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ABSTRACT

Majority of the genes are evolving under the neutral mutation pressure. However,
some genes are evolving through positive selection. Blood types were originally
distinguished by the different molecular structure on erythrocytes. Therefore these
products of blood group genes may cause interactions with other organisms, and there is
possibility of positive selection on those gencs. Because the Rh blood group gene
products are membrane proteins, these products of blood group genes seemed to be
affected by interactions with other organisms or cells on surface regions. It is known
that the Rh blood group genes have homologous genes named Rh50, and hominoids have
two or three Rh blood group genes. Therefore the Rh blood group genes and their
related genes experienced a scrics of gene duplication events. Analyses of gene
duplication events are also important to elucidate evolutionary rates and patterns of these
genes. | thus analyzed the Rh blood group genes and their related genes from primates
to fish to clarify the tempo and mode of evolution of these genes.

The human Rh blood type is one of the major blood group systems, and plays
important roles in transfusion and clinical medicine, including haemolytic diseases of
newboms, autoimmune diseases, and mild haemolytic anemia. Landsteiner and Wiener
detected an antibody that agglutinates blood cells from rhesus macaques, and it was
named Rh. Nucleotide sequences of Rh blood group genes in some primates were
reported, and the phylogenetic relationship of primate Rh blood group genes have been
conducted. However, the phylogenetic relationship of primate Rh blood group genes
from these studies is not compatible with each other. Because hominoids have two or
three loci of Rh blood group genes by gene duplication, gene conversion events (or some

kind of convergent effects) may prevent to determine the true gene tree.



1 examined the evolution of the Rh blood group genes of primates. Because we
don’t know the actual gene tree topology of primate Rh blood group genes, I assumed
two plausible trees from nucleotide sequence data by using phylogenetic networks. 1
used the site by site reconstruction method under the maximum likelihood estimates to
identify regions of gene conversion events assuming the two trees, and detected 9 or 11
converted regions.  After eliminating the effect of gene conversions, I estimated numbers
of nonsynonymous and synonymous substitutions for each branch of the both trees.
Whichever we selected gene trees, the branch connecting hominoids and Old World
monkeys showed significantly higher nonsynonymous than synonymous substitutions,
that is, indication of positive selection by using a statistical test. Many other branches
also showed higher nonsynonymous than synonymous substitutions, and this suggests
that the Rh genes have experienced some kind of positive selection. In any case, we
should be very careful when we analyse the evolutionary history of tandemly duplicated
genes, for there is always possibility of gene conversions.

To examine evolutionary patterns of other mammalian Rh blood group genes,
determined complete coding regions of Rh blood group genes of five mouse subspecies
and rat, and Rh50 genes of five mouse subspecies, rat, and crab-eating macaque, and
examined these genes. Nucleotide and amino acid sequence similarities between Rh
genes and Rh30 genes are 47.2-48.9 % and 34.4-37.8 %, respectively. Comparison
of synonymous and nonsynonymous substitutions for the Rh30 gene also revealed a
possibility of existence of positive selection for this gene in primates. Because primates
showed more clear sign of positive selection than rodents both for Rh and Rh50 genes, it
is possible that the pattern of host-parasite interaction is different between primates and
rodents. Phylogenetic analyses of Rh and Rh50 amino acid sequences indicate that the
Rh50 gene has been evolving about two times more slowly than the Rh blood group gene
both in primates and rodents. This conservative nature of the Rh50 gene suggests its

relative importance to the Rh blood group gene. From the comparison of synonymous
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substitutions between Rh and Rh50 genes, it is suggested that the mutation rate of rodents
is about three times higher than that of primates, and the divergence time between mouse
and rat is estimated to be ca. 30 million years ago.

I also determined the Rh50-like genes of X enopus and Japanese medaka and
examined the long-term evolution of Rh, Rh50, and their related genes. The
phylogenetic tree shows four clusters in this tree; Rh50 genes of mammals and the
Xenopus Rh50-like gene, Rh genes of mammals, the Rh50-like gene of Japanese medaka,
and two genes of C. elegans. Therefore, the Xenopus Rh50-like gene is probably
orthologous to the Rh50 genes of mammals.

The topology of the phylogenetic tree suggests that the gene duplication of Rh and
Rh50 genes occurred just before or after the divergence of teleost fish and other
vertebrates. The branch lengths of Rh50 genes are much shorter than those of Rh genes,
indicating a lower evolutionary rate in the Rh50 gene than in the Rh gene. Because iis
evolutionary rate is lower than that for the Rh protein gene, the Rh50 protein may be
closer to the ancestral form before the gene duplication of Rh and Rh50 genes. The time
of gene duplication that produced the Rh and Rh50 genes was estimated to be about 450-
480 million years ago. This period roughly corresponds to the early Paleozoic, around
the divergence between tetrapods and teleost fish lineages.

From database searches, it is suggested that the Rh blood group genes and their
related genes are related to ammonium transporter genes of many organisms, especially
trans-membrane domains. The phylogenetic tree for ammonium transporter proteins
indicated two major groups for ammonium transporter proteins. 1 propose to call these
two groups of ammonium transporter genes as o and f groups, and the Rh genes group is
more similar to the amt } group than to the amt « group. It is suggested that the Rh
blood group genes and their related genes have probably been existing as essential

membrane proteins in many animal phyla.
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CHAPTER 1

INTRODUCTION

Majority of the genes are evolving under the neutral mutation pressure (Kimura,
1983). However, some genes are evolving through positive selection. Blood types
were originally distinguished by the different molecular structure on erythrocytes.
Therefore these products of blood group genes may cause interactions with other
organisms, and there is possibility of positive selection on those genes. The Rh blood
group gene products are thought to be membrane proteins, but these actual function is not
known. Analyses of the Rh blood group genes and their related genes are needed not
only for seeking possibility of positive sclection but also for elucidating the actual
function of these genes. It is known that the Rh blood group genes have homologous
genes named Rh50, and hominoids have two or three Rh blood group genes. Therefore
the Rh blood group genes and their related genes experienced a series of gene duplication
events. Analyses of gene duplication events are also important to elucidate evolutionary
rates and patterns of these genes. | thus sequenced some homologous genes of the Rh
blood group genes and analyzed those from primates to fish to clarify the tempo and mode

of evolution of the Rh blood group genes and their related genes.

The history of the study of the Rh blood group genes

The human Rh blood type is one of the major blood group systems, and plays

important roles in transfusion and clinical medicine, including haemolytic diseases of

newborns, autoimmune diseases, and mild haemolytic anemia. Landsteiner and Wiener



(1940) detected an antibody that agglutinates blood cells from rhesus macaques, and it
was named Rh. This antibody had similar features with the antibody discovered by
Levine and Stetson (1939) from transfusion incompatibilities.  Although the two
antibodies had a similar specificity, these antibodies were shown to detect distinct
antigens. Therefore the antibody detected by Landsteiner and Wiener was renamed LW,
There were historically two hypotheses about the Rh blood group system; Wiener's
(1943) one locus theory and Fisher-Race's (1944) three linked loci (C, D, E) theory.
Therefore two different nomenclature for loci and alleles have been used.

Rh polypeptides were observed as phosphorylated 30-32 kD membrane proteins by
using SDS-PAGE and immunoprecipitation (Moore, Woodrow, and McClelland 1982;
Gahmberg 1982). Nucleotide sequences of Rh genes were determined 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 constructed from ten exons,
and are located on chromosome 1p34-p36 (Ruddle et al. 1972; Cherif-Zahar et al. 1991)
(figure 1.1A). The physical length between D and CE loci is not known. Individuals
are divided into Rh-positive and Rh-negative according to the presence or absence of the
D antigen. C/c and Efe specificities are distinguished by four and one amino acid
differences, respectively (Mouro etal. 1993). Rh gene products were estimated to have
12 trans-membrane domains (figure 1.2A) through hydropathy analysis (Avent et al.
1990) and immunological studies using an antipeptide antibody (Aventetal. 1992). Itis
suggested that the expression of Rh genes are restricted to tissues or cells exhibiting
erythroid features from Northern blot analysis (Cherif-Zahar et al. 1990). However,
Kajii et al. (1994) indicated that Rh genes are expressed not only in erythroid lineage but
also in various leukocytes, though expressions in leukocytes are quite low from RT-PCR
method.

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).  Gorilla carries two
Rh-like genes, while orangutans, gibbons, Old World monkeys, and New World
monkeys carry a single Rh-like gene (Blancher, Calvas, and Ruffie 1992).

A protein was obtained together with the Rh gene product on immunoprecipitation
with anti-Rh antibodies from human, and named as 50kD glycoprotein (Moore and Green
1987). This glycoprotein was considered to form heterotetramer with Rh blood group
gene products and some other proteins (glycophorin B, LW antigen, Fy antigen, CD47,
and ABH antigen) were added this heterotetramer on erythrocyte membranes (Eyers et al.
1994) (figure 1.2B). The nucleotide sequence of the human 50kD glycoprotein was
determined, and its amino acid sequence was homologous with that of the human Rh gene
(Ridgwell et al. 1992). Organization of the gene is similar to that of Rh genes and the
locus is located on chromosome 6p2l-qter (figure 1.1B). That protein was also
predicted to have the 12 trans-membrane domains which are similar to those of the Rh
blood group gene product. There are several names for this gene such as RHAG, but I
call this gene as Rh50 and the Rh blood group gene as Rh hereafter for simplicity. It has

been shown that the Rh_, regulator and the Rh__, phenotypes are suppressed by the

nul
Rh50 product (Cherif-Zahar et al. 1996), and a splicing mutant of this gene was shown to
cause an Rh_ , phenotype (Kawano et al. 1998). These observations clearly indicate that
the Rh50 gene is essential for expression of Rh antigens on erythrocytes. These Rh

gene and Rh related gene products seem to play an important role for erythrocytes.

Positive selection



Because positive selection prefers nonsynonymous substitutions that cause adaptive
amino acid changes rather than synonymous substitution that do not cause any amino acid
changes on nucleotide sequence level, positively selected genes are considered to have
nucleotide changes that the number of nonsynonymous substitutions is larger than that of
synonymous substitutions.

Several genes are considered to be positively selected, such as antigen recognition
sites of the major histocompatibility complex class I loci (Hughes and Nei 1988, 1989),
alcohol dehydrogenese genes (Long and Langley 1993), al-antitrypsin genes (Ohta
1994), hemagglutinin 1 gene of human influenza A virus (Ina and Gojobori 1994),
abalone sperm lysin genes (Lee, Ota, and Vacquier 1995), primate lysozyme genes
(Messier and Stewart 1997), and primate ribonuclease genes (Zhang, Rosenberg, and Nei
1998).

There are two types of mechanism of positive selection, that is, gain of function
and interaction between host defense systems and pathogens. Examples of the former
are primate lysozyme genes (Messier and Stewart 1997) and primate ribonuclease genes
(Zhang, Rosenberg, and Nei 1998). In the case of these genes, particular branches of a
gene tree usually experienced positive selection. As examples of the latter, there are
studies of the major histocompatibility complex class I loci (Hughes and Nei 1988, 1989)
and hemagglutinin 1 gene of human influenza A virus (Ina and Gojobori 1994). In
those cases, because positive selection might occur by interaction between host defense
systems and pathogens, positive selection may always operate on those genes, and those
genes are thought to code cell surface proteins, Endo, Tkeo, and Gojobori (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 gene
groups were surface antigens of parasites or viruses. Therefore, other blood group
genes may also have possibility of experiencing positive selection.

Because the Rh blood group gene products are membrane proteins, these products



of blood group genes seemed to be affected by interactions with other organisms or cells
on surface regions. Therefore there is possibility of positive selection on those genes as

shown for the ABO blood group genes by Saitou and Yamamoto (1997).

Gene conversion

Gene conversion means the transfer of a gene segment from a donor gene to a
homologous acceptor gene without the donor gene being changed in the process. Gene
conversion was originally found from irregular segregations: i. e., departures from the
2+:2- ratio expected in tetrads from the Mendelian segregations of genes in heterozygous
(+/-) condition in fungi (Holliday 1964; Roman and Ruzinski 1990). Since then, it has
also been suggested that an analogous mechanism is responsible for transfer of gene
segments in higher eukaryotes as well (Baltimore 1981; Slightom, Blechl, and Smithies
1980). In higher organisms, the term “gene conversion” has been used in the context of
“templated segmental mutation”. Gene conversion has been proposed to cause both
wide homogenization (c-globin, Liebhaber, Goossens, and Kan 1981; murine serum
amyloid A gene, Lowell et al. 1986) and polymorphism (MHC class I, Kuhner et al.
1990; MHC class I, Pease 1985; immunoglobulin, Thompson 1992) between
homologous genes.

Hogstrand and Bohme (1998) examined gene conversion events with a PCR assay
at the DNA level between the two MHC class II genes in mice sperm. They obtained
values 1.2x10°-9.7> 10" per locus per generation for those gene conversion frequency.

In primate Rh blood group genes, D and CE loci are tightly linked and they are
quite similar (96.4 % nucleotide sequence identity). Therefore gene conversions may
affect the phylogenetic relationships of those genes. Occurrences of gene conversions

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, Poulter, and
Carritt 1996; Carritt, Kemp, and Poulter 1997), but there has been no detailed analysis on

those events.

Phylogenetic network

The evolutionary history of a gene should be presented as a tree. When real
sequence data are analyzed, however, this tree structure may not be clearly observed.
When two nucleotide positions show incongruent partition pattern, a discordancy diagram
appears (Fitch 1977). Bandelt (1994) extended this idea and proposed the “phylogenetic
network™ method. A network structure is useful for delineating anomaly in the history
of gene trees. For example, when two regions of a gene experienced recombination
(andfor gene conversion), we may obtain a network, not a tree, if we analyze the
sequence data by combining the two regions. We may also observe parallel
substitutions among genes by using a phylogenetic network.

