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Abstract. There are two tightly linked loci (D and CE) tion was significantly higher than that synonymous sub-
for the human Rh blood group. Their gene products arestitution in the antigen recognition sites of the major
membrane proteins having 12 transmembrane domainsistocompatibility complex class I loci. Ina and Gojobori
and form a complex with Rh50 glycoprotein on erythro- (1994) showed that positive selection operated on anti-
cytes. We constructed phylogenetic networks of humaryenic sites of the hemagglutinin 1 gene of human influ-
and nonhuman primate Rh genes, and the network paknza A virus. Positive selection of these types are con-
terns suggested the occurrences of gene conversions. V¥giered to be caused by interaction between host defense
therefore used a modified site-by-site reconstructionsystems and pathogens.

method by using two assumed gene trees and detected 9 Blood types were originally distinguished by the dif-
or 11 converted regions. After eliminating the effect of ferent molecular structure on erythrocytes. Therefore,
gene conversions, we estimated numbers of nonsynonysroducts of blood group genes may cause interactions
mous and synonymous substitutions for each branch ajjith other organisms, and there is the possibility of posi-
both trees. Whichever gene tree we selected the brangke selection on those genes as shown for the ABO
connecting hominoids and Old World monkeys showedy|goq group genes by Saitou and Yamamoto (1997). We

significantly higher nonsynonymous than synonymousynalyzed the Rh blood group gene sequences for seeking
substitutions, an indication of positive selection. Many 4 qther possibility of positive selection.

other branches also showed higher nonsynonymous than 1. human Rh blood type is one of the major blood
Synonymous sub§t|tut|ons; th|s' suggest; 'that the _R@roup systems and plays important roles in transfusion
genes have experienced some kind of positive selectionyy cjinical 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-
Introduction ficity, these antibodies were shown to detect distinct an-
tigens. Therefore, the antibody detected by Landsteiner
Most genes are evolving under the neutral mutation presagnd \Wiener was renamed LW. There were historically
sure (Kimura 1983) HOWeVer, some geneS are eVOlVingWO hypotheses about the Rh b|ood group System; Wie_
through positive selection. For example, Hughes and Neher's (1943) one-locus theory and Fisher-Race’s) three
(1988) showed that the rate of nonsynonymous substitutinked loci (C, D, E) theory (Race 1944). Therefore, two
different nomenclatures for loci and alleles have been used.
Rh polypeptides were observed as phosphorylated
Correspondence td\. Saitou;e-mail: nsaitou@genes.nig.ac.jp 30-32 kD membrane proteins by using SDS-PAGE and
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immunoprecipitation (Moore et al. 1982; GahmbergTable 1. Rh blood group genes and references used in this study

1982). Nucleotide sequences of Rh genes were deter- _
mined independently by Cherif-Zahar et al. (1990) and>enes (accession number)

References

Avent et al. (1990). The Rh blood group system wasHuman D-1 (X63097)
shown to be composed of two closely linked D and CEHuman D-2 (X63094)
loci (Mouro et al. 1993) as predicted by Tippett (1986). Human D-3 (S57971)
. Human D-4 (L08429)

In human, D and CE loci are located on chromosome, = o (S78509)
1p34—-p36 (Ruddle et al. 1972; Cherif-Zahar et al. 1991) 4uman D-6
and individuals are divided into Rh-positive and Rh- Human cE-1 (M34015%)
negative according to the presence or absence of the Buman cE-1 (X54534)
antigen. C/c and Ele specificities are distinguished b));:“ma” EE'Z (S577967)
four and one amino acid differences, respectiveIyCEinlr?n"’lgjanZeee 11 [B17-IR] (L87050)
(Mouro et al. 1993). Rh gene products were estimated t@himpanzee 1-2 [394-2G]
have 12 transmembrane domains through hydropathghimpanzee 1-3 [211-6E]
analysis (Avent et al. 1990) and immunological studiesChimpanzee 1-4 [317-IA] (L37049)
using an antipeptide antibody (Avent et al. 1992). Chimpanzee 2 [211-1IF] (L37048)

) . . Gorilla 1-1 [IC] (L37052)

Nucleotide sequences of Rh-like blood group genes Norilla 1-2 [I1A2b]

nonhuman primates were also reported (Salvignol et algyriia 2 [1D] (L37053)
1994, 1995; Mouro et al. 1994a). Genomic DNA analysiscrab-eating macaque 1 (L37054)
by Southern blot using the human Rh genes as probegrab-eating macaque 2

have shown that chimpanzee possesses three Rh-like [oRfiesus macaque (S70343)

