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Abstract. There are two tightly linked loci (D and CE)
for the human Rh blood group. Their gene products are
membrane proteins having 12 transmembrane domains
and form a complex with Rh50 glycoprotein on erythro-
cytes. We constructed phylogenetic networks of human
and nonhuman primate Rh genes, and the network pat-
terns suggested the occurrences of gene conversions. We
therefore used a modified site-by-site reconstruction
method by using two assumed gene trees and detected 9
or 11 converted regions. After eliminating the effect of
gene conversions, we estimated numbers of nonsynony-
mous and synonymous substitutions for each branch of
both trees. Whichever gene tree we selected the branch
connecting hominoids and Old World monkeys showed
significantly higher nonsynonymous than synonymous
substitutions, an indication of positive selection. Many
other branches also showed higher nonsynonymous than
synonymous substitutions; this suggests that the Rh
genes have experienced some kind of positive selection.
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Introduction

Most genes are evolving under the neutral mutation pres-
sure (Kimura 1983). However, some genes are evolving
through positive selection. For example, Hughes and Nei
(1988) showed that the rate of nonsynonymous substitu-

tion was significantly higher than that synonymous sub-
stitution in the antigen recognition sites of the major
histocompatibility complex class I loci. Ina and Gojobori
(1994) showed that positive selection operated on anti-
genic sites of the hemagglutinin 1 gene of human influ-
enza A virus. Positive selection of these types are con-
sidered to be caused by interaction between host defense
systems and pathogens.

Blood types were originally distinguished by the dif-
ferent molecular structure on erythrocytes. Therefore,
products of blood group genes may cause interactions
with other organisms, and there is the possibility of posi-
tive selection on those genes as shown for the ABO
blood group genes by Saitou and Yamamoto (1997). We
analyzed the Rh blood group gene sequences for seeking
another possibility of positive selection.

The human Rh blood type is one of the major blood
group systems and plays important roles in transfusion
and clinical medicine. Landsteiner and Wiener (1940)
detected an antibody that agglutinates blood cells from
rhesus macaques, and it was named Rh. This antibody
had a similar feature with the antibody discovered by
Levine and Stetoson (1939) from transfusion incompat-
ibilities. Although the two antibodies had similar speci-
ficity, these antibodies were shown to detect distinct an-
tigens. Therefore, the antibody detected by Landsteiner
and Wiener was renamed LW. There were historically
two hypotheses about the Rh blood group system; Wie-
ner’s (1943) one-locus theory and Fisher-Race’s) three
linked loci (C, D, E) theory (Race 1944). Therefore, two
different nomenclatures for loci and alleles have been used.

Rh polypeptides were observed as phosphorylated
30–32 kD membrane proteins by using SDS-PAGE andCorrespondence to:N. Saitou;e-mail: nsaitou@genes.nig.ac.jp
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immunoprecipitation (Moore et al. 1982; Gahmberg
1982). Nucleotide sequences of Rh genes were deter-
mined independently by Cherif-Zahar et al. (1990) and
Avent et al. (1990). The Rh blood group system was
shown to be composed of two closely linked D and CE
loci (Mouro et al. 1993) as predicted by Tippett (1986).
In human, D and CE loci are located on chromosome
1p34–p36 (Ruddle et al. 1972; Cherif-Zahar et al. 1991),
and individuals are divided into Rh-positive and Rh-
negative according to the presence or absence of the D
antigen. C/c and E/e specificities are distinguished by
four and one amino acid differences, respectively
(Mouro et al. 1993). Rh gene products were estimated to
have 12 transmembrane domains through hydropathy
analysis (Avent et al. 1990) and immunological studies
using an antipeptide antibody (Avent et al. 1992).

Nucleotide sequences of Rh-like blood group genes in
nonhuman primates were also reported (Salvignol et al.
1994, 1995; Mouro et al. 1994a). Genomic DNA analysis
by Southern blot using the human Rh genes as probes
have shown that chimpanzee possesses three Rh-like loci
(Salvignol et al. 1993, 1994), though only two types of
genes for chimpanzee were so far sequenced (Salvignol
et al. 1995). Gorillas carry two Rh-like genes, whereas
orangutans, gibbons, Old World monkeys, and New
World monkeys carry a single Rh-like gene (Blancher et
al. 1992).