Figure 1.3 shows an explanation of network analyses. In the case of this
sequence data (figure 1.3A), sites 1, 2, and 3 divide [a, b] and [c, d], while sites 4 and 5
divide [a, d] and [b, ¢]. Sites 7 and 8 are singular substitution sites. In this network
(figure 1.3B), two topologies are contained. One topology (I and II) shows clusters ab
and cd (this is the maximum parsimony tree), another one (II and IV) shows clusters ad
and be (this is only one additional change required compared from the maximum
parsimony free) (figure 1.3C). The network contains all possible topologies and we can
identify sites experiencing parallel substitutions. If parallel substitution sites are
contiguous, a gene conversion event over the region containing those sites is inferred.
The phylogenetic network analysis is useful for closely related genes that experience

evolutionary events resulting in non-tree structure,



Evolutionary studies for the Rh blood group genes

As [ mentioned above, some nucleotide sequences of primate Rh blood group
genes are reported.  The phylogenetic relationship of primate Rh blood group genes have
been conducted.  Salvignol et al. (1995) constructed a neighbor-joining tree of primate
Rh blood group genes. Blancher and Socha (1997) constructed a maximum likelihood
tree of primate Rh blood group genes. Klein, O'hUigin, and Blancher (1997)
constructed a UPGMA tree of primate Rh blood group genes. The phylogenetic
relationship of primate Rh blood group genes from these studies is not compatible each
other. Because hominoids have two or three loci of Rh blood group genes by gene
duplication, gene conversion events (or some kind of convergent effects) may prevent to

determine the true gene tree.

Questions to be addressed

In Chapter I1, the first objective is a detailed analysis of the gene conversion events
in hominid Rh blood group genes so as to infer their true phylogenetic relationship. The
second objective is the examination of existence of positive selection on the Rh blood
group genes to understand positive selection more clearly. In Chapter III, to compare
evolutionary patterns of other mammalian Rh blood group genes, those genes for rodents
are determined and phylogenetic analyses are carried out.  In Chapter [V, to examine the
long-term evolution of the Rh blood group genes and their related genes, those genes for
Japanese medaka fish (Oryzias latipes) and African clawed frog (X enopus laevis) are

determined and phylogenetic analyses are carried out.



Figure 1.1 The two Rh loci located on 1p34.3-36.1 (A) and the Rh50 locus located on
6p21-gter (B) are schematically represented. Boxes with number mean exons.
Numbers of above and below mean number of base pair for each exon and intron length

(kb), respectively. These are based on Matassi et al. (1998).
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Figure 1.2 (A) Topology of Rh protein deduced from hydropathy analysis. Bars
with number mean boundaries of exons. (B) The Rh protein complex on the red cell

membrane. These are based on Blancher and Socha (1997),
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Figure 1.3 Comparisons of phylogenetic network and parsimonious trees. (A)
Sequence data used for explanation of network analyses. (B) The phylogenetic network
constructed from the data (A). Numbers are nucleotide positions responsible for
corresponding edges and edge lengths are proportional to number of nucleotide

differences. (C) Four possible trees embedded in the network.
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CHAPTER II

EVOLUTION OF PRIMATE RH BLOOD GROUP GENES

cDNA sequences used

Nucleotide sequence data for Rh blood group genes were retrieved from the
DDBJ/EMBL/GenBank international nucleotide sequence database and from published
papers. Ten human (Homo sapiens) sequences, five chimpanzee (Pan troglodytes)
sequences, three gorilla (Gorilla gorilla) sequences, two crab-eating macaque (Macaca
fascicularis) sequences, and one rhesus macaque (Macaca mulatia) sequence were used in

this study (table 2.1).  All the sequences were complete cDNA with 1251 bp.

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
relationship of the linked loci. I thus constructed phylogenetic networks for human,
chimpanzee, and gorilla Rh blood group genes. Phylogenetic networks were
constructed following the procedure of Bandelt (1994) and Saitou and Yamamoto (1997).
Because the network for the whole sequence data have many dimensions, [ constructed
networks for five regions of the coding region of this gene. For simplicity, 1 selected
one allele of each locus by examining phylogenetic networks of human (figure 2. 1A) and
chimpanzee (figure 2.1B) Rh blood group genes were selected. From these figures, I

thus used human D-0 (a consensus sequence of human D alleles), human cE-1,
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chimpanzee 1-3, and chimpanzee 2 genes. These alleles were used as representative of
each locus in the following analyses. MNucleotide identities between human D and
human CE, between chimpanzee 1 and chimpanzee 2, and between gorilla 1 and gorilla 2
are 96.4 %, 95.9 %, and 97.0 %, respectively.

Figure 2.2 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 andfor crossing-over, the network may not
contain so many parallelograms. Moreover, some sites of those parallelograms in figure
2.2 are contiguous (e.g. 391, 397, and 399 of figure 2.2A), suggesting the existence of

conversion-like events.

Assumption of primate Rh blood group gene tree

Because chimpanzee possesses three Rh-like loci, at least two gene duplications
occurred in the hominoid lineage. Three types of gene duplication patterns can be
assumed. Figures 2.3A-C show these three possibilities. Tree 2.3A assumes that one
gene duplication occurred in the common ancestor of human, chimpanzee, and gorilla,
and second gene duplication occurred on one duplicated gene of the chimpanzee lineage.
Tree 2.3B assumes that one gene duplication occurred in the common ancestor of human,
chimpanzee, and gorilla, and second gene duplication occurred in one duplicated gene of
the common ancestor of human and chimpanzee. Tree 2.3C assumes that two gene
duplications occurred in the common ancestor of human, chimpanzee, and gorilla.
Established phylogeny (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, I first classified sites based on phylogenetic



networks (table 2.2). For example, sites 380 and 383 of network A (figure 2.2) 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
clusters are not shown.

If we assume tree 2A, two genes of chimpanzee (a-1 and «-2) are probably quite
similar to each other, and it is not easy to identify them. Because the nucleotide identity
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, T assume that these two genes
probably correspond to chimpanzee ¢-1 (or «-2) and B, not chimpanzee a-1 and «-2. In
this case orthologous trios can be extracted from phylogenetic networks. Because sites
514, 544, and 733 show clusters of human D-chimpanzee 1-gorilla 2 and human CE-
chimpanzee 2-gorilla 1, and other 13 sites (380, 383, 916, 932, 985, 986, 541, 579, 581,
584, 1048, 1170, and 1025) are compatible with these clusters, I therefore determined the
topology of hominoid Rh blood group genes as tree [ in figure 2.2.

When we consider either trees B or C of figure 2.3, we have to assume two and
three gene losses (or genes not yet identified), respectively. Because we don't know
which genes are lost (or genes not yet identified), examination under trees 2.3B or 2.3C
is more difficult than that under tree 2A. Because the cluster for human D and
chimpanzee 1 is supported with 6 sites (380, 383, 916, 932, 985, and 986), and the
cluster for chimpanzee 2 and gorilla 1 is supported with 4 sites (541, 579, 581, and 584),
these clusters are plausible. Moreover 3 sites (514, 544, and 733) show clusters of
human D-chimpanzee 1-gorilla 2 and human CE-chimpanzee 2-gorilla 1. Therefore I
can determine the unrooted topology as follows:

(((human D,chimpanzee 1),gorilla 2),(human cE,(chimpanzee 2,gorilla 1))).

To determine the root | eliminated sites indicating two genes from the same species form a
cluster from the multiply aligned sequence data and constructed a neighbor-joining tree

(Saitou and Nei 1987, CLUSTAL W of Thompson, Gibson, and Higgins (1994) was
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used). Three sequences of Old World monkeys were used as outgroups. The
topology of the NJ tree was compatible with tree E in figure 2.3. The maximum
likelihood analysis (NucML of Adachi and Hasegawa (1994) was used) 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-gorilla2. Only the position of human CE is different
between the two trees. Tree E is more plausible because of 4 sites (541, 579, 581, and
584) of the network B (figure 2.2). Recently, Apoil and Blancher (personal
communication) studied the evolutionary relationship of the primate Rh genes using the
intron 4 sequences. They suggested that two gene duplications occurred in the common
ancestor of human, chimpanzee, and gorilla. This scenario is compatible with my tree E
of figure 2. However, tree E requires three gene losses (or genes not yet identified)
compared to one gene loss for tree D, which is more parsimonious. [ thus used those

two assumed trees for the following analyses.

The site by site reconstruction method by using the maximum likelihood

method

I used the site by site reconstruction method (Slightom et al. 1987) to identify
regions of gene conversion events assuming the two trees (figures 2.3D and 2.3E). The
original method is based on the parsimony method, however, we used the maximum
likelihood method (Felsenstein 1981) to determine nucleotide sequences of ancestral
nodes. Firstly, I obtained the maximum likelihood estimates of the nucleotide sequences
of ancestral nodes by using PAML program version 1.3 (Yang 1997) and then
substitution patterns were plotted on each branch of the assumed tree.  Let us explain the
actual procedures of the site by site reconstruction method using figure 2.4, where tree D

of figure 2.3 was assumed. The two chimpanzee loci both had the same nucleotide (C)
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in case A and the event causing this change is indicated by 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 substitutions designated by “S™ occurred in
different species. In case C, a branch of one cluster experienced a substitution
(indicated by 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
duplicated genes, suggesting a gene conversion from the human CE to the human D
genes and a gene conversion from chimpanzee 1 to chimpanzee 2 over this site.
Therefore, the letter “Q” is given to the human D gene and the letter “R™ is given to the
chimpanzee 2 gene. 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. 1In case D, I can infer the direction of gene conversion. I also
performed the same procedure under the assumption of tree E of figure 2.3.

Let us compare rates of gene conversion with nucleotide substitutions to see if our
parsimonious argument is valid. Hogstrand and Bohme (1998) estimated cis gene
conversion frequency in mouse MHC class 11 genes and obtained values 1.2x 10%-9,7x
10™ per locus (about 200 bp region) per generation. Rates of synonymous substitutions
in various mammalian protein-coding genes is estimated to be 3.5x 10" per site per year
(Li 1997). If I assume that the generation time of wild mice is 0.5 year (Dr. Tsuyoshi
Koide, personal communication), the rate of cis gene conversion frequency becomes 2.4
x10%-1.9x10* per 200 nucleotide sites per year, while the corresponding rate of
synonymous substitution is 7.0x107. Therefore the rate of gene conversion events
seem to be much higher than that of nucleotide substitutions. This justifies the site by
site reconstruction procedure.

Table 2.3 shows substitution patterns of all the variable sites under tree D of figure

2.3 estimated by using the site by site reconstruction method.  Ancestral sequences were
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estimated by using the maximum likelihood method. According to likelihood values,
patterns are arranged from the top to the bottom. [ 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. Human D and
chimpanzee 1 sequences are identical on site 31 (indicated by “O") while 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 is that three
parallel substitutions occurred 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
involves three substitutions in the ancestral CE gene of human, chimpanzee, and gorilla,
followed by three backward substitutions 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. [f we assume a gene conversion event 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 I 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, I selected that pattern in spite of lower
likelihood estimation of ancestral nodes as shown in the above example (table 2.3). All
other gene conversion regions were inferred in the same fashion. Table 2.4 shows
substitution patterns of each variable sites under tree E of figure 2.3, by using the same
procedure as in the case for table 2.3, Multiple alignments of non-converted and
ancestral sequences are shown in appendix I1.

Table 2.5 shows the inferred gene conversion events occurred in the hominoid

phylogeny. Eleven and nine events were estimated for trees D and E of figure 2.3,
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respectively. The direction of the gene conversion was not identified in some events.
Because 1 cannot detect break points of gene conversions and analyzed only cDNA

sequences, these ranges of gene conversions are minimum lengths.

The phylogenetic tree and synonymous/nonsynonymous substitutions

I reconstructed the two sets of non-converted sequences from the results shown in
tables 2.3 and 2.4. In the case of the gene conversion event ID 1 for tree D (see table
2.5), 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 directions of gene conversion events IDs 5
and 9 for trees D and E and ID 6 for tree E were not determined, the sequence data of
those sites were not used.

Figure 2.5 shows two phylogenetic trees (A and B) for the reconstructed primate Rh
blood group gene sequences assuming tree D (figure 2.5A) and tree E (figure 2.5B),
respectively.  All the branch lengths were estimated from sequence data of extant nodes
and ancestral nodes estimated above, and the mid-point rooting was used. Numbers of
synonymous and nonsynonymous substitutions were estimated by Ina’s (1995) method.
In Ina's 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 for both trees (tables 2.6 and 2.7). Application of
the Fisher’s exact test (Zhang, Kumar, and Nei 1997) showed that the nonsynonymous
substitution is significantly higher than synonymous ones (F = 0.0041) in the branch (a-
f) that connects hominoids and Old World monkeys for tree A of figure 2.5, where 79

nonsynonymous and 14 synonymous substitutions were estimated. [ also considered an
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alternative, less likely substitution patterns indicated in table 2.3 for this branch.
Numbers of nonsynonyomous and synonymous substitutions for the branch become 76
and 14, respectively, but the difference is still highly significant (P = 0.0067). The
same branch (a-f) that connects hominoids and Old World monkeys is also significant (P
= 0.0031) for wee B of figure 2.5, where 80 nonsynonymous and 14 synonymous
substitutions were estimated. | also considered an alternative, less likely substitution
patterns indicated in table 2.4. Numbers of nonsynonyomous and synonymous
substitutions for the branch become 73 and 14, respectively, and the difference is still
statistically significant (P = 0.0100). In any case, whichever [ selected gene trees, I
could find the possibility of positive selection in the branch that connects hominoid and
Old World monkey clusters.

I also estimated the total numbers of nonsynonyomous and synonymous
substitutions for hominoid branches to examine the overall evolutionary pattern within
hominoids. Nonsynonymous substitutions are not significantly higher than
synonymous ones in hominoids for tree A (P = (. 1055), where 96 nonsynonymous and
27 synonymous substitutions were estimated, nor for tree B (P = 0.0889), where 97.5
nonsynonymous and 27.5 synonymous substitutions were estimated. Because these
values were estimated from non-converted sequences data, however, I also considered
the situation that all gene conversions occurred on the hominoid lineage to be parallel
substitutions. The nonsynonymous substitutions (132) is significantly higher than
synonymous ones (30) (P = 0.0046) within hominoids for tree A. The nonsynonymous
substitutions (124.5) is also significantly higher than synonymous ones (30.5) in
hominoids (P = 0.0117) for tree B. Because | eliminated effects of gene conversion
events to estimate numbers of synonymous and nonsynonymous substitutions, it is noted
that 1 carried out conservative estimation of these values in hominoids under the
assumption of gene conversions, and those may be underestimates.