Le Van Kim et al. (1992)
Le Van Kim et al. (1992)
Kajii et al. (1993)
Arce et al. (1993)
Huang et al. (1995)
Huang et al. (1996)
Cherif-Zahar et al. (1990)
Avent et al. (1990)
Kajii et al. (1993)
Huang et al. (1996)
Salvignol et al. (1995)
Salvignol et al. (1995)
Salvignol et al. (1995)
Salvignol et al. (1995)
Salvignol et al. (1995)
Salvignol et al. (1995)
Salvignol et al. (1995)
Salvignol et al. (1995)
Salvignol et al. (1995)
Salvignol et al. (1995)
Mouro et al. (1994a)

(Salvignol et al. 1993, 1994), though only two types of
genes for chimpanzee were so far sequenced (Salvign@lentical.

2Nucleotide sequences of M34015 and X54534 (both human cE-1) are

et al. 1995). Gorillas carry two Rh-like genes, whereasGene names given in square brackets are those used by Salvignol et al.

orangutans, gibbons, Old World monkeys, and New(1995).
World monkeys carry a single Rh-like gene (Blancher et
al. 1992).

tabase and from published papers. Ten huntdan{o sapienks se-

SaMgr]O' et al. (1995) constructed a neighbor-joining_ quences, five chimpanze®4n troglodytes sequences, three gorilla
tree of primate Rh blood group genes. If we accept theirGorilla gorilla) sequences, two crab-eating macaduiadaca fascicu-

tree, three gene duplications and four gene losses must Hzis) sequences, and one rhesus macaifacqca mulatty sequence
assumed. Blancher and Socha (1997) constructed a maxyere used in this study (Table 1). All the sequences were complete

cDNA with 1,251 bp.

mum likelihood tree of primate Rh blood group genes. CLUSTAL W version 1.6 (Thompson et al. 1994) was used for

Four gene dUpl_ications and nine gene losses must BGyiiple alignment. Phylogenetic networks were constructed following
assumed in their tree. Klein et al. (1997) constructed ane procedure of Bandelt (1994) and Saitou and Yamamoto (1997). To

UPGMA tree of primate Rh blood group genes. In theiridentify gene conversion events, the site-by-site reconstruction method
tree. four gene duplications and five gene losses must b@lightom et al. 1987) was used. The original method was based on the

. . . arsimony method; however, we used the maximum likelihood method
assumed. Because D and CE loci are tightly linked amfo determine nucleotide sequences of ancestral nodes. PAML version

t_hey are quite Sim“_ar (96.4% nucleotide sequence ide'.']1.3 (Yang 1997) was used for the maximum likelihood analysis. We
tity), gene conversions seem to affect the phylogenetiGised Ina’s (1995) method to estimate numbers of synonymous and

relationships of those genes. Occurrences of gene comeonsynonymous substitutions, and statistical tests were performed fol-
versions and unequal crossing-overs in the Rh loci hav&Wing Zhang et al. (1997).

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 ndiesults and Discussion

detailed analysis on those events. The first objective of

this study is thus a detailed analysis of the gene convergene Conversions Confuse the Rh Gene Tree

sion events in hominid Rh blood group genes so as to

infer their true phylogenetic relationship. The second ob-Because the two Rh loci are tightly linked, it is possible
jective is the examination of existence of positive selecthat they have experienced gene conversions or crossing-
tion on the Rh blood group gene. This analysis is pos-overs. Those events can confuse the phylogenetic rela-
sible only after eliminating the effect of gene conversion.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.

Nucleotide sequence data for Rh blood group genes were retrievefrOr Simplicity, we selected one allele of each locus by
from the DDBJ/EMBL/GenBank international nucleotide sequence da-examining phylogenetic networks of human and

Materials and Methods
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Fig. 1. Phylogenetic networks for hominoid Rh blood group gene exons 1, 2, #Ajt &xons 4 and §B); exon 6(C); exon 7(D); and exons

8, 9, and 1QE). 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.