Salvignol et al. (1995) constructed a neighbor-joining
tree of primate Rh blood group genes. If we accept their
tree, three gene duplications and four gene losses must be
assumed. Blancher and Socha (1997) constructed a maxi-
mum likelihood tree of primate Rh blood group genes.
Four gene duplications and nine gene losses must be
assumed in their tree. Klein et al. (1997) constructed a
UPGMA tree of primate Rh blood group genes. In their
tree, four gene duplications and five gene losses must be
assumed. Because D and CE loci are tightly linked and
they are quite similar (96.4% nucleotide sequence iden-
tity), gene conversions seem to affect the phylogenetic
relationships of those genes. Occurrences of gene con-
versions and unequal crossing-overs in the Rh loci have
been detected (e.g., Cherif-Zahar et al. 1994; Mouro et
al. 1994b; Beckers et al. 1996; Huang et al. 1996; Kemp
et al. 1996; Carritt et al. 1997), but there has been no
detailed analysis on those events. The first objective of
this study is thus a detailed analysis of the gene conver-
sion events in hominid Rh blood group genes so as to
infer their true phylogenetic relationship. The second ob-
jective is the examination of existence of positive selec-
tion on the Rh blood group gene. This analysis is pos-
sible only after eliminating the effect of gene conversion.

Materials and Methods

Nucleotide sequence data for Rh blood group genes were retrieved
from the DDBJ/EMBL/GenBank international nucleotide sequence da-

tabase and from published papers. Ten human (Homo sapiens) se-
quences, five chimpanzee (Pan troglodytes) sequences, three gorilla
(Gorilla gorilla ) sequences, two crab-eating macaque (Macaca fascicu-
laris) sequences, and one rhesus macaque (Macaca mulatta) sequence
were used in this study (Table 1). All the sequences were complete
cDNA with 1,251 bp.

CLUSTAL W version 1.6 (Thompson et al. 1994) was used for
multiple alignment. Phylogenetic networks were constructed following
the procedure of Bandelt (1994) and Saitou and Yamamoto (1997). To
identify gene conversion events, the site-by-site reconstruction method
(Slightom et al. 1987) was used. The original method was based on the
parsimony method; however, we used the maximum likelihood method
to determine nucleotide sequences of ancestral nodes. PAML version
1.3 (Yang 1997) was used for the maximum likelihood analysis. We
used Ina’s (1995) method to estimate numbers of synonymous and
nonsynonymous substitutions, and statistical tests were performed fol-
lowing Zhang et al. (1997).

Results and Discussion

Gene Conversions Confuse the Rh Gene Tree

Because the two Rh loci are tightly linked, it is possible
that they have experienced gene conversions or crossing-
overs. Those events can confuse the phylogenetic rela-
tionship of the linked loci. We thus constructed phylo-
genetic networks for human, chimpanzee, and gorilla Rh
blood group genes. Because the network for the whole
sequence data has many dimensions, we constructed net-
works for five regions of the coding region of this gene.
For simplicity, we selected one allele of each locus by
examining phylogenetic networks of human and

Table 1. Rh blood group genes and references used in this study

Genes (accession number) References

Human D-1 (X63097) Le Van Kim et al. (1992)
Human D-2 (X63094) Le Van Kim et al. (1992)
Human D-3 (S57971) Kajii et al. (1993)
Human D-4 (L08429) Arce et al. (1993)
Human D-5 (S78509) Huang et al. (1995)
Human D-6 Huang et al. (1996)
Human cE-1 (M34015)a Cherif-Zahar et al. (1990)
Human cE-1 (X54534)a Avent et al. (1990)
Human cE-2 (S577967) Kajii et al. (1993)
Human Ce Huang et al. (1996)
Chimpanzee 1-1 [317-IIR] (L37050) Salvignol et al. (1995)
Chimpanzee 1-2 [394-2G] Salvignol et al. (1995)
Chimpanzee 1-3 [211-6E] Salvignol et al. (1995)
Chimpanzee 1-4 [317-IA] (L37049) Salvignol et al. (1995)
Chimpanzee 2 [211-IIF] (L37048) Salvignol et al. (1995)
Gorilla 1-1 [IC] (L37052) Salvignol et al. (1995)
Gorilla 1-2 [IIA2b] Salvignol et al. (1995)
Gorilla 2 [ID] (L37053) Salvignol et al. (1995)
Crab-eating macaque 1 (L37054) Salvignol et al. (1995)
Crab-eating macaque 2 Salvignol et al. (1995)
Rhesus macaque (S70343) Mouro et al. (1994a)

a Nucleotide sequences of M34015 and X54534 (both human cE-1) are
identical.
Gene names given in square brackets are those used by Salvignol et al.
(1995).
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chimpanzee Rh blood group genes (figures not shown).
We thus used human D (a consensus sequence of human
D alleles), human CE (human cE-1 in Table 1), chim-
panzee 1 (chimpanzee 1–3 in Table 1), chimpanzee 2,
gorilla 1 (gorilla 1-1 in Table 1), and gorilla 2 genes for
the following analyses. Nucleotide identity between hu-
man D and human CE, that between chimpanzee 1 and
chimpanzee 2, and that between gorilla 1 and gorilla 2
were 96.4%, 95.9%, and 97.0%, respectively.

