, squirrel monkeys, marmosets, ring-tailed lemurs, and
rabbits, is shown in Fig. 2. The topology of the phylogenetic tree
was the same as that of the species tree (Fig. 3), except that
chimpanzees clustered with gorillas instead of humans as well as
brown capuchins clustered with marmosets instead of squirrel
monkeys. However, bootstrap probabilities for the interior
branches supporting the human–gorilla and brown capuchin–
marmoset clusters were only 77% and 49%, respectively. In
contrast, other branches were supported by high bootstrap
probabilities (N90%).

Although the topology of the phylogenetic tree constructed
using the p-distance is generally known to be more reliable than
that using other distances as mentioned above, the p-distance
may be biased if the pattern of nucleotide substitution is com-
plicated. To take the pattern into account, the model of nuc-
leotide substitution that was fittest to the data was inferred using
MODELTEST (version 3.7) (Posada and Crandall, 1998). As a
result, the model of Hasegawa et al. (1985) (HKY) with a
gamma distribution (shape parameter [α] of 0.883) for the
among-site rate variation (HKY+Γ) was inferred as the fittest.
However, the topology of the phylogenetic tree constructed
using this model with PAUP⁎ (version 4.0b10) (Swofford,
1998) was the same as that using the p-distance (Fig. 2),
suggesting that the p-distance was not biased.

The phylogenetic trees were also constructed for the PBA
sites and non-PBA sites separately using the p-distance. The
topology of the former tree was the same as that for the entire
almost the entire region of D1 (285 nucleotide sites) obtained from humans,
s, marmosets, ring-tailed lemurs, and rabbits. African green monkeys 1 and 2
ties are indicated for interior branches. Note that the topology of the phylogenetic
red with gorillas instead of humans as well as brown capuchins clustered with
er site.



Fig. 3. The species tree for humans, non-human hominoids (chimpanzees and gorillas), Old World monkeys (African green monkeys), New World monkeys (brown
capuchins, squirrel monkeys, and marmosets), prosimians (ring-tailed lemurs), and non-primate mammals (rabbits). African green monkeys 1 and 2 indicate copies 1
and 2 of CD155 in this species, respectively. The N /S values at the PBA sites and non-PBA sites are indicated. The CN/CS values at the PBA sites and non-PBA sites
are indicated above and below each branch, respectively. The total CN /CS values for the simian (broken line) and non-simian (dotted line) groups of branches are also
indicated. ⁎ indicates that CN/CSN (N−CN) / (S−CS) with pb0.05 (positive selection), whereas #, ##, and #### indicate that CN/CSb (N−CN) / (S−CS) with pb0.05,
pb0.005, and pb0.00005 (negative selection), respectively.
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sequence (Fig. 2), but the topology of the latter tree was exactly
the same as that of the species tree (Fig. 3). Kimura's (1980)
(Kimura) and HKY+Γ (α=0.909) models were inferred as the
fittest to the PBA and non-PBA sites, respectively. The
topology of the phylogenetic tree for the PBA sites constructed
using Kimura model was the same as that using the p-distance
(Fig. 2), whereas chimpanzees clustered with gorillas instead of
humans in the phylogenetic tree for the non-PBA sites con-
structed using HKY+Γ model.

Overall, the interior branches supported by low bootstrap
probabilities were either consistent or inconsistent with the
species tree according to the regions of nucleotide sequences
analyzed, whereas those supported by high bootstrap probabil-
ities were generally consistent with the species tree. Although
the possibility that multiple events of gene duplications and
gene losses occurred for CD155 cannot be rejected, it appears to
be reasonable to consider that the sequences analyzed were
indeed orthologous as reported by Ida-Hosonuma et al. (2003),
and the incorrect clusters were obtained due to statistical fluc-
uations of the nucleotide substitution. Therefore, the topology
of the species tree (Fig. 3) was used for the analysis of natural
selection.

3.2. Natural selection at the PBA sites on the ancestral branch
of simians

To examine natural selection that has operated at the PBA
sites on the ancestral branch of simians, the ancestral codon
sequence was inferred for each interior node of the phy-
logenetic tree. The average posterior probability of inferred
codons for each ancestral sequence ranged from 87.6% to
100.0%, indicating that the inferred sequences were more or
less reliable. The CS and CN values as well as the S and N
values are summarized in Fig. 3. The S and N values were 33
and 72, respectively. For the ancestral branch of simians, CS