chimpanzee Rh blood group genes (figures not shown)duplication occurred on one duplicated gene of the chim-
We thus used human D (a consensus sequence of humaanzee lineage. Figure 2B assumes that one gene dupli-
D alleles), human CE (human cE-1 in Table 1), chim-cation occurred in the common ancestor of human, chim-
panzee 1 (chimpanzee 1-3 in Table 1), chimpanzee Zanzee, and gorilla, and the other gene duplication
gorilla 1 (gorilla 1-1 in Table 1), and gorilla 2 genes for occurred in one duplicated gene of the common ancestor
the following analyses. Nucleotide identity between hu-of human and chimpanzee. Figure 2C assumes that two
man D and human CE, that between chimpanzee 1 angene duplications occurred in the common ancestor of
chimpanzee 2, and that between gorilla 1 and gorilla Zhuman, chimpanzee, and gorilla. The established phylog-
were 96.4%, 95.9%, and 97.0%, respectively. eny (human and chimpanzee are clustered first) for the
Figure 1 shows phylogenetic networks for exons 1-3three species (e.g., Horai et al. 1995) is adopted for each
(A), exons 4-5 (B), exon 6 (C), exon 7 (D), and exonsorthologous gene group.
8-10 (E). All the networks contain parallelograms that To identify orthologous genes, we first classified sites
suggest parallel substitutions or some kind of convergenbased on phylogenetic networks (Table 2). For example,
changes. If the relationship of genes is not affected bysites 380 and 383 of network A (Fig. 1) divide the human
gene conversion and/or crossing-over, the network mayp—chimpanzee 1 pair from the remaining genes. Because
not contain so many parallelograms. Moreover, soméwo genes from the same species can no longer form a
sites of those parallelograms in Fig. 1 are contiguouslosest cluster in either trees, sites indicating those clus-
(e.g., 391, 397, and 399 of Fig. 1A), suggesting the exiers are not shown.
istence of conversion-like events. If we assume tree 2A, two genes of chimpanzed. (
Because chimpanzee possesses three Rh-like loci, ahda-2) are probably quite similar to each other, and it
least two gene duplications occurred in the hominoidis not easy to identify them. Because the nucleotide iden-
lineage. There are three possible gene trees under thigy between chimpanzee 1 and chimpanzee 2 sequences
situation (Figs. 2A—2C). Figure 2A assumes that the firstis similar to that between human D and human CE and
gene duplication occurred in the common ancestor othat between gorilla 1 and gorilla 2, we assume that these
human, chimpanzee, and gorilla, and the second gensvo genes probably correspond to chimpanaeg (or
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(A) (B) ©)
Human o
Human o-1 Chimpanzee o
Human o Chimpanzee a-1 Gorilla o0
Chimpanzee o-1 Human -2 Human B
Chimpanzee 0.-2 Chimpanzee o.-2 Chimpanzee
Gorilla o Gorilla o0 Gorilla B i
Human B Human B Human y Fig. 2. Three model treeA—C)
Chimpanzee B Chimpanzee B |—E Chimp v and two assumed tre¢B andE).
Gorila B Gorilla p 1 Gorillay We must assume that at least two
gene duplications (represented by
diamonds) occurred in the hominoid
(D) (E) HumanD  —— lineage because chimpanze_e
—E ) . possesses three Rh-like loci (trees
Chimpanzee 1 | D loci A-C). Names of genes in these
HumanD  =—— Gorilla 2 — model trees are arbitrary. Two

Chimpanzee 1 assumed tree® andE) were used

D loci in the following analyses. Names of
<+ (Chi [ L—cp i n g analyses.
(Ch‘.mpanzee) Chimpanzee 2 | D2 loci genes in these trees are actual ones.
Gorilla 2 Gorilla 1 Gene names in parentheses indicate

undetected or deleted ones. The
cluster including chimpanzee 2 and
gorilla 1 is named the D2 loci
(Gorilla) ~ — cluster in tree E.

Human CE
(Chimpanzee) CE loci

Human CE =

—

Chimpanzee 2 CE loci

Gorilla 1 —_

Table 2. Classification of sites to identify orthologous genes from js supported with six sites (380, 383, 916, 932, 985, and

phylogenetic networks 986), and the cluster for chimpanzee 2 and gorilla 1 is
No. of supported with four sites (541, 579, 581, and 584), these
Pairé sites Sites Netwofk  clusters are plausible. Moreover, three sites (514, 544,