Figure 1 shows phylogenetic networks for exons 1–3
(A), exons 4–5 (B), exon 6 (C), exon 7 (D), and exons
8–10 (E). All the networks contain parallelograms that
suggest parallel substitutions or some kind of convergent
changes. If the relationship of genes is not affected by
gene conversion and/or crossing-over, the network may
not contain so many parallelograms. Moreover, some
sites of those parallelograms in Fig. 1 are contiguous
(e.g., 391, 397, and 399 of Fig. 1A), suggesting the ex-
istence of conversion-like events.

Because chimpanzee possesses three Rh-like loci, at
least two gene duplications occurred in the hominoid
lineage. There are three possible gene trees under this
situation (Figs. 2A–2C). Figure 2A assumes that the first
gene duplication occurred in the common ancestor of
human, chimpanzee, and gorilla, and the second gene

duplication occurred on one duplicated gene of the chim-
panzee lineage. Figure 2B assumes that one gene dupli-
cation occurred in the common ancestor of human, chim-
panzee, and gorilla, and the other gene duplication
occurred in one duplicated gene of the common ancestor
of human and chimpanzee. Figure 2C assumes that two
gene duplications occurred in the common ancestor of
human, chimpanzee, and gorilla. The established phylog-
eny (human and chimpanzee are clustered first) for the
three species (e.g., Horai et al. 1995) is adopted for each
orthologous gene group.

To identify orthologous genes, we first classified sites
based on phylogenetic networks (Table 2). For example,
sites 380 and 383 of network A (Fig. 1) divide the human
D–chimpanzee 1 pair from the remaining genes. Because
two genes from the same species can no longer form a
closest cluster in either trees, sites indicating those clus-
ters are not shown.

If we assume tree 2A, two genes of chimpanzee (a-1
anda-2) are probably quite similar to each other, and it
is not easy to identify them. Because the nucleotide iden-
tity between chimpanzee 1 and chimpanzee 2 sequences
is similar to that between human D and human CE and
that between gorilla 1 and gorilla 2, we assume that these
two genes probably correspond to chimpanzeea-1 (or

Fig. 1. Phylogenetic networks for hominoid Rh blood group gene exons 1, 2, and 3(A); exons 4 and 5(B); exon 6(C); exon 7(D); and exons
8, 9, and 10(E). Numbers are nucleotide positions responsible for corresponding edges, and edge lengths are proportional to number of nucleotide
differences. Full circles denote observed sequences. Hu, Ch, and Go mean human, chimpanzee, and gorilla, respectively.
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a-2) andb, not chimpanzeea-1 anda-2. In this case we
can extract orthologous trios from phylogenetic net-
works. Because sites 514, 544, and 733 show clusters of
human D–chimpanzee 1–gorilla 2 and human CE–
chimpanzee 2–gorilla 1, and the other 13 sites (380, 383,
916, 932, 985, 986, 541, 579, 581, 584, 1,048, 1,170, and
1,025) are compatible with these clusters, we determined
the topology of hominoid Rh blood group genes as tree
D in Fig. 2.

When we consider either trees 2B or 2C, we have to
assume two and three gene losses (or genes not yet iden-
tified), respectively. Because we don’t know which
genes are lost (or genes not yet identified), examination
under trees 2B or 2C is more difficult than that under tree
2A. Because the cluster for human D and chimpanzee 1

is supported with six sites (380, 383, 916, 932, 985, and
986), and the cluster for chimpanzee 2 and gorilla 1 is
supported with four sites (541, 579, 581, and 584), these
clusters are plausible. Moreover, three sites (514, 544,
and 733) show clusters of human D–chimpanzee 1–go-
rilla 2 and human CE–chimpanzee 2–gorilla 1. Therefore
we can choose the unrooted topology as follows: ([(hu-
man D, chimpanzee 1), gorilla 2], [human cE, (chimpan-
zee 2, gorilla 1)]). To determine the root, we eliminated
sites indicating two genes from the same species form a
cluster from the multiply aligned sequence data, and con-
structed a neighbor-joining tree (Saitou and Nei 1987)
using CLUSTAL W of Thompson et al. (1994). Three
sequences of Old World monkeys were used as out-
groups. The topology of the NJ tree was compatible with
tree E of Fig. 2. The maximum likelihood analysis using
NucML of Adachi and Hasegawa (1994) also supported
this topology. It is interesting to note that the trees D and
E both showed the same cluster of human D–chimpanzee
1–gorilla 2. Only the position of human CE is different
between the two trees. Because four sites (541, 579, 581,
and 584) in the network B of Fig. 1 supports clusters of
chimpanzee 2 and gorilla 1, tree E seems to be more
plausible than tree D. Recently, Apoil and Blancher (per-
sonal communication) studied the evolutionary relation-
ship of the primate Rh genes using the intron 4 se-
quences. They suggested that two gene duplications
occurred in the common ancestor of human, chimpanzee,
and gorilla. This scenario is compatible with our tree E of
Fig. 2. However, tree E requires three gene losses (or
genes not yet identified) compared to one gene loss for
tree D, and it is more parsimonious. We thus used those
two assumed trees for the following analyses.