I also estimated the average rates of synonymous and nonsynonymous substitutions
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for the Rh blood group genes, under the assumption of constancy of the evolutionary rate
and the divergence between the Old World monkey and hominoid lineages to be 23
million years ago [MYA] (Kumar and Hedges 1998).  Average numbers of synonymous
and nonsynonymous substitutions per site between Rh blood group genes of Old World
monkeys and of hominoids were estimated to be 0.068 and 0. 124, respectively, for tree
A of figure 2.5, applying 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 of hominoids for tree B of figure 2.5 were almost the same
(0.067 and 0.125 for synonymous and nonsynonymous substitutions, respectively) as
those of tree A of figure 2.5. Therefore, the rates of synonymous and nonsynonymous
substitutions (/site/year) for the Rh blood group genes of Old World monkeys and of
hominoids are estimated to be 1.46-1.48x 107 (=0.067-0.068/[2x23 MYA]) and 2.70-
2.72x% 10® (=0.124-0.125/[2x 23 MYA]), respectively. The evolutionary rate of
synonymous substitution for the Rh gene is somewhat lower than that for other primate
genes (2.3 x10”: Li and Tanimura 1987). In any case, it is clear that the
nonsynonymous substitution is in average higher than the synonymous one in primate Rh

genes.
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Table 2.1

Rh blood group genes and references used in this study

Genes (Accession Number)

References

Human D-1 (X63097)

Human D-2 (X63094)

Human D-3 (§57971)

Human D-4 (L08429)

Human D-5 (S78509)

Human D-6

Human cE-1 (M34015)*

Human cE-1 (X54534)°

Human cE-2 (§57967)

Human Ce

Chimpanzee 1-1 [317-1IR] (L37050)
Chimpanzee 1-2 [394-2G]
Chimpanzee 1-3 [211-6E]
Chimpanzee 1-4 [317-1A] (L37049)
Chimpanzee 2 [211-TIF] (L37048)
Gorilla 1-1 [IC] (L37052)

Gorilla 1-2 [ITIA2b]

Gorilla 2 [ID] (L37053)
Crab-eating macaque 1 (L37054)
Crab-eating macaque 2

Rhesus macaque (570343)

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)

(1%

b1}

i

Mouro et al. (1994a)

* Nucleotide sequences of M34015 and X54534 (both Human cE-1) are identical.

Names in square brackets are those used by Salvignol et al. (1995).



Table 2.2

Classification of sites to identify orthologous genes from phylogenetic networks

Pairs® No. of sites Sites Network”
(Hu D,Ch 1,Go 2) - (Hu CE,Ch 2,Go 1) 3 514, 544, 733 B
(Hu D,Ch 2,Go 1) - (Hu CE,Ch 1,Go 2) 1 577
(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 B
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

*Hu: human, Ch: chimpanzee, Go: gorilla

"See figure 2.2 for networks A-E
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Table 2.5

Gene conversion events occurred in hominoid phylogeny

Tree D Tree E
D Branch® Exon  Sits  Direction " Sites  Direction
1 HC-Human 1 31-102 D= CE 48-102 CE=D
2 HCG-Gorilla 3 380-399 CE=D 397-399 D2 =D
3 HC-Human 3 391-457 D= CE 391-457 D= CE
4 HC-Human 4 579-584 D= CE - -
5 HCG-HC 5 764-797 Undetermined 764-797 Undetermined
6 HC-Human 6 808-852 CE=D 808-815 Undetermined
7 HC-Chimpanzee 7 1039-1061 CE=D 1039-1061 D2=D
8 HCG-Gorilla 7 1057-1059 D= CE 1057-1059 D= D2
9 HCG-Gorilla 8 1075-1093 Undetermined 1075-1093 Undetermined
10 HC-Human 8 1122-1124 CE=D - -
11 HCG-Gorilla 9 1170-1193 D= CE 1170-1193 D= D2

* HC: common ancestor of human and chimpanzee

HCG: common ancestor of HC and gorilla
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Table 2.6

Estimation of number of substitutions between each nodes under tree D

Branch d, X107 s S d, X10° n N

HuD-< 3.04 | 329.70 024 0  885.30
HuCE-e 12.27 4 330.14 20.63 18 884.86
Chl-c 21.63 7 330.68 1255 11 884.32
Ch2-e 3.05 1 329.01 14.82 13 885.99
Gol-d 12.21 4 331.54 1122 10 898.46
Go2-b 1834 6 332.28 897 8  891.72
Ceml-g 3.01 1 333.14 547 5  917.86
Cem2-g 3.01 I 332.89 327 3 918.11
Rhm-f 1212 4 333.14 437 4 917.86
ab 596 2 337.66 549 5 913.34
a-d 0.00 0 337.42 992 9  913.58
af 4329 14 335.09 9194 79  915.91
b-c 3.05 I 328.71 9.08 8  886.29
d-e 3.05 1 328.35 5.66 5 886.65
f-g 3.01 1 332.89 547 5 918.11

dg and d; mean the number of the synonymous substitutions per synonymous sites
and the number of the nonsynonymous substitutions per nonsynonymous sites,
respectively. s and n mean the number of synonymous and nonsynonymous
differences, respectively. S and N mean the numbers of synonymous and
nonsynonymous sites for the sequences compared. Internal node designations used
for defining branches follow those of figure 2.5A. Hu: human, Ch: chimpanzee,

Go: gorilla, Cem: crab-eating macaque, Rhm: rhesus macaque
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Table 2.7

Estimation of number of substitutions between each nodes for under tree E

Branch d, X107 s S d, X10° n N

HuD-d 0.00 0 341.31 894 8 900.69
HuCE-a 11.92 4 339.60 16.81 15 902.40
Chl-d 25.41 8.5 34255 13.90 12.5 908.45
Ch2-e 2.95 I 339.67 1440 13 911.33
Gol-e 15.70 5 323.56 11.58 10 870.44
Go2-c 15.56 5 325.45 6.94 6 868.55
Ceml-g 2.99 1 335.15 548 5 915.85
Cem2-g 2.99 1 334.90 328 3 916.10
Rhm-f 12.05 4 335.15 438 4 915.85
b-c 5.91 2 340.62 551 8§ 910.38
b-e 0.00 0 339.50 11.05 10 911.50
b-a 2.95 1 340.05 8.83 8 910.95
c-d 2.94 1 341.22 11.08 10 909.78
a-f 43.00 14 337.27 93.57 80 913.73
f-g 2.99 1 334.90 548 S 916.10

d, and d,, mean the number of the synonymous substitutions per synonymous sites and
the number of the nonsynonymous substitutions per nonsynonymous sites,
respectively. s and n mean the number of synonymous and nonsynonymous
differences, respectively. S and N mean the numbers of synonymous and
nonsynonymous sites for the sequences compared. Internal node designations used
for defining branches follow those of figure 2.5B. Hu: human, Ch: chimpanzee, Go:

gorilla, Cem: crab-eating macaque, Rhm: rhesus macaque
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Figure 2.1 Phylogenetic networks for human (A) and chimpanzee (B) Rh blood group
genes. Numbers are nucleotide positions responsible for corresponding edges and edge
lengths are proportional to number of nucleotide differences. Sites with asterisk mean

sites that change amino acids. Open circles denote sequences used in the following

analyses.
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Figure 2.2 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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Figure 2.3 Three model trees (A-C) and two assumed trees (D and E). Diamonds
mean gene duplications. We can assume at least two gene duplications (represented by
diamonds) occurred in the hominoid lineage because of chimpanzee possesses three Rh-
like loci (trees A-C). Names of genes in these model trees are arbitrary. Two assumed
trees (D and E) were used in the following analyses. Names of genes in these trees are
actual gene names. Gene names in parentheses indicate undetected or deleted genes.
The cluster including chimpanzee 2 and gorilla 1 is named D2 loci cluster in the case of

tree E.

34



(A)

——— HUuman &

Chimpanzes o-|
{ Chimpanzee -2

Gorilla o

(D)

—]

e Humman

e Chimpanzee B

Gorilla B

Human D

..

== (Chimpanzee)

Gorilla 2
e Human CE

Gorilla 1

e FHiLIMMAN (X-1
e Chimpanzee oi-1
e Human (-2
e Chimpanzece -2
Gorilla &

= Human [

Chi 1
impanzee B loci

] Chimpanzee 2 CE loci

e Chimpanzee i

Gorilla B

(E)

(€)

—

e Humian ot

e Chimpanzee o
Gonlla o

pe Human [§

b Chimpanzee i
Gorilla f

pre: Husrmian

Chimpanzee %y

Gorillay

—E Human D
Chimpanzee 1 D loci

>

—

-

.‘IIIIIII (Gﬂﬁlla} —

Gorilla 2 —_

e=== (Human) —
L Chimpanzee 2 D2 loci

Gorilla 1 i

Human CE = s

=== (Chimpanzee)

CE loci




Figure 2.4 Explanation of the site by site reconstruction method. To classify variant
sites, we used five symbols. The tree of figure 2D was assumed. In case (A), the root
nucleotide is G, thus variants are chimpanzee | and 2. These variants are caused by
shared nucleotide 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 case (B), the root nucleotide is A and changes from A to T occurred in the chimpanzee
1 and the gorilla 1 genes. These nucleotide changes are not shared by the duplicated
genes of the same species, they are thus true parallel substitutions, and they are
designated by “S". In case (C), the root nucleotide is T and a change (from T to A)
occurred in the common ancestor of orthologous human CE, chimpanzee 2, and gorilla 1.
This change is not shared with its paralogous counterparts and is indicated by “S™.
There are no changes in its descendanis, suggesting no gene conversion after the
hominoid divergence 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 counterparts, suggesting the direction of gene conversion
from the human CE to the human D genes and a gene conversion from chimpanzee 1 to
chimpanzee 2 over this site, respectively. Therefore, “Q" is given to the human D gene

and “R" is given to the chimpanzee 2 gene.
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Figure 2.5 The two possible gene trees (A and B) for the primate Rh blood group
genes after eliminating the effect of gene conversions assuming tree D and tree E in figure

2, respectively. Diamonds designate gene duplications.
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CHAPTER 11

EVOLUTION OF RODENT RH BLOOD GROUP GENES AND THEIR
RELATED GENES

PCR-direct sequencing of cDNA

Five mouse (Mus musculus) subspecies (M. m. domesticus (C57TBL/10SnSlc), M.
m. brevirostris (BFM/2MsfB6C3FI), M. m. musculus (BLG2/MsfB6C3FI), M. m.
castaneus (CAST/EiL), and M. m. molossinus (MSM/Msf)), rat (Rattus norvegicus (Std:
Wistar)), and crab-eating macaque (Macaca fascicularis) were used. Mice are provided
from Laboratory of Mammalian Genetics (kindly provided by Drs. Toshihiko Shiroishi
and Tomoko Sagai), National Institute of Genetics.  Rat was bought from Nihon SLC.
Samples of crab-eating macaque were kindly provided by Dr. Yuzuru Ikehara at Division
of Cell Biology, Institute of Life Science, Soka University.

Bone marrow cells were extracted from femora by using RPMI Medium 1640
(Gibco-BRL) and 26Gx1/2 syringe (TERUMO) and filtered 70 pm Cell Strainer
(FALCON). Total RNAs were extracted by using the AGPC (Acid Guanidinium-
Phenol-Chloroform) method. To remove DNA, DNase reactions were carried out by
using Deoxyribonuclease (RT Grade) (Nippon Gene). Reverse transcription was
performed by using AMV (Avian Myeloblastosis Virus) reverse transcriptase and oligo
dT-adaptor primer of RNA PCR Kit AMV Ver. 2.1 (TaKaRa).

Degenerate PCR was performed and a partial product was obtained. T then
performed 5' RACE (rapid amplification of the 5° cDNA ends) using 5’'RACE System for
Rapid Amplification of cDNA Ends version 2.0 (Gibco-BRL). 3'RACE is also curried
out. To amplify the complete cDNA sequence, PCR was performed by using gene
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specific primers. PCR was performed in a 20 pl reaction containing 0.5-1 pl of the first-
strand cDNA, 1xGene Taq Universal Buffer (Mg** free) (Nippon Gene), 1.5 mM MgClL,,
0.2 mM dNTP, 10 pmol of each primer (designed on sites of 5’ and 3" ends), and 1 units
of AmpliTaq Gold (Perkin-Elmer). Amplification was carried out in DNA GeneAmp
PCR System 2400 (Perkin-Elmer) with the following temperature parameters: 10 min at

95C followed by 40 cycles of 95C for 30 sec, 65T for 15 sec, and 72C for 1 min.

PCR products were purified using MicroSpin Columns 5-300 HR (Pharmacia Biotech).
DNA sequencing was performed on PCR products using Dye Terminator Cycle
Sequencing Kit and ABI prism 377 DNA sequencer (Perkin-Elmer). A progressive
sequencing strategy was carried out with design of further primers to complete the
sequence for coding region of both strands of the cDNA. Figure 3.1 shows the
sequencing scheme for the Rh gene of M. m. domesticus. Other genes were also

determined by using the same procedure.

Sequence comparisons of Rh and Rh50 ¢DNA coding regions

I sequenced Rh and Rh50 gene cDNAs for two mouse subspecies and rat. Those
newly determined rodent sequences (DDBJ/EMBL/GenBank international nucleotide
sequence database accession numbers are ABO15189 - ABO15194) were compared with
human and crab-eating macaque Rh genes (Cherif-Zahar et al. 1990; Avent et al. 1990;
Salvignol et al. 1995) and the human Rh50 gene (Ridgwell et al. 1992). Figure 3.2
shows the multiple alignment of nucleotide sequences of rodent Rh genes. CLUSTAL
W version 1.6 (Thompson, Gibson, and Higgins 1994) was used for multiple alignment.
Nucleotide sequence lengths of human, crab-eating macaque, mouse, and rat are 1254 bp,
1254 bp, 1257 bp, and 1269 bp, respectively. Four gaps (3, 15, 3, and 6 nucleotide

long) were observed between primate and rodent sequences, and the rat Rh gene had extra
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12 nucleotides (positions 337-348). Lengths of all gaps were multiplication of 3 and
there is no frame shift. I also obtained an incomplete sequence for the rat Rh cDNA
which lacks sites 149-661. These sites correspond to exons 2-4 of the human Rh gene,
and this incomplete cDNA were probably produced by a splicing error.