and CN were 0 and 11, respectively. Since CN /CS was
significantly greater than (N−CN) / (S−CS) (p=0.0159), pos-
itive selection was inferred. When natural selection was
examined for other branches of the phylogenetic tree, neither
positive nor negative selection was inferred for any branch,
except for the chimpanzee and rabbit branches where negative
selection was inferred (Fig. 3). Note, however, that for a given
branch the failure to detect natural selection does not
necessarily indicate that natural selection did not operate,
because the occurrence of nucleotide substitution is influenced
by statistical fluctuations. To obtain rough ideas about natural
selection that has operated before and after the existence of
the ancestral branch of simians, all other branches of the
phylogenetic tree were classified into simian and non-simian
groups, according to whether they belonged to the simian
lineage or not in the phylogenetic tree (Fig. 3). For each group,
the CS and CN values were summed for all branches and
natural selection was examined in a way similar to the case for
the analysis of individual branches. As a result, negative
selection was inferred for both the simian and non-simian
groups (Fig. 3). In particular, negative selection was inferred
for the simian group even when the chimpanzee branch was
eliminated.
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3.3. Relative strength of natural selection at the PBA and
non-PBA sites

Natural selection that has operated on the ancestral branch of
simians as well as on other branches of the phylogenetic tree for
the non-PBA sites was also examined in a way similar to the
case for the PBA sites (Fig. 3). The average posterior
probability of inferred codons for each ancestral sequence
ranged from 87.1% to 100.0%. However, neither positive nor
negative selection was inferred for any branch. No selection was
inferred even when the branches were classified into simian and
non-simian groups. These results suggest that natural selection
operating at the non-PBA sites, if any, was weaker than that at
the PBA sites. Interestingly, a similar observation was also
obtained from the analysis of the duplicate copies (copies 1 and
2) of CD155 in African green monkeys. CD155 appears to have
duplicated in African green monkeys, as mentioned above. In
general, after gene duplication, the rate of amino acid
substitution is often accelerated for one of two copies because
of relaxation of functional constraint, and this copy eventually
becomes a pseudogene (Wagner, 2002). In the case of CD155 in
African green monkeys, the number (9) of amino acid
substitutions that have accumulated in copy 2 is significantly
greater than that (1) in copy 1 (p=0.0117), suggesting that the
rate was accelerated for copy 2 (Fig. 3). Among the nine amino
acid substitutions in copy 2, eight occurred at the PBA sites
whereas only one at the non-PBA sites, suggesting that the
extent of relaxation of functional constraint at the PBA sites was
significantly greater than that at the non-PBA sites
(p=0.00474). These results indicate that the functional
constraint at the PBA sites was stronger than that at the non-
PBA sites before duplication.

4. Discussion

4.1. Why were the PBA sites positively selected on the ancestral
branch of simians?

Positive selection appears to have operated at the PBA sites
on the ancestral branch of simians, where the susceptibility to
poliovirus infection is considered to have evolved. However, it
is unlikely that positive selection has operated on the
susceptibility to poliovirus infection, because of the following
two reasons. First, although poliovirus infection may not
decrease the fitness of individuals to a large extent due to a
relatively low rate (0.01–0.001) of progression to poliomyelitis,
there is no evidence that it increases the fitness. Second, the
emergence of poliovirus appears to be much later than the
existence of the ancestral branch of simians, which is known to
be 20–30 million years ago. Actually, the evolutionary distance
measured in terms of the number of nucleotide substitutions
between poliovirus and other viruses has been estimated to be
smaller than 1 per site (Brown et al., 2003). In addition, the rate
of nucleotide substitution for poliovirus has been estimated to
be greater than 1×10−3 per site per year (Gavrilin et al., 2000).
Therefore, the emergence of poliovirus should be only less than
1000 years ago.
The exact reason for the occurrence of positive selection is
unclear partly because the physiological functions of PBA sites
are unknown. However, since these sites are all involved in the
binding of CD155 to other molecules (VP1, VP2, and VP3 of
poliovirus), it is possible that the amino acid substitutions at
these sites on the ancestral branch of simians also influenced the
binding to another molecule. It has been reported that
ectodomains of human CD155 bind to vitronectin (Lange et
al., 2001), nectin-3 (Fabre et al., 2002), DNAM-1 (DNAX
accessory molecule-1, or CD226), CD96 (Tactile [T-cell
activated increased late expression]) (Bottino et al., 2003),
and itself (dimerization) (Mueller and Wimmer, 2003). In
particular, the binding of CD155 and nectin-2 (CD112)
expressed on the tumor cells of colorectal carcinoma and
malignant glioma to DNAM-1 and CD96 expressed on natural
killer (NK) cells induces NK cell-mediated lysis of tumor cells
(Bottino et al., 2003). This function appeared to be advanta-
geous when it evolved. In mice, CD155 (Tage4 [tumor-
associated antigen E4]) is known to bind to vitronectin
(Lange et al., 2001) and nectin-3 (Ikeda et al., 2003; Mueller
and Wimmer, 2003). It is therefore interesting to examine
whether CD155 from non-simians binds to DNAM-1 and
CD96, and whether the PBA sites are involved in the bindings.
Note, however, that among 35 PBA sites, amino acid
substitutions occurred only at 10 sites on the ancestral branch
of simians (Fig. 1). Therefore, these sites may be more
important than other sites for understanding the reason for the
occurrence of positive selection. It is also interesting to note that
the PBA sites on the simian group of branches are negatively
selected. It was reported that 29 amino acid sites of the surface
capsid proteins of poliovirus (positions 101, 107–109, 166–
168, 214, 221–224, 226–228, 234, 280, 295–298, and 301 of
VP1, positions 137–139 and 141 of VP2, and positions 58, 59,
and 62 of VP3) were located at the CD155-poliovirus interface
(He et al., 2003). (Note that the amino acid positions are those
for serotype 1 poliovirus.) When the test of selective neutrality
was conducted for each of 25 sites (excluding positions 108 and
221–223 of VP1 because of the existence of gaps and the
absence of synonymous sites), rSN rN for 24 sites and negative
selection was inferred for 18 sites, whereas rSb rN only for 1 site
and positive selection was not inferred for any site (Suzuki,
2004). These observations indicate that the binding between
CD155 and poliovirus is evolutionarily stable.