We used the site-by-site reconstruction method to
identify regions of gene conversion events assuming the

Fig. 2. Three model trees(A–C)
and two assumed trees(D andE).
We must assume that at least two
gene duplications (represented by
diamonds) occurred in the hominoid
lineage because chimpanzee
possesses three Rh-like loci (trees
A–C). Names of genes in these
model trees are arbitrary. Two
assumed trees(D andE) were used
in the following analyses. Names of
genes in these trees are actual ones.
Gene names in parentheses indicate
undetected or deleted ones. The
cluster including chimpanzee 2 and
gorilla 1 is named the D2 loci
cluster in tree E.

Table 2. Classification of sites to identify orthologous genes from
phylogenetic networks

Pairsa
No. of
sites Sites Networkb

(Hu D, Ch 1, Go 2)–
(Hu CE, Ch 2, Go 1) 3 514, 544, 733 B

(Hu D, Ch 2, Go 2)–
(Hu CE, Ch 1, Go 2) 1 577 B

(Hu D, Ch 1)–(others) 6 380, 383 A
916, 932 C
985, 986 D

(Ch 2, Go 1)–(others) 4 541, 579, 581, 584 B
(Ch 1, Go 1)–(others) 2 852 C

1122 E
(Hu D, Go 2)–(others) 1 1048 D
(Hu CE, Ch 1)–(others) 1 505 B
(Hu CE, Ch 2)–(others) 1 1170 E
(Hu CE, Go 1)–(others) 1 1025 D

a Hu: human, Ch: chimpanzee, Go: gorilla.
b See Fig. 1 for networks A–E.
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two trees (Figs. 2D and 2E). First, we obtained the maxi-
mum likelihood estimates of the nucleotide sequences of
ancestral nodes by using PAML program (Yang 1997),
and then substitution patterns were plotted on each
branch of the assumed tree. Let us explain the actual
procedure of the site-by-site reconstruction method using
Fig. 3, where tree D of Fig. 2 was assumed. The two
chimpanzee loci both had the same nucleotide (C) in case
A, and the event causing this change is indicated by the
letter P. They look like parallel substitutions, but this
pattern could also be produced by a gene conversion
after a substitution. In case B, two independent substitu-
tions designated by S occurred in different species. In
case C, a branch of one cluster experienced a substitution
(indicated by the letter S) after the gene duplication, and
no change in its descendants is indicated with O. Case D
is a next step of case C. Substitutions occurred in the
descendants. These additional changes result in the same
nucleotide with their paralogue, suggesting a gene con-
version from human CE to human D and a gene conver-
sion from chimpanzee 1 to chimpanzee 2 over this site.
Therefore, letter Q is given to human D and the letter R
is given to chimpanzee 2. If cases A or D are contiguous
for two or more variant sites, a gene conversion event
over the region containing those sites is inferred based on
the maximum parsimony principle. In case D, we can
infer the direction of gene conversion. We also per-

formed the same procedure under the assumption of tree
E of Fig. 2.

Let us compare rates of gene conversion with nucleo-
tide substitutions to see if our parsimonious argument is
valid. Hogstrand and Bohme (1998) estimated cis gene
conversion frequency betweenAbk and Ebk, and that
betweenAbdandEbd in mouse MHC class II genes, and
obtained values 1.2 × 10−6–9.7 × 10−5 per locus (about
200 bp region) per generation. Rates of synonymous sub-
stitutions in various mammalian protein-coding genes is
estimated to be 3.5 × 10−9 per site per year (Li 1997). If
we assume that the generation time of wild mice is half
a year (Tsuyoshi Koide, personal communication), the
rate of cis gene conversion frequency becomes 2.4 ×
10−6–1.9 × 10−4 per 200 nucleotide sites per year, and the
corresponding rate of synonymous substitution is 7.0 ×
10−7 per 200 nucleotide sites per year. It suggests that the
rate of gene conversion seems to be one to three orders
higher than that of nucleotide substitutions. Of course,
the rate of gene conversion may depend on the copy
number of corresponding gene loci in a genome and
sequence similarities among corresponding genes. Fur-
thermore, we cannot directly compare rates between
nucleotide substitutions and gene conversions. However,
at least we can say that the rate of gene conversion seems
to be much higher than that of nucleotide substitutions.
This justifies the site-by-site reconstruction procedure.