and 733) show clusters of human D—chimpanzee 1-go-

(HuD, Ch 1, Go 2)- rilla 2 and human CE—chimpanzee 2—gorilla 1. Therefore

(HuCE,Ch2 Go1) 3 514, 544, 733 B

(Hu D, Ch 2, Go 2)— we can choose the unrooted topology as follows: ([(hu-
(HUCE,Ch1,Go2) 1 577 B man D, chimpanzee 1), gorilla 2], [human cE, (chimpan-
(Hu D, Ch 1)—(others) 6 380, 383 A zee 2, gorilla 1)]). To determine the root, we eliminated
gég' ggg g sites indicating two genes from the same species form a
(Ch 2, Go 1)~(others) 4 54’1’ 579,581, 584 B cluster from the multiply aligned sequence data, and con-
(Ch 1, Go 1)—(others) 2 852 c structed a neighbor-joining tree (Saitou and Nei 1987)
1122 E using CLUSTAL W of Thompson et al. (1994). Three
(Hu D, Go 2)~(others) 1 1048 D sequences of Old World monkeys were used as out-
E:E gg gﬂ g:ﬁgmgg i igio E groups. The topology of the NJ tree was compatible with
(Hu CE, Go 1)—(others) 1 1025 D tree E of Fig. 2. The maximum likelihood analysis using

NucML of Adachi and Hasegawa (1994) also supported
:HU! human, Ch: chimpanzee, Go: gorilla. this topology. It is interesting to note that the trees D and
See Fig. 1 for networks A-E. E both showed the same cluster of human D—chimpanzee
1-gorilla 2. Only the position of human CE is different
«-2) andB, not chimpanzeea-1 anda-2. In this case we between the two trees. Because four sites (541, 579, 581,
can extract orthologous trios from phylogenetic net-and 584) in the network B of Fig. 1 supports clusters of
works. Because sites 514, 544, and 733 show clusters @himpanzee 2 and gorilla 1, tree E seems to be more
human D-chimpanzee 1-—gorilla 2 and human CE-plausible than tree D. Recently, Apoil and Blancher (per-
chimpanzee 2—gorilla 1, and the other 13 sites (380, 38350nal communication) studied the evolutionary relation-
916, 932, 985, 986, 541, 579, 581, 584, 1,048, 1,170, andghip of the primate Rh genes using the intron 4 se-
1,025) are compatible with these clusters, we determinequences. They suggested that two gene duplications
the topology of hominoid Rh blood group genes as treeoccurred in the common ancestor of human, chimpanzee,
D in Fig. 2. and gorilla. This scenario is compatible with our tree E of
When we consider either trees 2B or 2C, we have tdrig. 2. However, tree E requires three gene losses (or
assume two and three gene losses (or genes not yet idegenes not yet identified) compared to one gene loss for
tified), respectively. Because we don’'t know which tree D, and it is more parsimonious. We thus used those
genes are lost (or genes not yet identified), examinatiotwo assumed trees for the following analyses.
under trees 2B or 2C is more difficult than that under tree  We used the site-by-site reconstruction method to
2A. Because the cluster for human D and chimpanzee identify regions of gene conversion events assuming the
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(A) _r-G Human D B) _rA Human D
‘ P -C Chimpanzee 1 S—T Chimpanzee 1
——————G Gorilla 2 ———A Gorilla 2
__rG Human CE _EA Human CE
G P -C Chimpanzee 2 A A Chimpanzee 2
G Gorilla1 e §—=T Gorilla 1
G Old World monkeys A Old World monkeys

© _|:T Human D (D) _EA Human D
T Chimpanzee 1 T Chimpanzee 1

T Gorilla2 Gorilla 2
_[O-A Human CE Human CE
T S_E (O-A Chimpanzee 2 Chimpanzee 2
O—4 Gorillal Gorilla 1
T Old World monkeys Old World monkeys

Fig. 3. Explanation of the site-by-site reconstruction method. To zee 2, and gorilla 1 sequences. This change is not shared with its

classify variant sites, we used five symbols. Tree D of Fig. 2 wasparalogous counterparts, and is indicated by S. There are no changes in
assumed. In cask, the root nucleotide is G, thus variants are chim- its descendants, suggesting no gene conversion after the hominoid di-
panzee 1 and 2 sequences. These variants are caused by shared nuclegrgence over this site. Therefore, we give O to those branches. Case
tide changes (form G to C) between the duplicated genes in a singl® is a kind of sequel to case C, and additional nucleotide changes

species, suggesting a gene conversion in chimpanzee over this site, andcurred in the human D and chimpanzee 2 genes. These additional
they are presented by P. In c&ghe root nucleotide is A and changes changes resulted in the same nucleotide with their paralogous counter-
from A to T occurred in the chimpanzee 1 and the gorilla 1 lineages.parts, and it suggests that directions of gene conversions were from the
These nucleotide changes are not shared by the duplicated genes of thaman CE to the human D genes and from chimpanzee 1 to chimpan-
same species, thus, they are true parallel substitutions, and designatede 2. Therefore, Q is given to the human D gene lineage and R is given
by S. In caseC, the root nucleotide is T and a change (from T to A) to the chimpanzee 2 gene one.