Figure 3.3 shows the multiple alignment of nucleotide sequences of Rh50 genes. [
also obtained a Rh50 gene cDNA for crab-eating macaque (DDBJ/EMBL/GenBank
accession number is AB015467), and it was also compared. Nucleotide sequence
lengths of human, crab-eating macaque, mouse, and rat are 1230 bp, 1287 bp, 1317 bp,
and 1353 bp, respectively. The location of the stop codon of the human Rh50 gene is
different from that of others, and its protein is 19 amino acids shorter corresponding to
this region. There are repeats of 15 nucleotides around positions 100-150 (see figure
3.3), and its consensus sequence is AATGCTTCCCAGCAG. Rat and mouse have 5
and 3 repeats, respectively, while the two primate species have single repeat. Because
all gaps were multiple of 3, they did not alter codon frames.

Sequence similarities (both for nucleotide and amino acid) are shown in table 3.1.
Because nucleotide differences among five mouse subspecies did not differ each other,
sequences for M. m. domesticus are used to estimate values. Nucleotide and amino acid
sequence similarities between Rh genes and Rh30 genes are 47.2-48.9 % and 34.4-
37.8 %, respectively. The GC contents of Rh and Rh50 genes were 52.5-55.2 % and
45,0-47.4 %, respectively (shown on the diagonal of table 3.1). These values were
similar to those previously reported (Matassi et al. 1998), and may be related to gene
locations on genomes; the Rh gene is localed on chromosome 1p34-36 (Ruddle et al.
1972; Cherif-Zahar et al. 1991), while the Rh50 gene is on chromosome 6p21-qter
(Ridgwell et al. 1992)

I constructed phylogenetic networks of rodent Rh (figure 3.4A) and Rh50 (figure
3.4B) genes. Two phylogenetic networks showed incompatibility of the phylogenetic

relationship of mouse subspecies. The existence of ancestral polymorphism for these
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genes is suggested.

Estimation of evolutionary rates and comparison with primate Rh blood

group genes

I estimated numbers of synonymous (d;) and nonsynonymous (d,) substitutions for
Rh and Rh50 genes (table 3.2). Because nucleotide differences among five mouse
subspecies did not differ each other, sequences for M. m. domesticus and M. m.
brevirostris are used to estimate values. ODEN package (Ina 1994) was used to estimate
numbers of synonymous and nonsynonymous substitutions (Nei and Gojobori 1986).
d; and d, values between primates and rodents were estimated by averaging pairwise
values. Numbers of synonymous substitutions (d;) were similar between Rh and Rh50
genes, and they are more or less similar to those for other genes (Li and Tanimura 1987).
Branching pattern of the Rh and Rh50 genes are also compatible with the established
mammalian phylogeny. This indicates that I did orthologous comparison both for Rh
and Rh50 genes.

Numbers of nonsynonymous substitutions (d,) are about two times higher for the
Rh gene than for the Rh50 gene; the ratios of Rh-d,, and Rh50-d,, are 2.0, 1.7, and 2.0
for human-macaque, mouse-ral, and primates-rodents comparisons, respectively (I
neglected the comparison of the two mouse subspecies, for standard errors are so large).
This evolutionary conservation of the Rh50 gene suggests that it may have more
important function than the Rh gene. A relatively uniform ratio of Rh-d, and Rh50-d,,
for three different levels of divergence also suggests that a molecular clock (constancy of
evolutionary rate) exists both for Rh and Rh50 genes.

Majority of genes are known to undergo neutral evolution, and number (d;) of

synonymous substitutions are expected to be higher than those (d,) for nonsynonymous
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substitutions under this situation (Kimura 1983). 1 compared dg and d values to see if
there is any unusual pattern deviated from neutrality in Rh and Rh50 genes. d, of both
Rh and Rh50 genes were higher than d; when human and macaque sequences were
compared, while the situation is reversed for other comparisons (table 3.2). I discussed
in chapter two that many branches of a phylogenetic tree of primate Rh genes showed
higher d,, than d;, and this is compatible with a higher d,, for human and macaque Rh
gene shown in table 3.2, It is interesting that the Rh50 gene also showed a similar
evolutionary pattern for primates, but not for rodents. If the heterotetramer structure of
the Rh and Rh50 gene products is correct, it is possible that this erythrocyte membrane

protein complex is under some kind of positive selection in primates but not in rodents.

Evidence for higher rates of nucleotide substitution in rodents than in

primates

Figure 3.5 shows comparison of d; between Rh and Rh50 genes. Because d; were
similar between Rh and Rh50 genes, these values were almost plotted on the line of an
angle of 45 degrees. [t suggests that a molecular clock (constancy of evolutionary rate)
exists both for Rh and Rh50 genes. Numbers in parentheses in this figure are relative
evolutionary distances. It is suggested that mutation rates in rodents is higher than those
in primates (Wu and Li 1985; Gu and Li 1992). 1 estimated relative rates between
primate and rodent lineage and the divergence time between mouse and rat from these
rates. Figure 3.6A shows the scheme for this procedure.  The divergence time between
primates and rodents was assumed to be 115-129 million years ago (MYA) (Easteal,
Collet, and Betty 1995). For simplicity, | used the mean value (122 MYA) as this
divergence time in this figure. Relative evolutionary distances between mouse and rat,

and between human and macaque were 0.35 and 0.1, respectively. If I assume that the
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relative rate (R) between primate and rodent lineages is equal (indicated by the arrow with
number 1), and divergence times between human and macaque, and between mouse and
rat were estimated to be 12.2 MYA {=(0.1/1)x[122(MYA)/2]x(2/1)} and 42.7 MYA
{=(0.35/1)=[122(MYA)/2]=(2/1)}. IfIassume R = 2 (two times higher in rodents than
primates; indicated by the arrow 2 in figure 3.6A), divergence times between human and
macaque, and between mouse and rat were estimated to be 18.3 MYA
{=(0.1/1)=[122(MYA)/2]=(3/1)) and 32.025 MYA {=(0.35/1}x[122(MYA)/2]x(3/2)}.
These values are given by
Tim = Op/D, (T /2)x(R+1) = (0.1/1)x(122/2)x(R+1), (3.1)
T, = (D,/D,)x(T, /2)x([R+1]1/R) = (0.35/1)x(122/2)x([R+1]/R), (3.2)

where T, T,,. and T  are divergence times (MYA) between mouse and rat, between
human and macaque, and between primates and rodents, respectively, and D_, D, , and
Dpr are relative evolutionary distances between mouse and rat (0.35), between human and
macaque (0.1), and between primates and rodents (1), respectively. Figure 3.6B
summarized the relationship between R and divergence times. From this figure, if I
assume the divergence time between human and macaque is 23 MYA (Kumar and Hedges
1998), the R is about 2.8, then the divergence time between mouse and rat becomes ca.
30 MYA. This suggests that the mutation rate in rodents is about three times higher than
that in primates. In this case synonymous substitutions (per site per year) of primate and
rodent lineages were estimated to be about 1.6x10” and 4.4x10”. The divergence time
between mouse and rat is a matter of argument.  Jacobs and Pilbeam (1980) estimated it
to be 8-14 MYA, but Wilson, Carlson, and White (1977) argued that it can be anywhere
between 5-35 MYA. Recently, Kumar and Hedges (1998) estimated it to be 40.7 MYA
based on 309 gene comparison. However the variance of the divergence time between
mouse and rat is larger than that between human and macaque. In any case my result is

compatible with Wilson, Carlson, and White 's (1977) traditional view.



Window analyses of synonymous and nonsynonymous substitutions

1 performed window analyses for synonymous (d;) and nonsynonymous (d)
nucleotide substitutions to investigate their possible correlation with the protein structure
(figure 3.7). The WINA program (Endo, Ikeo, and Gojobori 1996) was used for
window analyses. The twelve predicted hydrophobic membrane-spanning regions are
shown by black boxes with numbers. The PredictProtein server (EMBL) was used for
analyses of transmembrane helix location.

There are several peaks (depicted by arrows) where nonsynonymous substitutions
are higher than synonymous ones on putative outer membrane regions on primate Rh
genes (figure 3.7A). One peak (designated as long arrows) is observed at the cell
surface region between membrane-spanning regions 3 and 4 in all four comparisons
(figures 3.7A-D). In the case of human Rh genes, one amino acid change (at position
103, P/S) on this region determine alleles ¢ or C (Mouro et al. 1993), therefore this region
is an actual outer membrane region. One peak (indicated by short arrow with asterisk) is
observed at the cell surface region between membrane-spanning regions 7 and 8 in
primate Rh (figure 3.7A) and Rh50 (figure 3.7C) comparisons. In the case of human
Rh genes, one amino acid change (at position 226, A/P) on this region determine alleles e
or E (Mouro et al. 1993), therefore this region is also an actual outer membrane region.
One peak (indicated by short arrow with sharp) is observed at the cell surface region
between membrane-spanning regions 11 and 12 in primate Rh (figure 3.7A) and Rh50
(figure 3.7C) comparisons. Human D protein differs from non-D proteins in 36 amino
acid positions (Le Van Kim et al. 1992), but all the D antigen specific positions are not
known. However, three amino acid changes (at positions 350, 353, and 354) on this
region are thought to related to differences between D antigen and non-D antigens

(Blancher and Socha 1997), therefore this region is also an actual outer membrane region.
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One peak (indicated by white arrow) is also observed at the cytoplasmic region between
membrane-spanning regions 10 and 11 in primate Rh (figure 3.7A), rodent Rh (figure
3.7B), and Rh50 (figure 3.7C) comparisons.

I also analyzed patterns of amino acid changes for each regions (trans-membrane,
inner-membrane, and outer-membrane regions) of primates (human vs. crab-eating
macaque) and rodents (mouse vs. rat) Rh and Rh50 genes (table 3.3). Numbers of
amino acid substitutions were estimated by using Kimura’s (1983) method. Numbers of
amino acid substitutions were not much different from each regions in primate Rh genes.
The number of amino acid substitutions of trans-membrane regions of primate Rh genes
was higher than those of others. There is a possibility that primate Rh genes are released
from selective constraint.

In primate Rh50 genes, the number of amino acid substitutions of outer-membrane
regions is significantly greater than that of trans-membrane regions by using a one-sided
t-test (at the 5 % level). In rodent Rh genes, the number of amino acid substitutions of
outer-membrane regions is significantly (at the 1 % level) greater than those of inner- and
trans-membrane regions. In rodent Rh50 genes the number of amino acid substitutions
of outer-membrane regions is also significantly greater than those of other regions (5 %
and 1 % for inner- and trans- membrane regions, respectively). It is also noted that
outer- membrane regions of rodent Rh and Rh50 genes contain 4 gaps, and 1 and 11 gaps,

respectively.

Effects of number of OTU
To examine effects of numbers of OTU (operational taxonomic unit) for estimation

of the divergence time, I reconstructed four trees (figure 3.8) for Rh and Rh50 genes of

primates and rodents by using the maximum likelihood method (go/0 program of OOta
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and Saitou (1997) was used) and estimated the divergence time between Rh and Rh50
genes. Dr. Satoshi OOta kindly estimated values of branch length for maximum
likelihood trees by using his program. The 223 amino acid sites for membrane-spanning
regions were used for construction of trees (see figure 4.3 of Chapter IV). The root for
each tree was located by assuming the Rh-like protein of sponge (Seack et al. 1997) as an
outgroup. MNumbers of amino acid substitutions of single-lineage were obtained
applying Ishida et al.’s (1995) method from each tree (table 3.4). Because numbers of
amino acid substitutions for Rh were consistently two - three times higher than those for
Rh50, a rough molecular clock exists for both genes. Therefore, I estimated
evolutionary rates of Rh and Rh50 genes by using the regression through origin.
Divergence times between human and crab-eating macaque, between mouse and rat, and
between primates and rodents were assumed to be 23 (Kumar and Hedges 1998), 30 (see
above), and 122 (Easteal et al. 1995) MYAs, respectively, and they were used for
calibration of the molecular clock.

In the case of tree A, the divergence time between Rh and Rh50 genes are estimated
to be 130-170 MYAs., This period roughly corresponds to the early Mesozoic before the
mammalian radiation. Because these values are close to the divergence time between
primates and rodents, these values are probably underestimation. Acceleration of
evolutionary rates for the primate lineage by positive selection may affected these values.
In the case of tree B, the divergence time are estimated to be 290-320 MYAs. This
period roughly corresponds to the late Paleozoic. These values are about two times
higher that those of tree A. In the case of tree C, the divergence time are estimated to be
370-450 MYAs. In the case of tree D, the divergence time are estimated to be 340-380
MYAs. This period roughly corresponds to the middle Paleozoic, and the divergence
between land vertebrates and amphibian lineages occurred around that period.  The range
of these values are smaller than those of tree C. It is suggested that numbers of

calibration points for the molecular clock are necded to obtain better estimation of
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divergence times. Figure 3.9 shows comparisons between amino acid substitutions and
divergence times from tree D (figure 3.8). It indicates evolutionary constancy of Rh and
Rh50 genes without primates. It is interested that evolutionary rates of Rh and Rh50
genes accelerate on the primate lincage. This result is consistent with the result of table
3.2, In any case, we should be very careful when we estimate the divergence time of

genes.
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Table 3.1

Similarities (%) of Rh and Rh50 nucleotide sequences (above diagonal) and
amino acid sequences (below diagonal), and GC content (%) of each gene (on

the diagonal in parentheses)

1 2 3 4 5 6 7 8

1 Human RheE (53.7) 90.4 71.4 70.8 486  48.5 47.3 47.3
2 MacaqueRh  79.1 (52.5) 719 709 488 489 484 482
3 Mouse Rh 57.9 59.1 (55.2) 883 486 489 472 469
4 Rat Rh 56.7 58.6 81.6 (54.0) 48.8 485 477 474
5 Human Rh50  35.2 35.7 37.1 353 (46.7) 946 80.0 79.4
6 Macaque Rh30 35.4 317 37.8 36.3 88.8 (474) 796 78.6
7 Mouse Rh50 344 354 350 355 77.0 743 (45.0) 91.6
8 Rat Rh50 33.8 35.1 347 344 75.8 73.1 88.8 (454)
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Table 3.2

Numbers of synonymous (d;) and nonsynonymous (d,) substitutions

MMD vs. MMB® human vs. macaque * mouse vs. rat’ primates vs. rodents”
d, of Rh 0.013+0.007 0.071+0.016 0.226+0.031 0.595
d; of Rh50 0.007 £0.005 0.049£0.013 0.200£0.028 0.620
d, of Rh 0.007 £0.003 0.115+0.011 0.098+0.011 0.302
d,, of Rh50 0.001 =0.001 0.057£0.008 0.058+0.008 0.153

* Pairwise values with standard errors.