Fig. 3. Explanation of the site-by-site reconstruction method. To
classify variant sites, we used five symbols. Tree D of Fig. 2 was
assumed. In caseA, the root nucleotide is G, thus variants are chim-
panzee 1 and 2 sequences. These variants are caused by shared nucleo-
tide changes (form G to C) between the duplicated genes in a single
species, suggesting a gene conversion in chimpanzee over this site, and
they are presented by P. In caseB, the root nucleotide is A and changes
from A to T occurred in the chimpanzee 1 and the gorilla 1 lineages.
These nucleotide changes are not shared by the duplicated genes of the
same species, thus, they are true parallel substitutions, and designated
by S. In caseC, the root nucleotide is T and a change (from T to A)
occurred in the common ancestor of orthologous human CE, chimpan-

zee 2, and gorilla 1 sequences. This change is not shared with its
paralogous counterparts, and is indicated by S. There are no changes in
its descendants, suggesting no gene conversion after the hominoid di-
vergence over this site. Therefore, we give O to those branches. Case
D is a kind of sequel to case C, and additional nucleotide changes
occurred in the human D and chimpanzee 2 genes. These additional
changes resulted in the same nucleotide with their paralogous counter-
parts, and it suggests that directions of gene conversions were from the
human CE to the human D genes and from chimpanzee 1 to chimpan-
zee 2. Therefore, Q is given to the human D gene lineage and R is given
to the chimpanzee 2 gene one.
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Table 3 shows estimated substitution patterns of all
the variable sites under tree D of Fig. 2 by using the
site-by-site reconstruction method. Ancestral sequences
were estimated by using the maximum likelihood
method. According to likelihood values, patterns are ar-
ranged from the top to the bottom. We inferred regions of
gene conversion events from these results. For example,
sites 31–102 are inferred to have experienced a gene
conversion because letters P and Q were contiguous. Hu-
man D and chimpanzee 1 sequences are identical on site
31 (indicated by O) and human CE is indicated by Q,
thus, the direction of this gene conversion is inferred
from the human D gene to the human CE gene.

Two possible patterns were inferred for sites 579–
584. One pattern was that three parallel substitutions oc-
curred in chimpanzee 2 and gorilla 1 genes on sites 579,
581, and 584, and one substitution occurred in the gorilla
1 gene on site 580. Another pattern involved three sub-
stitutions in the ancestral CE gene of human, chimpan-

zee, and gorilla, followed by three backward substitu-
tions in human CE on sites 579, 581, and 584, and one
substitution in gorilla 1 gene on site 580. Either patterns
require seven substitution events. If we assume a gene
conversion on this region on the latter case, however,
only five events are necessary: three substitutions in the
ancestral CE gene of human, chimpanzee, and gorilla;
one gene conversion in human CE; and one substitution
on the gorilla 1 gene on site 580. Therefore, we inferred
that a gene conversion occurred on this region.

If the total numbers of events (substitution and gene
conversion) is decreased by taking into account the gene
conversions, we selected that pattern in spite of lower
likelihood estimation of ancestral nodes as shown in the
above example (Table 3). All other gene conversion re-
gions were inferred in the same fashion. Table 4 shows
substitution patterns of each variable sites under tree E of
Fig. 2 by using the same procedure as in the case for
Table 3.

Table 3. Patterns of site changes for each branch of tree D estimated from the maximum liklihood analysis

S
i 1 11 111111122222222333 33333333 33 3 3 344444444 444 444555 555555 5 55 5 5 5 5 5556 6666 6 66666666777
t 3 4 7 8 9 9 0 03 557789900011347002 55566678 88 9 9 912344555 678 899001 122234 4 77 7 8 8 8 8990 0112 3 66778889113
e 1 8 4 6 7 9 2 58 016863513714976476 37816790 23 1 7 908967057 536 867594 705631 4 47 9 0 1 4 5452 4123 7 57265697293

< > < > < >
< >

MPUa 1 1 1 1 1 1 1 11 111111111111111111 11111112 12 1 3 311111111 111 111111 111111 1 11 2 1 2 2 1111 1111 1 11111111111