occurred in the common ancestor of orthologous human CE, chimpan-

two trees (Figs. 2D and 2E). First, we obtained the maxiformed the same procedure under the assumption of tree
mum likelihood estimates of the nucleotide sequences oE of Fig. 2.

ancestral nodes by using PAML program (Yang 1997), Let us compare rates of gene conversion with nucleo-
and then substitution patterns were plotted on eaclide substitutions to see if our parsimonious argument is
branch of the assumed tree. Let us explain the actuatalid. Hogstrand and Bohme (1998) estimated cis gene
procedure of the site-by-site reconstruction method usingonversion frequency betweekbk and Ebk, and that

Fig. 3, where tree D of Fig. 2 was assumed. The twobetweerAbdandEbdin mouse MHC class Il genes, and
chimpanzee loci both had the same nucleotide (C) in casebtained values 1.2 x 16-9.7 x 10° per locus (about

A, and the event causing this change is indicated by th00 bp region) per generation. Rates of synonymous sub-
letter P. They look like parallel substitutions, but this stitutions in various mammalian protein-coding genes is
pattern could also be produced by a gene conversioestimated to be 3.5 x IBper site per year (Li 1997). If
after a substitution. In case B, two independent substituwe assume that the generation time of wild mice is half
tions designated by S occurred in different species. Ira year (Tsuyoshi Koide, personal communication), the
case C, a branch of one cluster experienced a substitutiaiate of cis gene conversion frequency becomes 2.4 x
(indicated by the letter S) after the gene duplication, andLO 1.9 x 10 per 200 nucleotide sites per year, and the
no change in its descendants is indicated with O. Case Borresponding rate of synonymous substitution is 7.0 x
is a next step of case C. Substitutions occurred in the 0’ per 200 nucleotide sites per year. It suggests that the
descendants. These additional changes result in the samete of gene conversion seems to be one to three orders
nucleotide with their paralogue, suggesting a gene conhigher than that of nucleotide substitutions. Of course,
version from human CE to human D and a gene converthe rate of gene conversion may depend on the copy
sion from chimpanzee 1 to chimpanzee 2 over this sitenumber of corresponding gene loci in a genome and
Therefore, letter Q is given to human D and the letter Rsequence similarities among corresponding genes. Fur-
is given to chimpanzee 2. If cases A or D are contiguoughermore, we cannot directly compare rates between
for two or more variant sites, a gene conversion eventucleotide substitutions and gene conversions. However,
over the region containing those sites is inferred based oat least we can say that the rate of gene conversion seems
the maximum parsimony principle. In case D, we canto be much higher than that of nucleotide substitutions.
infer the direction of gene conversion. We also per-This justifies the site-by-site reconstruction procedure.



620

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

s
i 111(111111122222222333 3333333333 344444444444 444555555555555555555566666 666666666777
t 347899003 577899000113470072 555666788 9912344555678 899001122234477788889900112 366778889113
e 184679258 0686351371497647|6 3781679827 908967057536 867594 7056314479014 54524123 757265697293
< > < > <==>
>
MPU* 111111111 111111111111211111 1111111213311111111117 11111111111111121221111111 111111111111
H-D OFP P P s O 000OP sP os o)
H-CE QP P |s sp ss S QQQP P SSO Ss Ss ss
1lcc1 o s s s ss | P s 0 0000 s|s s s o0 Q o
s|c-2 s s P 0SSS SssSs O
t |62 s s 0s o
G-1 so S SSSsSs O s s
HC-D S S sSss o o
M|HC-CE o o
L |HCG-D s s
HCG-CE s s
OH S SS  § SSSSSS SSS S S $SSSS SSSSS SS SSSSS $SS SSS S S S [ssSSsss  sSS S
H-D P s o
H-CE 0o P R SR RR o
2|c-1 o o
n|c-2 00 Ss O 00 00 o
d|G-2 Q Q PP o)
G-1 00 PP O 00 00
HC-D s o
M|HC-CE 0o O 00 00 s
L |HCG-D s
HCG-CE s s S Ss ss
OH
H-D o
H-CE RR Q
3|c-1 s
r|c-2 00
d|G-2 Q0
G-1 00
HC-D s
M|HC—CE 00
L |HCG-D
HCG-CE ss
OH