MMD and MMB designate M. m. domesticus and M. m. brevirostris, respectively.

b —
Averages of pairwise values.

ol



Table 3.3

Comparisons of numbers of amino acid substitutions per site (d,) and amino acid

differences (P,) for each regions of Rh and Rh50 genes

Rh Rh50
d,=S.E. P d,+5E P,

Primates

trans-membrane 0.2800.041 23.32(52/223) 0.081x0.020 7.6 (17/223)

inner-membrane 0.248x£0.054  21.1 (23/109) 0.159x0.044 14.3 (14/98)

outer-membrane 0.233£0.059 20 (17/85) 0.194£0.052 17.1 (15/88)
Rodents

trans-membrane 0.143x£0.027 13 (29/223) 0.056+0.016 5.4 (12/223)

inner-membrane 0.170x0.043 15.2 (17/112) 0.131£0.036 12.0 (14/117)

outer-membrane 0.513£0.102 37.4 (31/83) 0.2821+0.062 23.5 (23/98)

Numbers of different sites / numbers of sites compared are shown in parentheses of P,.
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Table 3.4

Numbers of amino acid substitutions and divergence times

Diverging node  human/macaque mouse/rat primates/rodents Rh/Rh50

(MYA) (23) (30) (122) MYAs®
Rh (Tree A) 13.73 - - 79.44 133
Rh (Tree B) . 7.29 - 78.10 321
Rh (Tree C) - - 22.46 82.07 446
Rh (Tree D) 13.66 7.38 24.68 82.79 381
Rh50 (Tree A) 3.99 - - 28.71 165
Rh50 (Tree B) - 2.78 - 26.83 290
Rh50 (Tree C) - - 8.43 25.33 366
Rh50 (Tree D) 4.06 2.79 9.94 29.15 342

* Divergence time between Rh and Rh50 genes estimated from numbers of amino acid substitutions of each

tree of figure 3.8.
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Figure 3.1 The sequencing scheme for the Rh gene of M. m. domesticus. Boxes
and arrows show PCR products and sequensing, respecitively. Primers are mentioned

in Appendix III.
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Figure 3.2 The multiple alignment of nucleotide sequences of Rh genes. Nucleotide
sequences for human RhcE (M34015 or X54534; they are identical) and for crab-eating
macaque (L37054) were also included for comparison. Gaps are denoted by hyphens,
and only nucleotides different from those of the human sequence are shown. MMD,
MMB, MMMu, MMC, MMMo, and CEM denote M. m. domesticus, M. m. brevirostris,

M. m. musculus, M. m. castaneus, M. m. molossinus, and crab-eating macaque,

respectively.
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Figure 3.3 The multiple alignment of nucleotide sequences of Rh50 genes. Human
Rh50 (X64594) was also included. Gaps are denoted by hyphens, and only nucleotides
different from those of the human sequence are shown. Equal signs surrounded with
angled brackets designate the repeat unit of 15 nucleotides.  Abbreviations of species are

the same as figure 3.2.
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Figure 3.4 The phylogenetic networks of Rh genes (A) and Rh50 genes (B) for five
Mus musculus subspecies and ral. Numbers are nucleotide positions responsible for
corresponding edges and edge lengths are proportional to number of nucleotide

differences. Abbreviations of species are the same as figure 3.2.
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Figure 3.5 Comparison of synonymous substitutions between Rh and Rh50 genes of
primates (human and crab-eating macaque) and rodents (mouse and rat). Boxes show

points of d; with standard errors for Rh and Rh50 genes. Numbers in parentheses are

relative rates.
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Figure 3.6 Examination of relative evolutionary rates (R) between primate and rodent
lineages. (A) The scheme for this procedure. Numbers show R for each assuming
divergence point between primate and rodent lineages. (B) The relationship between R

and divergence times.
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Figure 3.7 Window analyses for synonymous (d;: gray lines) and nonsynonymous
(d,: black lines) nucleotide substitutions for Rh genes between human and crab-eating
macaque (A), for Rh genes between M. m. domesticus and rat (B), for Rh50 genes
between human and crab-eating macaque (C), and for Rh50 genes between M. m.
domesticus and rat (D). The 12 predicted hydrophobic membrane-spanning regions are
shown by black boxes. Horizontal axes indicate numbers of nucleotide sites.  See text

for explanations of arrows.
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Figure 3.8 Four trees to examine effects of numbers of OTU for estimation of the
divergence time. Numbers on branches show numbers of amino acid substitutions
estimated from the maximum likelihood method. The root of each tree was located by
assuming the Rh-like gene of sponge as an outgroup. (A) Rh and Rh50 genes for
human and crab-eating macaque were used. (B) Rh and Rh50 genes for mouse and rat
were used. (C) Rh and Rh50 genes for human and mouse were used. (D) Rh and

Rh50 genes for human, crab-eating macaque, mouse, and rat were used.
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Figure 3.9 Comparisons between amino acid substitutions and divergence times from
tree D (figure 3.8). Full circles and full squares show points for Rh and Rh50 genes,
respectively. Divergence times between Rh (open circle) and Rh50 (open square) genes

are estimated by using the regression through origin.
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CHAPTER IV

LONG-TERM EVOLUTION OF THE RH BLOOD GROUP GENES AND
THEIR RELATED GENES

PCR-direct sequencing of cDNA

African clawed frog (X enopus laevis) and teleost fish Japanese medaka (Oryzias
latipes) were bought from stores, “Half & Top” and “Home Assist”, respectively, in
Shizuoka prefecture. Total RNAs were extracted from femora of X enopus laevis and
from whole body of Japanese medaka, using ISOGEN (Nippon Gene). Reverse
transcription was performed by using SuperScript™ II reverse transcriptase and oligo dT-
adaptor primer.

Degenerate PCR for the Rh50 gene was performed and a partial product was
obtained. I then performed 5 RACE (rapid amplification of the 5° cDNA ends) using
5'RACE System for Rapid Amplification of ¢cDNA Ends version 2.0 (Gibco-BRL).
3'RACE is also curried out. To amplify the complete cDNA sequence, PCR was
performed by using gene specific primers. PCR was performed in a 20 pl reaction
containing 0.5-1 pl of the first-strand ¢cDNA, 1xGene Taq Universal Buffer (Mg** free)
(Nippon Gene), 1.5 mM MgCL, 0.2 mM dNTP, 10 pmol of each primer (designed on
sites of 5 and 3* ends), and 1 units of AmpliTaq Gold (Perkin-Elmer). Amplification
was carried out in DNA GeneAmp PCR System 9700 (Perkin-Elmer) with the following

temperature parameters: 10 min at 95C followed by 40 cycles of 95T for 30 sec, 65T

for 15 sec, and 72°C for 1 min. PCR products were purified using MicroSpin Columns

$-300 HR (Pharmacia Biotech). DMNA sequencing was performed on PCR products

using Dye Terminator Cycle Sequencing Kit and ABI prism 377 DNA sequencer
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(Perkin-Elmer). A progressive sequencing strategy was carried out with design of
further primers to complete the sequence for coding region of both strands of the cDNA.
Figure 4.1 shows the sequencing scheme for the Rh50-like gene of Xenopus. The
Rh50-like gene of Japanese medaka was also determined by using the same procedure.

Appendix III lists PCR primers used.

cDNA sequence of Xenopus Rh50-like gene

I sequenced the Rh50-like gene cDNA for X enopus. The nucleotide sequence
length of this gene is 1275 bp. This newly determined sequence was compared with
Rh50 genes for human (Ridgwell et al. 1992), crab-eating macaque, mouse (M. m.
domesticus), and rat. Figure 4.2 shows the multiple alignment of Rh50 genes (see also
Chapter I1I). The location of the start codon of the X enopus Rh50-like gene is identical
to other Rh50 genes. The location of the stop codon of the X enopus Rh50-like gene is
almost similar to other Rh50 genes except for the human Rh50 gene. The X enopus
Rh50-like gene also has single 15 nucleotides repeat around positions 100-150 (see also
Chapter 1II). Because all gaps were multiple of 3, they did not alter codon frames.
Nucleotide sequence similarities between the X enopus Rh50-like gene and other Rh50
genes are about 70 %. The GC contents of this genes was 45.87 %. This value was

similar to other Rh50 genes (see table 3.1 in Chapter I1I).

¢DNA and inferred protein sequence of Japanese medaka Rh50-like gene

I also sequenced the Japanese medaka (teleost fish) Rh50-like gene. Figure 4.3

shows its cDNA sequence and the inferred protein sequence of the Japanese medaka
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Rh50-like gene. The nucleotide sequence length of this gene is 1467 bp. The cDNA
sequence is numbered so that nucleotide 1 corresponds to the first codon position of the
initiating methionine codon for the protein. The position of the initiating codon of this
gene is different from those of known Rh and Rh50 genes. The stop codon (TAA) is
located on nucleotide sites 1465-1467. The position of this gene is also different from
those of known Rh and Rh50 genes. The GC contents of this genes was 48.93 %.
This value was more similar to Rh50 genes than to Rh genes (see table 3.1 in Chapter 11I).
Numbers of amino acid substitutions between the Japanese medaka Rh50-like gene and
Rh genes, and between the Japanese medaka Rh30-like gene and Rh50 genes are 1.47-
1.63 and 0.74-0.98, respectively, by using Kimura's (1983) method.

Amino acid sequence comparison of Rh, Rh50, and their related genes

Figure 4.4 shows the multiple alignment of amino acid sequences of Rh, Rh50, and
their related genes. Two genes of C. elegans (Wilson et al. 1994) and an Rh-like gene
of sponge (Seack et al. 1997) found by database searches by using BLAST (Altschul et al.
1990) were also included. CLUSTAL W version 1.6 (Thompson, Gibson, and Higgins
1994) was used for multiple alignment. The twelve predicted hydrophobic membrane-
spanning regions are surrounded by boxes. The PredictProtein server (EMBL) was
used for analyses of transmembrane helix location. These membrane-spanning regions

did not include gaps and are relatively conserved.

The phylogenetic tree of Rh, Rh50, and their related genes

Because membrane-spanning regions did not include gaps and are relatively

T4



conserved, I used only the 223 amino acid sites for membrane-spanning regions for tree
construction. The program protml of MOLPHY version 2.2 (Adachi and Hasegawa
1994) and the computer package MEGA version 1.0 (Kumar, Tamura, and Nei 1993)
were used for the maximum likelihood and the neighbor-joining analyses, respectively.
Table 4.1 shows the results of the maximum likelihood and the neighbor-joining analyses
for Rh, Rh50, and their related genes. Tree 1 showed the maximum likelihood value.
The topology of tree 1 indicates that the X enopus Rh50-like gene forms a cluster with
Rh50 genes and the Japanese medaka Rh50-like gene is located on the branch before the
gene duplication between Rh and Rh50 genes (figure 4.5). Tree 2 showed the second
maximum likelihood value. The topology of tree 2 indicates that the X enopus Rh50-like
gene and the Japanese medaka Rh50-like gene form the cluster with Rh50 genes.

[ also used the neighbor-joining method by using the gamma distance. Because we
don’t know the actual value of parameter “a”, I used “a” values from 0.5 to 2.0. When
the rate of amino acid substitution does not vary much from site to site (a = 1.7 - 2.0),
tree 2 is chosen by using the neighbor-joining method. When the variation of the rate of
amino acid substitution is intermediate (a = 0.8 - 1.6), tree 1 is chosen by using the
neighbor-joining method. This is identical to the maximum likelihood tree.  When the
rate of amino acid substitution varies considerably (a = 0.5 - 0.6), tree 5 is chosen.
When a= 0.7, Rh genes of mammals, Rh50 genes of mammals, and the X enopus Rh50-
like gene showed the trichotomy (trees 1, 4, or 5 in table 4.1).

Figure 4.5A shows the maximum likelihood tree of Rh, Rh30, and their related
genes by using twelve membrane-spanning regions. The root was located by assuming
the Rh-like gene of sponge as an outgroup. Boolstrap values by using the neighbor-
joining method with the gamma distance (a = 1.2: this is an average value for tree 1 in
table 4.1) are shown on each branch. There are four clusters in this tree; Rh50 genes of
mammals and the X enopus Rh50-like gene, Rh genes of mammals, the Rh50-like gene of

Japanese medaka, and two genes of C. elegans.
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Because the bootstrap value for the clustering of the X enopus Rh50-like gene and
mammalian Rh50 genes is not high, I also constructed the neighbor-joining tree of Rh
blood group genes and their homologous genes by using all amino acid sites (figure
4,.5B). Numbers of amino acid substitutions were estimated by using Kimura's (1983)
method and the gaps were not used (see figure 4.4). This tree showed the same
branching pattern with the maximum likelihood tree (figure 4.5A). I also analysed same
data set by using the maximum likelihood method. Figure 4.6 shows top three
maximum likelihood trees. The phylogenetic location of the medaka Rh50-like gene is
not yet clear.

These tree suggests that the gene duplication (node D in figures 4.5A and 4.5B) of
Rh and Rh50 genes occurred after speciation of fish and other vertebrates. The branch
lengths of Rh50 genes is much shorter than those of Rh genes, indicating a lower
evolutionary rate in the Rh50 gene than in the Rh gene. This pattern is consistent with
the result of d,, in table 3.2 in Chapter Il where all the coding regions were compared.
It is interesting that after the gene duplication which produced Rh and Rh50 genes, the Rh

gene lineage started to evolve more rapidly than the Rh50 lineage.