H–D O P P P S O OOOOP SP O S O
H–CE Q P P S SP SS S QQQP P SSO S S S S SS

1 C–1 O S S S S S P S O OOOO S S S S O Q O
s C–2 S S P O S S S S S S S O
t G–2 S S OS O

G–1 SO S S S SS S O S S
HC–D S S S S S S O O

M HC–CE O O
L HCG–D S S

HCG–CE S S
OH S S S S SSSSSS SS S S S SSSSS SSS SS S S SSSSS SSS SSS S S S SSSS S S SSS S

H–D P S O
H–CE O O P R S R R R O

2 C–1 O O
n C–2 O O S S O OO OO O
d G–2 Q Q P P O

G–1 O O P P O OO OO
HC–D S O

M HC–CE O O O OO OO S
L HCG–D S

HCG–CE S S S S S S S
OH

H–D O
H–CE RR Q

3 C–1 S
r C–2 OO
d G–2 QQ

G–1 OO
HC–D S

M HC–CE OO
L HCG–D

HCG–CE S S
OH
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Table 5 shows the inferred gene conversion events in
the hominoid phylogeny. Eleven and nine events were
estimated for trees D and E of Fig. 2, respectively. The
direction of gene conversion was not identified in some
cases. Because we cannot detect break points of gene
conversions and analyzed only cDNA sequences, these
ranges of gene conversions are minimum estimates.

The Phylogenetic Tree and Synonymous/
Nonsynonymous Substitutions

We reconstructed the two sets of nonconverted se-
quences from the results shown in Tables 3 and 4. In the
case of gene conversion 1 for tree D (see Table 5), for

example, nucleotides of sites 31–102 of the human CE
gene were substituted to those of the CE gene of the
common ancestor of human and chimpanzee because of
the direction of gene conversion (D→ CE). As direc-
tions of gene conversions five and nine for trees D and E
and gene conversion six for tree E were not determined,
the sequence data of those sites were not used in the later
analysis.

Figure 4 shows two phylogenetic trees (A and B) for
the reconstructed primate Rh blood group gene se-
quences assuming tree D (Fig. 4A) and tree E (Fig. 4B),
respectively. All the branch lengths were estimated from
sequence data of extant nodes and ancestral nodes esti-
mated above, and the midpoint rooting was used. Num-

Table 3. Continued

S 111 11 111 11111 1 1 1 11111 111111 1111111 11 1111111 11 1111
i 7777 77 8 88 8 8 888888 88888889 9 99 999 99 9999999 9 999000 00 00000000 0 0 0 00000 000001 1111111 11 1111 111 11 2222
t 4456 89 0 00 1 1 234445 56667791 3 33 446 67 7777788 8 899002 33 44445555 5 6 6 66667 779990 0000222 22 2233 367 89 0112
e 4604 77 0 38 5 9 144572 94563716 2 45 178 90 2467905 6 927475 59 36891237 9 0 1 23790 572360 1568012 34 8902 710 43 5785

< > < > < > < > < > < >
< >

MPUa 1111 11 1 11 1 1 111112 11111111 1 11 111 11 1111111 1 111111 11 11211113 3 1 1 11111 111111 1111112 11 1111 112 12 1111

H–D O OS QQ OO O O S OO O S P O
H–CE S OSO OO S Q S SS SOOOO P O O

1 C–1 O O S S OOS O O OO O P P QQQQ S S SS S O
s C–2 O O OO SS Q Q P P OOOO S O OS
t G–2 S S S S P OS S P P S

G–1 S SS P S S P P S S S S
HC–D P P S S S S S S O S

M HC–CE P P S S S S S S S S
L HCG–D S

HCG–CE
OH SS S S S SS S SSS SS S SSSS SSSS S S SSS S S SSSS SS S SS S SSSS SSS SS SSS

H–D O Q O O S S O Q O O O
H–CE O O Q O O Q

2 C–1 O P R O R O O
n C–2 O O P O O
d G–2 S O O P P O S O O P

G–1 O P P Q P
HC–D Q O O O O O S

M HC–CE O S Q S
L HCG–D S S S S S

HCG–CE S
OH

H–D O O OO O O
H–CE O Q O

3 C–1 R R RR S O
r C–2 O O O
d G–2 O O OO O O

G–1 QQ Q
HC–D O O OO O S

M HC–CE Q S Q
L HCG–D S S S S S S

HCG–CE
OH

Vertical lines divide each exon. Accoding to likelihood values, patterns are ar-
ranged from top to bottom.
a MPU means ML patterns used. Five patterns (O, P, Q, R, and S) listed in this
table are explained in Fig. 2 and text.
Equal signs surrounded with angled brackets designate regions of gene conver-
sions.