Table 3 shows estimated substitution patterns of alzee, and gorilla, followed by three backward substitu-
the variable sites under tree D of Fig. 2 by using thetions in human CE on sites 579, 581, and 584, and one
site-by-site reconstruction method. Ancestral sequencesubstitution in gorilla 1 gene on site 580. Either patterns
were estimated by using the maximum likelihood require seven substitution events. If we assume a gene
method. According to likelihood values, patterns are ar-conversion on this region on the latter case, however,
ranged from the top to the bottom. We inferred regions ofonly five events are necessary: three substitutions in the
gene conversion events from these results. For examplencestral CE gene of human, chimpanzee, and gorilla;
sites 31-102 are inferred to have experienced a genene gene conversion in human CE; and one substitution
conversion because letters P and Q were contiguous. Hwn the gorilla 1 gene on site 580. Therefore, we inferred
man D and chimpanzee 1 sequences are identical on siteat a gene conversion occurred on this region.

31 (indicated by O) and human CE is indicated by Q, If the total numbers of events (substitution and gene
thus, the direction of this gene conversion is inferredconversion) is decreased by taking into account the gene
from the human D gene to the human CE gene. conversions, we selected that pattern in spite of lower

Two possible patterns were inferred for sites 579-likelihood estimation of ancestral nodes as shown in the
584. One pattern was that three parallel substitutions ocabove example (Table 3). All other gene conversion re-
curred in chimpanzee 2 and gorilla 1 genes on sites 579jions were inferred in the same fashion. Table 4 shows
581, and 584, and one substitution occurred in the gorillasubstitution patterns of each variable sites under tree E of
1 gene on site 580. Another pattern involved three sub¥ig. 2 by using the same procedure as in the case for
stitutions in the ancestral CE gene of human, chimpanTable 3.
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s 11111111111111111111/1111111111111112121211111111
i 777777¢ ®8888888888888889999 999999999999 9999000 00@DD00 0 0 0 V000 00000111111111111}1 111112222
t 4456890 ®1123444556667791333 44667 77777888899002 33453555 6 6 65667 779990 0000222 222283 367890112
e 4604770 859144572 94563716245 1789024679056 9274755986837 901 23790 572360 1568012348902 710435785
<=> < > < > <=> <=> <=>
<>
MPU® 1111111 11111111211111111171 1111111111111111111110021331111111{1111111111112111111 112121111
H-D 0 08 QQ 00 00 S o00 o s P o
H-CE S 0SO| 00 S 0Os Ss S0000 P oo
1|c-1 ools s 0o0os o0 o0 00 OP P QQQQ s S sss o)
s|c-2 o o| oo S Q QP P 0000 s 0 os
t lc-2 Sss s P 0os s P P s
G-1 S ss P s s P PS ss s
HC-D PP Ss s's ss o) s
M|HC-CE PP| Ss SSSsS sS's
L [HCG-D S
HCG-CE
OH Ss SS S SSS  SSS SS S SSSS SSSS SS SSS SS | SSSS SS S SS  § SSSS SSSSS SSS
H-D o Q o o ss o QO 0o
H-CE o o Q o 0Q
2|c o P R o) R feXe)
n|c-2 o o P o o
d|c-2 S o o PP o s o oP
G-1 o PP QP
HC-D Q o o o o os
MHC-CE o) s Q s
L [HCG-D s s s S s
HCG-CE s
OH
H-D o o 00 o o
H-CE o Q o
3|c R R RR S o)
r|c-2 o o o
d|c-2 o) o 00 o o
G-1 QQ Q
HC-D o o 00 o S
MHC-CE Q s Q
L [HCG-D s s ss s s
HCG-CE
OH

Vertical lines divide each exon. Accoding to likelihood values, patterns are ar-H: human, C: chimpanzee, G: gorilla, HC: common ancestor of human and
chimpanzee, HCG: common ancestor of HC and gorilla, OH: the branch between
2MPU means ML patterns used. Five patterns (O, P, Q, R, and S) listed in thishominoids and Old World monkeys.

ranged from top to bottom.

table are explained in Fig. 2 and text.

Equal signs surrounded with angled brackets designate regions of gene conver-

sions.