Comparison of numbers of amino acid substitutions

Numbers of amino acid substitutions are also estimated (table 4.2). The
phylogenetic tree of figure 4.5 was used and single-lineage of amino acid substitution
values were obtained applying Ishida et al.’s (1995) method. Because numbers of
amino acid substitutions for Rh were consistently two - three times higher than those for
Rh50, a rough molecular clock exists for both genes. This is consistent with the result
of table 3.2 in Chapter IIl. Therefore, I estimated evolutionary rates of Rh and Rh50

genes by using the regression through origin. Divergence times between human and
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macaque, between mouse and rat, between primates and rodents, and between mammals
and amphibians were assumed to be 23 (Kumar and Hedges 1998), 30 (see Chapter III),
122 (Easteal, Collet, and Betty 1995), and 360 (Kumar and Hedges 1998) million years,
respectively, and they were used for calibration of the molecular clock. Numbers of
amino acid substitutions were thus obtained as 93.79 and 24.46 for Rh and Rh50 genes,
respectively.  If we use these rates, the time of gene duplication (node D in figure 4.5A)
producing Rh and Rh50 genes was estimated to be about 448 or 479 million years ago
from the data for Rh or Rh50, respectively. This period roughly corresponds to the
early Paleozoic where before or after the divergence between tetrapods and teleost fish

lineages.

The relationship to ammonium transporter proteins

Because products of Rh and Rh50 genes are predicted to have twelve transmembrane
domains, it has been suggested that Rh and Rh50 proteins are related to ammonium
transporter proteins (e. g., Marini et al. 1997b). [ searched DDBJ amino acid sequence
database (DAD) by using BLAST (Altschul et al. 1990) for finding homologous proteins.
Two protein sequences of the human Rh50 gene and the Rh-like gene of sponge are used
as query sequences. Table 4.3 shows the list of obtained protein sequences. Nineteen
ammonium transporter proteins of organisms were found. No ammonium transporter
gene was found by examining the complete genomic sequences of Haemophilus
infuluenzae and Mycobacterium genitalium, two bacteria whose natural environment is
human tissues (Marini et al. 1997a). Ammonium transporter proteins carry ammonium
ion (NH,") into cells (Marini et al. 1994). Ammonium ion is a nitrogen source
supporting growth for primitive organisms such as yeast at an optimal rate.

Figure 4.7 shows the multiple alignment of trans-membrane domains for ammonium
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transporter protein sequences compared with Rh, Rh50, and their related protein
sequences. Because the first, second, third, and twelfth predicted membrane regions are
not aligned well, these regions are not shown. This figure was made by using the
BOXSHADE 3.21 server (http://www.isrec.isb-sib.ch/software/BOX_form.html). In
this context, it may be interesting to note a similarity between the Rh blood group related
proteins and ammonium transporter proteins.

Figure 4.8A shows the neighbor-joining tree of the Rh blood group related genes
and ammonium transporter genes. This tree was constructed from the multiple
alignment of figure 4.7 by using the gamma distance (a = 1.2: this is an average value for
tree 1 in table 4.1). Bootstrap values greater than 90 % are shown on each branch.
There are roughly three clusters in this tree; a group of ammonium transporter genes (amt
o group), B group of ammonium transporter genes (ami p group), and the Rh blood
group genes and their related genes (Rh genes group). Marini et al. (1997a) and Van
Dommelen et al. (1998) showed phylogenetic trees for ammonium transporter proteins,
and those trees also indicated two major groups for ammonium transporter proteins, but
there are no appropriate names for those two groups.  Therefore, 1 propose to call these
two groups of ammonium transporter genes as o and [} groups. Both « and § groups of
ammonium transporter cluster include three domains of life (eubacteria, archaea, and
eukaryota). Because most of the ammonium transporter genes are predicted from
genome sequences, however, functional differences between gene products from a and B
groups are not known.

I also performed the maximum likelihood method by using the JTT (Jones, Taylor,
and Thornton 1992) model with data frequencies (the program protml of MOLPHY
version 2.2 (Adachi and Hasegawa 1994) was used). For simplicity, I selected one
sequence that has the shortest branch among each taxon of both amt « and amt [} groups.
The sequence of sponge was used as representative of the Rh blood genes and their

related genes.  Figure 4.8B shows top four maximum likelihood trees by the exhaustive
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search. These likelihood values did not differ much with each other. All four trees
indicated the same phylogenetic relationship for the amt « cluster, but differ on the
relationship of amt p and Rh genes groups. Because the relationship among the Rh
genes group and amt f§ group is not clear, it is difficult to define the divergence point of
the Rh blood group related genes. In either case, however, it is suggested that the Rh
blood group genes and their related genes have probably been existing as essential
membrane proteins in many animal phyla.

The universal ancestor of all the organisms may already had an ammonium
transporter gene, then the gene duplication occurred before divergences of the three
domains (figure 4.9). Therefore most of the organisms may have amt o« and/or amt
groups. For example, Arabidopsis thaliana has both amt o and amt B genes, while
Saccharomyces cerevisiae has only amt a group genes. The Rh genes group is more
similar to the amt p group than the amt « group. It suggests that after the gene
duplication between amt « and amt § groups the Rh genes group diverged from the amt f
group, or before the gene duplication of amt a and amt P groups the Rh genes group
diverged and counterpart genes for Rh genes group in amt o group are not yet determined
or were lost from the genomes. Because no Rh gene group counterpart in amt o group
organisms was found by examining the complete genomic sequences (such as Bacillus
subtilis, Escherichia coli, and Saccharomyces cerevisiae), the former is more plausible.
C. elegans has both genes of amt B and the Rh genes groups, and there are possibilities
that other animals also have ami p genes and plants have Rh genes.

Expressions of Rh and Rh50 genes are thought to restrict on erythrocyte, and
erythrocytes are thought to developed on the vertebrate lincage. Therefore the location
of expressions are thought to change from some other cell types to erythrocyte membrane
before the gene duplication between Rh and Rh50 genes. Then the gene duplication
between Rh and Rh50 genes occurred in the early Paleozoic, and the evolutionary rate of

Rh50 genes are conserved because of selective constraint compared to Rh genes. In the
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hominoid lineage, Rh genes are duplicated and might be released from selective constraint

or are positively selected.



Table 4.1
The maximum liklihood and the neighbor-joining by gamma distance analyses of

various kind of topologies for the Rh blood group related genes

Tree Topology* AlnL NJ

I (((((hR.,cR),(mR,rR)),(((h50,c50),(m50,r50)),x50)),jm),(cel,ce2),s) 0.0 0.7-1.6
2 ((((hR,cR),(mR,rR}),((((h50,c50),(m50,r50)),x50),jm}},(cel,ce2},s) -0.1 1.7-2.0
3 (((((hR,cR),(mR rR)).jm),(((h50,¢50),(m50,:50)),x50)),(ce 1 ce2),s)  -2.1 i

4 ((((((hR,cR),(mR,rR)},((h50,c50),(m50,r50))),x50),jm),(ce I ,ce2),s) -2.9 0.7

5 (((({((hR ,cR),(mR,rR)),x50),((h50,c50),(m50,r50))),jm),(ce 1 ,ce2),s) -2.9 0.5-0.7
6 ((((((hR cR),(mRE.rR)),jm),((h50,c50),{m50,r50}}),x50),(cel,ce2),s) -12.4 -

7 (((((hR,cR),(mR,rR)).(((h50,c50),(m50,r50)),jm)),x50),(cel,ce2),s) -13.3 -

8 ((((((hR,cR),(mR,rR)),x50),jm),((h50,¢50),(m50,r50))),(cel,ce2),s) -14.5 .

9 (((((hR cR),(mR,rR)),x50),(((h50,c50),(m50,r50)),jm)),(cel,ce2),s) -15.0 -

Aln L : The difference in log-likelihood from the ML tree (-3461.7) by using the JTT (Jones,
Taylor, and Thornton 1992) model with data frequencies.

Numbers in the column of NJ mean parameters a in the gamma distance for the neighbor-
joining method.

*Gene abbreviations are hR: human RhcE, cR: crab-eating macaque Rh, mR: mouse Rh, rR rat
Rh, h50: human Rh50, ¢50: crab-eating macaque Rh50), m50: mouse Rh50, r50: rat Rh30,
x30: Xenopus Rh50-like, jm: Japanese medaka Rh30-like, cel: C. elegans 1, ce2: C. elegans 2,

s: sponge Rh-like.
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Table 4.2

Numbers of amino acid substitutions and divergence times

Diverging node  human/macaque  mousefrat  primatesfrodents mammals/amphibians  Rh/Rh50

Rh® 11.87 7.33 23.97 93.79
Rh50* 4.07 2.76 10.17 16.77 24.46
MYA 23 30 122 360 448-479°

* Amino acid substituitons of single lineage based on phylogenetic tree of fugure 4.5A.

® Estimated from numbers of amino acid substitutions.
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Table 4.3

The list of ammonium transporter proteins

Accessions Organisms Taxa
AE000674 Aquifex aeolicus Bacteria
ACI225126 Azorhizobium caulinodans Bacteria
AF005275 Azospirillum brasilense Bacteria
L0O3216 Bacillus subtilis Bacteria
U82664 Escherichia coli Bacteria
D90901 Synechocystis sp. Bacteria
AE001036 Archaeoglobus fulgidus Archaea
AE000846 Methanobacterium thermoautotrophicum Archaea
U67463 Methanococcus jannaschii Archaea
U67574 Methanococcus jannaschii Archaea
ACD03028 Arabidopsis thaliana Eukaryota
X75879 Arabidopsis thaliana Eukaryota
UU53338 (COSEL1.4) Caenorhabditis elegans Eukaryota
U53338 (CO5E11.5) Caenorhabditis elegans Eukaryota
%95098 Lycopersicon esculentum Eukaryota
AF001505 Oryza sativa Eukaryota
Z72906 Saccharomyces cerevisiae (MEPI) Eukaryota
Z71418 Saccharomyces cerevisiae (MEP2) Eukaryota
U40829 Saccharomyces cerevisiae (MEP3) Eukaryota
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Figure 4.1 The sequencing scheme for the Rh50-like gene of Xenopus laevis.
Boxes and arrows show PCR products and sequensing, respecitively. Primers are

mentioned in Appendix I11.
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Figure 4.2 The multiple alignment of nucleotide sequences of Rh50 genes for human,
crab-eating macaque, mouse, rat, and the X enopus Rh50-like gene. Gaps are denoted

by hyphens, and only nucleotides different from those of the human sequence are shown.
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120
Human_RhS0  ATGAGGTTCA CATTOCCTCT CATGGCTATA GTCCTGGAAR TTGOCATGAT TGITTTATTT GGATTATTTC TTGAGTATOA AACGGACCAS ---—---—
Macaque_Rh50 o A c ¢ T - -
Houze RR5SD A c AG G T L. G ACCA AATGCTTOOT AGAAGAATGD TTCCCACCAG
Rat RRH0 A T & CT  AG G ki3 A c . G ATC AATGATTCCC AGAAGAGTGD TCCCCAGCAG
Eenopus CGC CEITT A COT CG ARTA T A L) C ChA C € CASEG CAC -
240
Human_RRSD mEmmmmm—— ssssssee—e sseesssess ===ACTOTTC TCOAGCAGET CAACATCACC RAGCCARACAG ACATGGGOAT ATTCTTTGAG TTATATCCTC TGTTCOCAAGA TGTACATGIT
Hacague RhS0 ----=-=--= —ceeeemees mmeemeecee - A O C T A c
House RRED o i i | i et iy T R G5 T CTA GIT G A A A ACA T & G CT A G [
Rat_EhEC AATGCTTCCC AGCAGRATGE TGCTGROOCAC CTAG A CGT C C A G TGCT A GT G A AGA A Ch Tr & G T A ] G [
Xenopus —rrr——mr o e —— & A CIC A G-~ TTE G —==-G T GTTACA A C ChSC C G T A [ c &
36D
Humarn_RR5] ATGATATTTG TTGGGTTTGE CTTCCTCATG ACCTTCCTGA AGARATATGS CTTCAGCAGT GTGGGTATCA ACCTACTOST TOCTGCTTTG GGCCTOCAGT GOGGCACTAT TGTACTAGICA
Macaguo_RhS0 ch A G
Mouge Rh50 T T 1 T CT IC c A T & A G [
Rat_RhE0 T b1 A TT T 1C c T A T &
Hangpus L c T G A T A Lo G C GG TAG A B AT ATAT ARG A
430
Human_Rh%0  ATCCTGOAMA GCCAGGGACA GARATTTAAC ATTGGAATCA AAARCATOAT AAATGCAGAC TTCAGTGCAG CCACAGTTCT GATATCTTTT GGAGCTOTCS TGGGAMAANG GAGCCOCACE
Macaque_RhS0 T A C A
Mouse BRSO CT T C € A G [+ TC T CT [t} £ T € c G A T
Rat_RhS0 CT T g C TA EC T CA T [ A AT € T G A T
Xenopus T TG £CTT TOATSS A CAGCAT ATT A C T T AT g T OC (ot S o 6 6 A T AT
600
Huoman RRED  CARATGCTGA TCATGACART TTTAGARATT GUITTCTITG CCTACARTGA ATACCTGETT AGTGARATAT TTAAGGCOCTC TGACATTOSA GCATCAATGA CGATOCATGD CTTTGGGGOD
Hacague Rh30 LY CGa TGG T G c
House_Rh5(0 T [ €6 A e 3 G 3 [ T G A [ A AT
Rat_ RhSC A A [+ ] CGA TGG [ S c G G A A
Eenopus A G A CAA TEG GE T € ===G GC GGG GAG [+ J T ¢ CT A AT
124
Human_ RR:0 TRCTTTGGET TGGCTGTAGT AGGCATCTTIC TATCGATCTG GACTGAGRAR GOGGCATGAA RATGAAGAGT COGCATACTA CTCAGACTTG TTTGCAATGA TTGGGACTCY CTTITCTGTGS
Macaqueg_Rh50 c G L AT A
sousa_RhS0 A A G GG A GC c TG T AR CCC T A TIG C T [ C A A T C
Rat_RnSd A G G A c G C CAC T A CCC A TTG € T (= T T ¢
Xanogus G G CT TEE T A € T TOG A T C € G T TI TC G T T c A€ T CC
&40
Human_Rh%0  ATGTTTTGGD CCAGCTTTAA CTCGGCCATT GUTSARCCTG GAGACARACA GTGCAGGGCT ATTGTAGACA CGTACTTCTC TOTOSGOTGOC TGIGTGCTCA CAGOCTTITGC CTTCTCCAGC
Hacagque RhS0 - A A T G
House RhA0 A T A T T AT [+ A AB & TN A A &
Rat_RhS0 T A [ AAT T AT ch A AG C T A A G
Lenopus A . TT T CATG € AlAA T A Th T T CTG AC T A AT
360
Human BR50  CTAGTGGAGT ACCCGAGGCAR GCTCAACATG GTTCRCATTEC AGAATGOCAC CCTTGCTOGA SOASTTGOTG TGGLOCACTTG TGOGGATATG GUAATTCACC CATTTOSTTC TATGATTATT
Macague RhS50 G c c Lens
Mouse RR5D T A G G GG T A T T & & T A A C A CC T A CG oc
Hat_Rh5D TT G G GG T A T T & & AT A A T A CC T ATIG = o
Hangpus TT T & AR AT G5 T T & A ThA G G A &£ T X BT AAC ©GOG T Az [
1080
Human_Rh30  GGGAGCATTG CAGGAATGGT CTCTGTGOTT GOATACARST TCCTGACTCC ACTTTTTACT ACTAMARCTGA SGATCCATGA TACATGTGG6 GTCCATAACC TCCACGGCTT ACCTCOTOTA
Macaque RRSD GC A ]
Mause Rn50 A G ChA TTG G AG A o T T4 T AT
Rat _Rh30 A G CA A TG T AG ChA T & C T T G £ G
Xonopus ATT CA T CA T mACC CT A TC S5 A A GT C T A A c g Cc TETT G C CACE
L1200
Buman_Rh50  GTGEGAGGEC TTSOAGGCAT TSTGGCAGTA GCAATGRGOG CCTCCAACAT GTCT---ATG GCCATGOAGS CAGCTGCACT GGSTTOCTST ATCOGAACAG CAGTTGTTGS AGGTCTGATS
Hacaque Rh50 c T -G T
House BRSD T T Zh &k RGOTG  GATE T OTG ——- o A AT C T CT GA T
Ear RRED TT Ch Gk AGCTG GA AG T CAST CACT x A A AT C T Cr A T ST
ranocpus T ] G A TTC GC A TRARG AGS C GCACOCCA T ] T T T CGRMACG TCT ThA AGETC ©
13240
Humar _Rh38  ACAGGTTTAA TTCTAAAGTT GOCTCTCTGS GRACAGOCAT CTGACDCAGAR CTGCTATGAT GATTOTGTTT ATTOGAMRGST COCTAMGACS AGATAR--—=—- —~-———w=-== =s==ss=eeas
HMagagua_RnS0 TT G G A TATT G CCTG ACCATCACTT CCATGGACAT
HMouse_Rh5d c G A BAC c TG AT c [ T & Aafrc G CTITG ATAATOGOTT CTTTCAACAT
Rat RnSQ cC C A 6 AAC c & T T c T C© ATAC G CTEG ATAATTACTT CTTTCAACAC
Xanopus AT €7 T T ¢ < AT CA ] CCTAGAR ---G  CCTG RACAGGAARA C=-=CARCAC
1353
Human_Rh30 = e s b e