H: human, C: chimpanzee, G: gorilla, HC: common ancestor of human and
chimpanzee, HCG: common ancestor of HC and gorilla, OH: the branch between
hominoids and Old World monkeys.
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bers of synonymous and nonsynonymous substitutions
were estimated by Ina’s (1995) method. In this method,
the proportion (R) of transition/transversion of the third
codon is estimated from proportions of base changes that
are observed in the entire phylogenetic tree. R values for
trees D and tree E were estimated to be 1.79 and 1.87,
respectively. Numbers of nonsynonyomous substitutions
are higher than those of synonymous substitutions on

almost all branches of both trees (data not shown). Ap-
plication of Fisher’s exact test (Zhang et al. 1997)
showed that the nonsynonymous substitution was signifi-
cantly higher than synonymous ones (p4 0.0041) in the
branch that connected hominoids and Old World mon-
keys for tree A of Fig. 4, where 79 nonsynonymous and
14 synonymous substitutions were estimated. We also
considered an alternative, less likely substitution patterns

Table 4. Patterns of site changes for each branch of tree E estimated from the maximum liklihood analysis

S
i 1 11 11111 1122222222333 33333333 333 3 3 4 4 4 4 4 4 4 4 444 444555 555555 5 55 5 55 5 5556 6666 666666666777 77
t 3 4 7 8 9 9 0 0355778 9900011347002 55566678 889 9 9 1 2 3 4 4 5 5 5 678 899001 122234 4 77 7 88 8 8990 0112 366778889113 44
e 1 8 4 6 7 9 2 5801686 3513714976476 37816790 231 7 9 0 8 9 6 7 0 5 7 536 867594 705631 4 47 9 01 4 5452 4123 757265697293 46
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Fig. 4. The two possible gene
trees(A andB) for the primate Rh
blood group genes after eliminating
the effect of gene conversions,
assuming tree D and tree E of Fig.
2, respectively. Diamonds designate
gene duplications. Numbers of
nonsynonymous and synonymous
substitutions per sequence per
branch are presented above each
branch before and after slash,
respectively.
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Table 5. Gene conversion events occurred in the hominoid phylogeny

ID Brancha Exon

Tree Db Tree Eb

Sites Direction Sites Direction

1 HC-Human Exon 1 31–102 D➡ CE 48–102 CE➡ D
2 HCG-Gorilla Exon 3 380–399 CE➡ D 397–399 D2➡ D
3 HC-Human Exon 3 391–457 D➡ CE 391–457 D➡ CE
4 HC-Human Exon 4 579–584 D➡ CE — —
5 HCG-HC Exon 5 764–797 Undetermined 764–797 Undetermined
6 HC-Human Exon 6 808–852 CE➡ D 808–815 Undetermined
7 HC-Chimpanzee Exon 7 1,039–1,061 CE➡ D 1,039–1,061 D2➡ D
8 HCG-Gorilla Exon 7 1,057–1,059 D➡ CE 1,057–1,059 D➡ D2
9 HCG-Gorilla Exon 8 1,075–1,093 Undetermined 1,075–1,093 Undetermined

10 HC-Human Exon 8 1,122–1,124 CE➡ D — —
11 HCG-Gorilla Exon 9 1,170–1,193 D➡ CE 1,170–1,193 D➡ D2

a HC: common ancestor of human and chimpanzee, HCG: common ancestor of HC and gorilla.
b See Fig. 2.

Table 4. Continued
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t 5 6 8 9 0 0 0 1 1 3 4 4 5 5 6 6 6 7 7 9 1 3 3 3 4 4 6 6 7 7 7 7 7 7 8 8 8 8 9 9 0 2 3 3 4 4 4 4 5 5 5 5 5 6 6 6 6 6 6 7 7 7 9 9 9 0 0 0 0 0 2 2 2 2 2 2 2 3 3 3 6 7 8 9 0 1 1 2
e 0 4 7 7 0 3 8 5 9 4 5 7 2 9 4 5 6 3 7 1 6 2 4 5 1 7 8 9 0 2 4 6 7 9 0 5 6 9 2 7 4 5 5 9 3 6 8 9 1 2 3 7 9 0 1 2 3 7 9 0 5 7 2 3 6 0 1 5 6 8 0 1 2 3 4 8 9 0 2 7 1 0 4 3 5 7 8 5
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Designations are the same as those in Table 3.
CG-D2: common ancestor of chimpanzee 2 and gorilla 1 genes, D-D2: common ancestor of HCG-D and CG-D2.
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indicated in Table 3 for this branch. Numbers of non-
synonyomous and synonymous substitutions for the
branch became 76 and 14, respectively, but the differ-
ence was still highly significant (p4 0.0067). The same
branch that connects hominoids and Old World monkeys
was also significant (p4 0.0031) for tree B of Fig. 4,
where 80 nonsynonymous and 14 synonymous substitu-
tions were estimated. We also considered an alternative,
less likely substitution patterns indicated in Table 4.
Numbers of nonsynonyomous and synonymous substitu-
tions for the branch became 73 and 14, respectively, and
the difference was still statistically significant (p4
0.0100). In any case, whichever gene tree we selected,
we found the possibility of positive selection in the
branch that connects hominoid and Old World monkey
clusters.