Table 5 shows the inferred gene conversion events imxample, nucleotides of sites 31-102 of the human CE
the hominoid phylogeny. Eleven and nine events werggene were substituted to those of the CE gene of the
estimated for trees D and E of Fig. 2, respectively. Thecommon ancestor of human and chimpanzee because of
direction of gene conversion was not identified in somethe direction of gene conversion (B CE). As direc-
cases. Because we cannot detect break points of getiens of gene conversions five and nine for trees D and E
conversions and analyzed only cDNA sequences, thesand gene conversion six for tree E were not determined,

ranges of gene conversions are minimum estimates.

The Phylogenetic Tree and Synonymous/

Nonsynonymous Substitutions

analysis.

the sequence data of those sites were not used in the later

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),
We reconstructed the two sets of nonconverted sef€spectively. All the branch lengths were estimated from

quences from the results shown in Tables 3 and 4. In the&dquence data of extant nodes and ancestral nodes esti-
case of gene conversion 1 for tree D (see Table 5), foated above, and the midpoint rooting was used. Num-
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Table 4. Patterns of site changes for each branch of tree E estimated from the maximum liklihood analysis
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(A) (B) Fig. 4. The two possible gene
trees(A andB) for the primate Rh
9/1 8/0 . .
Human D Human D blood group genes after eliminating
A2~ Chimpanzee 1 Chimpanzee 1 the effect of gene conversions,
Hominoids lg}/frma 2 Gorn?a 2 assuming 'tree D :_alnd tree E of_ Fig.
Human CE Hominoids Chimpanzee 2 2, respectively. Diamonds designate
Chimpanzee 2 Gorilla 1 gene duplications. Numbers of
—tona Gorilla 1 Human CE nonsynonymous and synonymous
S rab-cating macadue 1 o SIL b eating macaque | substitutions per sequence per
3 T & macad , i/-IEC aling macaque branch are presented above each
rab- -
Old World Monkeys s o oeating macaque OId World Monkeys |44 rab-eating macaque 2 branch -before and after slash,
esus macaque Rhesus macaque respectively.

bers of synonymous and nonsynonymous substitutionalmost all branches of both trees (data not shown). Ap-
were estimated by Ina’s (1995) method. In this methodplication of Fisher’'s exact test (Zhang et al. 1997)

the proportion (R) of transition/transversion of the third showed that the nonsynonymous substitution was signifi-
codon is estimated from proportions of base changes thatantly higher than synonymous ones=p0.0041) in the

are observed in the entire phylogenetic tree. R values fobranch that connected hominoids and Old World mon-
trees D and tree E were estimated to be 1.79 and 1.8keys for tree A of Fig. 4, where 79 nonsynonymous and
respectively. Numbers of nonsynonyomous substitutiond4 synonymous substitutions were estimated. We also
are higher than those of synonymous substitutions oronsidered an alternative, less likely substitution patterns
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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.
Table 5. Gene conversion events occurred in the hominoid phylogeny
Tree D Tree P
ID Branch Exon Sites Direction Sites Direction
1 HC-Human Exon 1 31-102 D CE 48-102 CHEID
2 HCG-Gorilla Exon 3 380-399 CED 397-399 DZ1 D
3 HC-Human Exon 3 391-457 D CE 391-457 D1 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 CED 808-815 Undetermined
7 HC-Chimpanzee Exon 7 1,039-1,061 (o]23) 1,039-1,061 D21 D
8 HCG-Gorilla Exon 7 1,057-1,059 D CE 1,057-1,059 D1 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 CED — —
11 HCG-Gorilla Exon 9 1,170-1,193 D CE 1,170-1,193 D] D2

HC: common ancestor of human and chimpanzee, HCG: common ancestor of HC and gorilla.

b See Fig. 2.
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indicated in Table 3 for this branch. Numbers of non-23 MYA]) and 2.70-2.72 x 10 (0.124-0.125 / [2 x 23
synonyomous and synonymous substitutions for theMYA]), respectively. The evolutionary rate of synony-
branch became 76 and 14, respectively, but the differmous substitution for the Rh gene is somewhat lower
ence was still highly significant (g= 0.0067). The same than that for other primate genes (2.3 x"30Li and
branch that connects hominoids and Old World monkeysranimura 1987). In any case, it is clear that the nonsyn-
was also significant (p= 0.0031) for tree B of Fig. 4, onymous substitution is on average higher than the syn-
where 80 nonsynonymous and 14 synonymous substitu?nymous one in primate Rh genes.