macaque_RRS0 GETGACCACA GCCAGCTGEA ACCTGAAGTC TAMA
House RAnA0  GUARATCACA ACCACGTGGR RCATGAAGTD TAA
Hat BRSO GTGACTCACA ACCATGTGGA ACACGAAGTS TAR
Xenopus CAGAATOAAC ATGGGAAAAT TTTAGAAGCA TAR
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Figure 4.3 The cDNA sequence and inferred protein sequence of the Japanese medaka
Rh50-like gene. The cDNA sequence is numbered so that nucleotide 1 corresponds with
the initiating methionine codon for the protein. The stop codon (TAA) is shown by the

asterisk.
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1 ATGGGCAACTGCTGIGAGAGCGCGTCCAACTTICTTTGEGCCCCAGAAGAMCACAARCGTTCGTGTCAGCCTGCCTGCCGTCTGCTTCGTC 90
M G N C C E 8 AR S HNF F G P Q K NTMNWVARWVSLZPAWVCLCTFEFUV
10 20 30

91 TGGCAGATTGCTATGATTGTGCTGT TTGEGGTCTTCATCAGGTACGACGAGGAATCAGATGCTCACTGGGTAGAGTTAAAAARGACTGAG 180

W Q I A MM IV L F GV FIRYU DETESSDOAMMUEW®WNUVYEITLIEKHEHKTE
40 50 60

181 AACCTCACAGACCTCCARAATGAAT TCTACTTCAGATATCCARGCTTCCAGGAT GTCCACGTCATGATCTTTGTTGGCTITGGTTTCCTE 270
MW L T DL OQWMNMUETFYFRZY PS5 F Q0D VRV MTIVFWOGFOGUPFPL
T0 a0 20

271 ATGARCGTTCCTARAACGTITACAGCTTCAGTGCTGTGGECTTTAACTTCCTGATCGCTGCCTTTGGCCTGCAGTGGGCTCTCCTCATGCAG 360
M T F L K R ¥ &8 F 8§ A VvV G F W F I.T A AF G L @ W A L L M Q
100 110 120

36l GECTGGETTCCACCACTTCGACTACTCTACTGGAARARTCTACATAGGAAT TGARAGTTTGATARATGCAGACTTICTGCTGTGCTECCTCT 450
G W F R R F D Y 5 TOGEK I ¥YI 6 I E S L I B ADPF CCAUBRMAS
130 140 150

451 CTGATCGCCTATGGAGCCATCCTGGGTRARGTCAGCCCTETGCAGCTGATGGTTGTCACCTTGITIGGTIGTCACTCTGITTIGCTGTGGAG 540
L I A Y @ A I L G K V¥V &8 P ¥V 0 L M Vv VT LF GV TULTF AV E
160 170 180

S41 GAGTATATCATCCTAGATCTCCTTICATTGUAGAGATTCTGETGEOGCCATGGTCATTCACTSCTTTGGAGSCTACTATGGTTITGGCCATA 630
E ¥ I I L b L L H CRD S GG A MV I HCFG G Y ¥ 6 L A I
190 200 210

831 TOCTGGGTGLTT TACCGACCAMATCTACATAGARGTARACGACTCAATGLATCCGTTTACCACTCTGATCTTITTGCAATGATTGGCACA 120
5 W VvV L ¥ R P N L HR 8 KR L N G S VvV Y HR S D LFAMIGT T
220 230 240

72l TTGTTCCTGTGGATGT TCTGGUCCAGT TTCAATTCGGCCATCGCARACCACGGCGATGGGCAGCACAGGACTGCARTGARCACCTACATE 810
L F L WMV F W PF S5 F N S5 A I A NHGDOGOQHRTAMMBMNMTLTGYTI
250 260 270

811 GCICTGGCITCTTCIGTGCTCACTACTG T TGCCCTCTCARGCATGTCCAAGARGCAAGGARAACTGGACATGGTACATATCCAGAATGCS 900
A L A S5 58 VL T TV AL S5 5 M 58 K K E G K LD MUY HI OWMNRA
280 290 300

201 ACTCTGGCAGGTGETGT TGO CATGOGAACAGCAGCAGAGTTTATGATCACTCCTTACGGTTOGCTCATTGTGGGATTTTGCATCGGCATS 990
T L AG GV A M GT AR AETFMTITZ®P?YG6 S5 L I V G F €I G I
ilo 2o 33d

981 ATCTCTACTITTGGCTATTTGTACGTCACGLCTTTCT TAGAGAAGEGATTGAAGC TECAGGATACATGTGGCATCCATAACCTGCATGCA 1080
I 8 T F G ¥ L ¥ VvV TUPVFLEWSRUSERILIEKL®GTDTOECGTIENIUILUR RR-A
340 350 360

1081 GTACCAGGCATGCTCGGTGECTTCATAGETGCCATCGTTGCAGCARCAGCMAGTGARTCGGTCTACAGCAAACAGGGGCTGATCGACACA 1170
v P 6 M L GG GG F I G A I V A ABTAUGSES VY & K@ OGLTIOUDT
3Ta 380 390

1171 TTTGGTITTACTGGARAGTACGARAACAGATCACCGGGAACGCAGGGAGGCTATCAGGCTGCAGGAGTGTGCGTEGCCATGGCATITGEE 1260
F ¢ F T G K Y ENUZERS P GTGQ GG ¥ @ A A G WV CV A M ATF G
400 410 420

1261 CTTGTTGGAGGAGCTATTGTTGGT T TCATCCTGAAGTTCCCAATCTGGGGCEATGCTGCTGATGACTACTGCTTTGATGATGAAGCCTAC 1350
L ¥ 6 6 A I ¥ GF I L K F P I W &6 D AMATDODY CF DDEAY
430 440 450

1351 TEGGAGCTTCCTGAAGRGGRAGAGACCAT TCCTCCTGTCT TGGAGTACAACANT CACATGACACAACAAAAGCACCAGGRAACARCCTGAG 1440
W E L P E E E E T I P P VL E ¥ B N HMTOQOQI KU HEOGOQETEPE E
4e0 470 480

1441 ACARAGCTTCTCTGTGGTAGRAMGCTAMN 1487
T S P 58 VWV E S5 *

&9



Figure 4.4 The multiple alignment of amino acid sequences of Rh blood group genes
and their related genes. Amino acid sequence of Rh-like genes for C. elegans 1
(Z74026-B0240.1), C. elegans 2 (U64847-FO08F3.3), and sponge are also used.

Twelve membrane-spanning regions are shown by boxes.
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Figure 4.5 (A) The maximum likelihood tree of Rh blood group genes and their
homologous genes by using twelve membrane-spanning regions. Bootstrap values by
using the neighbor-joining method with the gamma distance (a = 1.2) are shown on each
branch. (B) The neighbor-joining tree of Rh blood group genes and their homologous
genes by using all regions without gap sites. Numbers of amino acid substitutions were
estimated by using Kimura's (1983) method. Bootstrap values are shown on each
branch. The diamond (node D) means the gene duplication between Rh and Rh50 genes
in both trees. The root was located by assuming the Rh-like protein of sponge as an

outgroup in both trees.
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Figure 4.6 Three possible tree topologies of Rh blood group genes and their
homologous genes by using all amino acid sites. The program protml of MOLPHY
version 2.2 (Adachi and Hasegawa 1994) was used. Likelihood differences from the

ML (-9138.9) are shown in parentheses.
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Figure 4.7 The multiple alignment of trans-membrane domains for ammonium
transporter proteins compared with Rh, Rh50, and their related proteins. Equal signs

surrounded with angled brackets designate trans-membrane domains.
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Figure 4.8 (A) The phylogenetic tree of ammonium transporter genes and the Rh
blood group related genes. Bootstrap values greater than 90 % are shown on each
branch. B, A, and E in parentheses mean taxa for bacteria, archaea, and eukaryota,
respectively.  Asterisks mean representative sequences of each group and are used for
the maximum likelihood method. (B) Top four maximum likelihood trees used
representative sequences. Likelihood differences from the ML (-1954.4) are shown in

parentheses. A scale bar of each tree mean 10 amino acid substitutions.
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Figure 4.9 The scheme for evolution of ammonium transporter genes and the Rh
blood group related genes. This tree was deduced from trees of figures 4.8A and 4.8B.

Diamond mean gene duplications.
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CHAPTER V

CONCLUSIONS AND PROSPECTS

In this study, I examined the evolution of the Rh blood group genes of primates.
Because [ don’t know the actual gene tree topology of primate Rh blood group genes, I
assumed two plausible trees from nucleotide sequence data. Whichever I selected gene
trees, 1 could find some gene conversion evenis on primate Rh blood group genes by
using the modified site by site reconstruction method. I also showed the possibility of
positive selection on the primate lineage of Rh blood group genes by using a statistical test.
In any case, I should be very careful when we analyse the evolutionary history of
tandemly duplicated genes, for there is always possibility of gene conversions.

To compare evolutionary patterns of primate Rh blood group genes with other
mammals, I determined complete coding regions of Rh blood group genes of five mouse
subspecies and rat, and Rh30 genes of five mouse subspecies, rat, and crab-eating
macaque, and examined these genes. Phylogenetic analyses of Rh and Rh50 amino acid
sequences indicate that the Rh50 gene has been evolving about two times more slowly
than the Rh blood group gene both in primates and rodents. This conservative nature of
the RhS0 gene suggests its relative importance to the Rh blood group gene. We
published this study (a part of Chapter III) in the journal “Biochemical and Biophysical
Research Communications™ (Kitano et al. 1998).

From the comparison of synonymous substitutions between Rh and Rh50 genes, it
is suggested that the mutation rate in rodents is about three times higher than that in
primates. To examine effects of numbers of OTU for estimation of the divergence time,
I reconstructed four trees for Rh and Rh30 genes of primates and rodents by using the
maximum likelihood method and estimated the divergence time between Rh and Rh50

genes. It is suggested that numbers of calibration points for the molecular clock are
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needed to obtain better estimation of divergence times. In any case, we should be very
careful when we estimate the divergence time of genes.

Because the Rh blood group gene products are membrane proteins, these products of
blood group genes seemed to be affected by interactions with other organisms or cells on
surface regions, and there is a possibility of positive Darwinian selection. Endo, ITkeo,
and Gojobori (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 gene 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 pathogenesis of diseases. In fact, Saitou and Yamamoto (1997) found the
evidence of positive selection in the ABO blood group genes of primates. The high rate
of nonsynonymous substitutions for the primate Rh blood group suggests the existence of
positive selection also on this gene, and this might be caused by some kind of interaction
with pathogens. Comparison of synonymous and nonsynonymous substitutions for the
Rh50 gene also revealed a possibility of existence of positive selection for this gene in
primates. Because primates showed more clear sign of positive selection than rodents
both for Rh and Rh50 genes, it is possible that the pattern of host-parasite interaction is
different between primates and rodents.