We also estimated the total numbers of nonsynonyo-
mous and synonymous substitutions for hominoid
branches to examine the overall evolutionary pattern
within hominoids. Nonsynonymous substitutions were
not significantly higher than synonymous ones in homi-
noids for tree A (p4 0.1055), where 96 nonsynonymous
and 27 synonymous substitutions were estimated, nor for
tree B (p4 0.0889), where 97.5 nonsynonymous and
27.5 synonymous substitutions were estimated. Because
these values were estimated from nonconverted sequence
data, however, we also considered the situation that all
observed sequence data were results of parallel substitu-
tions. The number of nonsynonymous substitutions (132)
now became significantly higher than that of synony-
mous ones (30) (p4 0.0046) within hominoids for tree
A. The nonsynonymous substitutions for tree B (124.5)
was also much higher than synonymous ones (30.5) in
hominoids (p4 0.0117). Therefore, estimates of non-
synonymous substitutions after eliminating effects of
gene conversion are probably underestimation.

We also estimated the average rates of synonymous
and nonsynonymous substitutions for the Rh blood group
gene, under the assumption of constancy of the evolu-
tionary rate and the divergence between the Old World
monkey and hominoid lineages to be 23 million years
ago (MYA) (Kumar and Hedges 1998). Average num-
bers of synonymous and nonsynonymous substitutions
per site between Rh blood group genes of Old World
monkeys and those of hominoids were estimated to be
0.068 and 0.124, respectively, for tree A of Fig. 4, ap-
plying Ishida et al.’s (1995) method. Average numbers of
synonymous and nonsynonymous substitutions per site
between Rh blood group genes of Old World monkeys
and those of hominoids for tree B of Fig. 4 were almost
the same (0.067 and 0.125 for synonymous and nonsyn-
onymous substitutions, respectively) as those of tree A of
Fig. 4. Therefore, the rates of synonymous and nonsyn-
onymous substitutions (per site per year) for the Rh
blood group gene of Old World monkeys and hominoids
are estimated to be 1.46–1.48 × 10−9 (0.067–0.068 / [2 ×

23 MYA]) and 2.70–2.72 × 10−9 (0.124–0.125 / [2 × 23
MYA]), respectively. The evolutionary rate of synony-
mous substitution for the Rh gene is somewhat lower
than that for other primate genes (2.3 × 10−9; Li and
Tanimura 1987). In any case, it is clear that the nonsyn-
onymous substitution is on average higher than the syn-
onymous one in primate Rh genes.

Because the Rh blood group gene products are mem-
brane proteins, there is a possibility that these products of
blood group genes are affected by interactions with other
organisms or cells on surface regions. Endo et al. (1996)
searched the nucleotide sequence database and found
that 17 gene groups were the candidates for the genes on
which positive selection may operate. Nine of those 17
groups were surface antigens of parasites or viruses. Eder
and Spitalnik (1997) suggested that blood group antigens
such as ABO, MN, and Lewis play a key role in patho-
genesis of some diseases. The high rate of nonsynony-
mous substitutions for the primate Rh blood group also
suggests the existence of positive selection on this gene,
and this might be caused by some kind of interaction
with pathogens.

Kitano et al. (1998) showed the long-term evolution-
ary tree of Rh blood group genes and their homologous
Rh50 genes, and concluded that Rh blood group genes
had a higher evolutionary rate than Rh50 genes. Similar
results were obtained independently by Matassi et al.
(1999). Therefore, Rh-specific antigenicities might be
gained additionally after the gene duplication on the pri-
mate lineage of the Rh blood group gene.

Because we don’t know the actual gene tree topology,
we assumed two plausible trees from nucleotide se-
quence data in this study. Whichever gene tree we se-
lected we found evidence of gene conversions on primate
Rh blood group genes by using the modified site-by-site
reconstruction method. We also showed the possibility of
positive selection on the primate lineage (especially the
branch that connects hominoid and Old World monkey
clusters) of the Rh blood group gene by using a statistical
test. In any case, we should be very careful when we
analyze the evolutionary history of tandemly duplicated
genes, for there is always possibility of gene conver-
sions.
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