tions were estimated. We also considered an alternative, Because the Rh blood group gene products are mem-
less likely substitution patterns indicated in Table 4.brane proteins, there is a possibility that these products of
Numbers of nonsynonyomous and synonymous substitulood group genes are affected by interactions with other
tions for the branch became 73 and 14, respectively, an@rganisms or cells on surface regions. Endo et al. (1996)
the difference was still statistically significant (g searched the nucleotide sequence database and found
0.0100). In any case, whichever gene tree we selectedat 17 gene groups were the candidates for the genes on
we found the possibility of positive selection in the which positive selection may operate. Nine of those 17

branch that connects hominoid and Old World monkeydroups were surface antigens of parasites or viruses. Eder
clusters. and Spitalnik (1997) suggested that blood group antigens

We also estimated the total numbers of nonsynonyoSUch as ABO, MN, and Lewis play a key role in patho-
mous and synonymous substitutions for hominoig9€nesis of some diseases. The high rate of nonsynony-

branches to examine the overall evolutionary patterdNOUS substitutions for the primate Rh blood group also
within hominoids. Nonsynonymous substitutions Weresugges_,ts th_e existence of positive sele_ctlon on this gene,
not significantly higher than synonymous ones in homi-2nd this might be caused by some kind of interaction

. ith pathogens.
noids for tree A (p= 0.1055), where 96 nonsynonymous with .
and 27 synonymous substitutions were estimated, nor for Kitano et al. (1998) showed the Iong-term evolution-
tree B (p = 0.0889), where 97.5 nonsynonymous and®Y tree of Rh blood group genes and their homologous
’ . : : Rh50 genes, and concluded that Rh blood group genes
27.5 synonymous substitutions were estimated. Becau%e

. ad a higher evolutionary rate than Rh50 genes. Similar
these values were estimated from nonconverted sequence

. I esults were obtained independently by Matassi et al.
data, however, we also considered the situation that arlggg). Therefore, Rh-specific antigenicities might be

?bser\_/rehd sequgncefdata were results ofbpat_rtaltl_el sublség ained additionally after the gene duplication on the pri-
lons. The number of nonsynonymous substitu ions ( ate lineage of the Rh blood group gene.
now became significantly higher than that of synony-

o o Because we don't know the actual gene tree topology,
mous ones (30) (p= 0.0046) within hominoids for treé o assumed two plausible trees from nucleotide se-

A. The nonsynonymous substitutions for tree B (124'5_)quence data in this study. Whichever gene tree we se-
was also much higher than synonymous ones (30.5) iflcted we found evidence of gene conversions on primate
hominoids (p= 0.0117). Therefore, estimates of non- gy piood group genes by using the modified site-by-site
synonymous substitutions after eliminating effects ofeconstruction method. We also showed the possibility of
gene conversion are probably underestimation. positive selection on the primate lineage (especially the
We also estimated the average rates of synonymougranch that connects hominoid and Old World monkey
and nonsynonymous substitutions for the Rh blood groug|ysters) of the Rh blood group gene by using a statistical
gene, under the assumption of constancy of the evoluest. In any case, we should be very careful when we
tionary rate and the divergence between the Old Worlthnalyze the evolutionary history of tandemly duplicated

monkey and hominoid lineages to be 23 million yearsgenes, for there is always possibility of gene conver-

ago (MYA) (Kumar and Hedges 1998). Average num-sjons.

bers of synonymous and nonsynonymous substitutions

per site between Rh blood group genes of Old Worldacknowledgments. We thank Dr. Kenta Sumiyama for various dis-

monkeys and those of hominoids were estimated to beussions throughout the preparation of this manuscript and Dr. Yasuo

0.068 and 0.124, respectively, for tree A of Fig. 4, ap_Ina for_proyiding hjs programs. This stU(_jy_ was partially _suppor_ted by
lving Ishida et al.’s (1995) method. Average numbers Ofgrants in aid for scientific studies from Ministry of Education, Science,

plying .g . ~'Sport and Culture, Japan to NS.

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 nonsyrﬁeferences

onymous substitutions, respectively) as those of tree A oLd NOH M (1984) MOLPHY. P . ecul
. A acni J, nasegawa . Programs fTor molecular
Fig. 4. Therefore, the rates of synonymous and nonsyn phylogenetics, version 2.2. Institute of Statistical Mathematics, To-

onymous substitutions (per site per year) for the Rh kyo
blood group gene of Old World monkeys and hominoidsarce m, Thompson ES, Wagner S, Coyne KE, Ferdman BA, Lublin
are estimated to be 1.46-1.48 x 1(0.067-0.068 / [2 x DM (1993) Molecular cloning of Rh D cDNA derived from a gene
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