In contrast, natural selection, either positive or negative,
operating at the non-PBA sites generally appears to be weaker
than that operating at the PBA sites. Although the biological
functions of non-PBA sites are unknown, it is implied that the
non-PBA sites are involved in the physiological functions of
CD155, such as the binding to other molecules, more indirectly
than the PBA sites.

4.2. Association between positive selection and diseases

In this paper, it was shown that ancient positive selection on
CD155 was a possible cause for susceptibility to poliovirus
infection in simians. Interestingly, positive selection has often
been found to operate on disease-associated genes. For
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example, mutant alleles of β-globin genes that cause sickle-cell
anemia are positively selected in regions endemic for malaria,
because sickle-cells are resistant to malaria infection. Positive
selection was also detected in the human–chimpanzee compar-
ison of the breast and ovarian cancer susceptibility gene 1
(BRCA1) (Huttley et al., 2000). Angiogenin (ANG), a tumor-
growth promoter, appears to be positively selected in primates
(Zhang and Rosenberg, 2002). Clark et al. (2003) examined
7645 sets of orthologous genes from humans, chimpanzees, and
mice, and found that Mendelian disease genes were positively
selected more often than other genes on the human branch.
Nielsen et al. (2005) analyzed 8079 sets of orthologous genes
from humans and chimpanzees, and found that cancer-related
genes were positively selected more often than other genes.
(Note, however, that no relationship was observed between
positive selection and disease-associated genes in the analysis
of 13,545 sets of orthologous genes from humans and
chimpanzees [Chimpanzee Sequencing and Analysis Consor-
tium, 2005], and that Mendelian disease genes were found to be
negatively selected more often than other genes in the analysis
of polymorphisms for 3277 human genes [Bustamante et al.,
2005].) These observations have been interpreted as suggesting
that diseases are caused by deleterious effects of genes that also
exert advantageous effects. This property of disease-associated
genes is called antagonistic pleiotropy (AP) (Medawar, 1946).
Since advantageous and deleterious effects are exerted at
different time points in the ontogeny of an individual, AP of
these genes may be called AP in ontogeny.

The amino acid substitutions that occurred at the PBA sites
on the ancestral branch of simians also appear to have exerted
effects of AP. However, advantageous and deleterious effects
did not both come about during the same time frame, with the
latter effect occurring much later (b1000 years ago) than the
former effect (20–30 million years ago). Interestingly, a similar
pattern for the evolution of the effects of AP was observed for
amino acid substitutions that occurred in the mitochondrial
proteins of humans during the migration out of Africa to
temperate and arctic areas (Ruiz-Pesini et al., 2004). These
substitutions were adaptive to colder environments during
migration, but later increased the predisposition to modern
diseases. Since advantageous and deleterious effects are exerted
at different time points in the phylogeny of organisms, AP of
these genes may be called AP in phylogeny. Although the
mechanisms for the evolution of diseases are different between
APs in ontogeny and phylogeny, elimination of diseases in
humans may be difficult in both cases, because it also requires
elimination of advantageous effects that have been exerted by
disease-associated genes.
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