I also determined the Rh50-like genes of Xenopus and Japanese medaka and
analysed the long-term evolution of Rh, Rh50, and their related genes. The time of gene
duplication that produced the Rh and Rh50 genes was estimated to be about 450-480
million years ago. This period roughly corresponds to the early Paleozoic just before or
after the divergence between tetrapods and teleost fish lineages. From database searches,
it is suggested that the Rh blood group genes and their related genes are related to
ammonium transporter genes of many organisms, especially trans-membrane domains.
The phylogenetic tree for ammonium transporter proteins indicated two major groups for

ammonium transporter proteins. | propose to call these two groups of ammonium
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transporter genes as « and  groups, and the Rh genes group is more similar to the amt
group than the amt « group. It is suggested that the Rh blood group genes and their
related genes have probably been existing as essential membrane proteins in many animal
phyla.

In this study, I elucidated the tempo and mode of evolution of the Rh blood group
genes and their related genes. Several gene duplication events were observed in their
evolutionary pathway. [t is suggested that gene duplication events play an important role
of evolution in genes. 1 think some new approaches used in this study (such as
deduction of orthologous genes from phylogenetic networks, the site by site
reconstruction method by using the maximum likelihood method, and estimations of
divergence times by using single-lineages of a tree) are also useful for examination of

other genes that experienced gene duplication events.
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We have sequenced the complete coding region of
the Rh blood group gene for mouse and rat and that
of Rh-related 50 kD glycoprotein (Rh50) for mouse,
rat, and crab-eating macaque. Phylogenetic analy-
ses of Rh and Rh50 amino acid sequences indicate
that the Rh50 gene has been evolving about two
times more slowly than the Rh blood group gene in
both primates and rodents. This conservative na-
ture of the Rh50 gene suggests its relative impor-
tance to the Rh blood group gene. The time of gene
duplication that produced the Rh and Rh50 genes
was estimated to be about 240-310 million years ago.
We also conducted window analyses of synonymous
and nonsynonymous nucleotide substitutions for
those two genes. Some peaks where nonsynonymous
substitutions are higher than synonymous ones
were located on outer membrane regions. This sug-
gests the existence of positive Darwinian selection
on Rh and Rh50 genes through host-parasite inter-
actions. © 1988 Academic Pross

Key Words: evolutionary rate; phylogenetic tree; win-
dow analysis; positive selection.

The human Rh blood group plays important roles
in transfusion and elinical medicine, including
haemolytic diseases of newborns, autoimmune dis-
eases, and mild haemolytic anemia. Nucleotide se-
quences of human Rh genes were determined (1-5),
and their products were estimated to have 12 trans-
membrane domains through hydropathy analysis (2)
and immunological studies using an antipeptide an-
tibody (6). Nucleotide sequences of Rh blood group
genes in nonhuman primates were also reported (7-
9). We recently analyzed those published Rh blood
group genes of primates, and found a higher nonsyn-
onymous substitutions than synonymous ones, a

' Present address: Department of Biology, Yale University, New
Haven, CT 06520-8103.
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Cogyright © 1998 by Academic Presa
Al rights of reproduction in any form reserved

clear evidence of positive Darwinian evolution (Ki-
tano and Saitou, unpublished). Therefore, it is inter-
esting if a similar evolutionary pattern also exists
in other mammalian groups.

A protein was obtained together with the Rh gene
product on immunoprecipitation with anti-Rh antibod-
ies from human, and named as 50 kD glycoprotein (10).
This glycoprotein was considered to form heterote-
tramer with Rh blood group gene products on erythro-
cyte membranes (11). The nucleotide sequence of the
human 50 kD glycoprotein was determined, and its
amino acid sequence was homologous with that of the
human Rh gene (12). That protein was also predicted
to have the 12 trans-membrane domains which are
similar to those of the Rh blood group gene product.
There are several names for this gene such as RHAG,
but we call this gene as Eh50 and the Rh blood group
gene as Rh hereafter for simplicity. It has been shown
that the Rh,,, regulator and the Rh,.., phenotypes are
suppressed by the Rh50 product (13), and a splicing
mutant of this gene was shown to cause an Rh,,, phe-
notype (14). These observations clearly indicate that
the Rh50 gene is eszential for expression of Rh antigens
on ervthrocytes.

These Rh gene and Rh related gene products seem
to play an important role for erythrocytes. In this
study, we determined nucleotide sequences for Rh
genes and Rh50 genes of two mouse subspecies and rat
as well as the Rhi0 gene for crab-eating macaque, and
compared these evolutionary relationships.

MATERIALS AND METHODS

PCR-direct sequencing of cDNA. Total RNAs were extracted
from bone marrow of two mouse (Mus musculus) subspecies (M,
m. domesticus and M. m. brevirostriz), rat (Rottus norvegicus), and
crab-eating macaque (Macaca fascicularis), using the AGPC (Acid
Guanidinium-Phenel-Chloroform) method. After DNase reactions,
reverse transcription was performed by using AMV (Avian Myelo-
blastosis Virus) reverse transcriptase and oligo dT-adaptor primer
of RNA PCR Kit AMV Ver. 2.1 (TaKaRa), Degenerate PCR was
performed and a partial product was obtained. We then performed
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5" RACE (rapid amplification of the 5' ¢DNA ends) using 5'RACE
System for Rapid Amplification of eDNA Ends version 2.0 (Gibeo-
BRL). PCE was performed in a 20 gl reaction containing 0.5-1 ul
of the first-strand cDNA, 1 ® Gene Tag Universal Buffer (Mg®'

free) (Nippon Genel, 1.5 mM MgCls, 0.2 mM dNTP, 10 pmol of
each primer (designed on sites of 5’ and 3’ ends), and 1 units of
AmpliTag Gold (Perkin-Elmer). Amplification was carried out in

DNA GeneAmp PCR System 2400 {Perkin-Elmer) with the follow-
ing temperature parameters: 10 min at 95°C followed by 40 cycles
of 35°C for 30 sec, 65°C for 15 sec, and 72°C for 1 min. PCR products
were purified using MicroSpin Columns 5-300 HR (Pharmacia Bio-

tech) and cloned in the TA cloning vectors pCRIT (Invitrogen).

DNA sequencing was performed on double-stranded plasmid DNA
and PCR products using Dyc Terminator Cycle Sequencing Kit
and ABI prism 377 DNA sequencer (Perkin-Elmer). A progressive
sequencing strategy was carried out with design of further primers
to complete the sequence for coding region of both strands of the
cDMA.

Sequence analyses, CLUSTAL W version 1.6 (15) was used for
multiple alignments and tree analyses, The neighbor-joining method
(16) was uzed for constructing phylogenetic trees. Mumbers of aming
acid substitutions were estimated by using Kimura's method (17),
The PredictProtein server (EMBL) was used for analyses of trans-
membrane helix location of these proteins, ODEN package (18) was
used to estimate numbers of synonymous and nonsynonymous sub-
atitutionz (19), and the WINA program (20) was used for window
analyses,

RESULTS AND DISCUSSION

PCR-cloning and sequencing of Rh and RAS0
cDNA coding regions. We sequenced Rh and Rh50
gene cDNAs for two mouse subspecies and rat. Those
newly determined rodent sequences (DDBJ/EMBLY
GenBank international nucleotide sequence data-
base accession numbers are ABD15189 - AB015194)
were compared with the human Rh gene (1, 2) and
the human Rh50 gene (12). Figure 1 shows the multi-
ple alignment of nucleotide sequences of Rh genes.
Nucleotide sequence lengths of human, crab-eating
macaque, mouse, and rat are 1254, 1254, 1257, and
1269 bp, respectively. Four gaps (3, 15, 3, and 6 nu-
cleotide long) were observed between primate and
rodent sequences, and the rat Rh gene had extra 12
nucleotides (positions 337-348). Lengths of all gaps
were multiplication of 3 and there is no frame shift.
We also obtained an incomplete sequence for the rat
Rh cDNA which lacks sites 149-661. These sites cor-
respond to exons 2-4 of the human Rh gene, and this
incomplete cDNA were probably produced by a splic-
ing error.

Figure 2 shows the multiple alignment of nucleotide
sequences of Rh50 genes. We obtained a Rh50 gene
cDNA for crab-eating macagque (DDBJ/EMBL/Gen-
Bank accession number is AB015467), and it was also
compared. Nucleotide sequence lengths of human,
crab-eating macaque, mouse, and rat are 1230, 1287,
1317, and 1353 bp, respectively. The location of the
stop codon of the human Rh50 gene is different from
that of others, and its protein is 19 amino acids shorter
corresponding to this region. There are repeats of 15
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nucleotides around positions 100-150 (see Fig. 2), and
its consensus sequence is AATGCTTCCCAGCAG. Rat
and mouse have 5 and 3 repeats, respectively, while
the two primate species have single repeat. Because
all gaps were multiple of 3, they did not alter codon
frames.

Sequence similarities (both for nucleotide and amino
acid) are shown in Table 1, Nucleotide and amino acid
sequence similarities between Rh genes and Rhi0
genes are 47-49 and 34-38%, respectively. The GC con-
tents of Rh and Rh50 genes were 53-55 and 45-47%,
respectively (shown on the diagonal of Table 1). These
values were similar to those previously reported (21),
and may be related to gene locations on gnomes; the
Rh gene is located on chromosome 1p34-36 (22-23),
while the Rh50 gene is on chromosome 6p21-gter (12).
We would like to note that similar sequencing results
for mouse and macaque were recently obtained inde-
pendently by G. Matassi ef al. (personal communica-
tion).

Evolutionary rates and the phylogenetic tree.  'We es-
timated numbers of synonymous (ds) and nonsynony-
mous {dy) substitutions for Rh and Rh50 genes (Table
2). dg and dy; values between primates and rodents were
estimated by averaging pairwise values. Numbers of
synonymous substitutions (ds) were similar between
Rh and Rh50 genes, and they are more or less similar
to those for other genes (24). Branching pattern of the
Rh and Rh50 genes are also compatible with the estab-
lished mammalian phylogeny. This indicates that we
did erthologous comparison both for Rh and Rh50
genes.

Numbers of nonsynonymous substitutions (dy) are
about two times higher for the Rh gene than for the
Rhb50 gene; the ratios of Rh-dy and Rh50-dy, are 2.0, 1.7,
and 2.0 for human-macaque, mouse-rat, and primates-
rodents comparisons, respectively (we neglected the
comparison of the two mouse subspecies, for standard
errors are so large). This evolutionary conservation of
the Rh50 gene suggests that it may have more im-
portant function than the Rh gene. A relatively uniform
ratio of Rh-dy, and Rh50-d; for three different levels of
divergence also suggests that a molecular clock (con-
stancy of evolutionary rate) exists both for Rh and Rh50
genes.

Majority of genes are known te underge neutral
evolution, and number (dg) of synonymous substitu-
tions are expected to be higher than those (dy) for
nonsynonymous substitutions under this situation
(17). We compared ds and dy values to see if there is
any unusual pattern deviated from neutrality in Rh
and Rh50 genes. dy of both BRh and Rh50 genes were
higher than ds when human and macaque sequences
were compared, while the situation is reversed for
other comparisons {Table 2). We previously found
that many branches of a phylogenetie tree of primate
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FIG. 1. The multiple alignment of nucleotide sequences of Rh genes. Nucleotide sequences for human RheE (M34015 or X54534; they
are identical) and for erab-eating macague (L37054) were also included for comparison, Gaps are denoted by hyphens, and only nuclestides
different from those of the human sequence are shown. MMD, MMB, and CEM denote M. m. domesticus and M. m. brevirostris, and crab-
eating maecaque, respectively.
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FIG. 2. The multiple alignment of nucleotide sequences of Rh50 genes. Human Rh50 (X64594) was also in:cludgd. Gaps are demFeﬂ. by
hyphens, and only nucleotides different from those of the human sequence are shown. Equal signs surrounded with angled brackets designate
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TABLE 1

Similarities (%) of Rh and Rh50 Nucleotide Sequences {above Diagonal) and Amino Acid Sequences (below Diagonal) and
GC Content (%) of Each Gene (on the Diagonal in Parentheses)

1 2 3 4 5 6 T 8 ] 10
1. Human RhcE {53.7) 0.4 T14 71.3 70.8 485 48.5 47.3 47.4 47.3
2. CEM Eh T79.1 (62,5} 719 71.8 T0.9 488 48.9 48.4 48.5 48.2
3. MMD Bh a7.8 59.1 (55.2) 99.1 88.3 48.6 489 47.2 47.1 46.9
4. MMB Rh a8.1 59.3 983 (55.3) 8.3 48.5 48.8 47.1 47.0 46.8
5. Rat Rh 06T 58.6 Bl16 815 (54.0) 48.8 48.5 47.7 47.6 474
6. Human Rh50 35.2 36.7 371 168 35.3 (46.7) 94 .6 B0.0 79.8 79.4
7. CEM Rh&o 35.4 37.7 378 aThs 36.3 BE.B (47 .4) 79.6 T9.4 T8.6
& MMD Rh50 34.4 35.4 35.0 35.0 35.5 77.0 74.3 (45.0) 99.8 a1.6
9, MMB Rh50 34.7 35.7 348 4.8 35.3 T6.8 74.1 998 (45.0) 817
10, Rat Rh50 ag.8 35.1 34.7 4.7 344 T5.8 73.1 ga.8 89.0 (45.4)

Note. MMD, MME, and CEM denote M. m. domesticus, M. m. brevirostris, and crab-eating macaque, respectively.

Eh genes showed higher dy than ds (Kitano and Sai-
tou, unpublished), and this is compatible with a
higher dy for human and macaque Rh gene shown
in Table 2. It is interesting that the Rh50 gene also
showed a similar evolutionary pattern for primates,
but not for rodents. If the heterotetramer structure
of the Rh and Rh50 gene products is correct, it is
possible that this erythrocyte membrane protein
complex is under some kind of positive selection in
primates but not in rodents.

We constructed a multiple alignment of amino acid
sequences of Rh, Rh50, and their related genes (align-
ment not shown). Two genes of C. elegans (25) and an
Eh-like gene of sponge (26) found by database searches
were also included. The 12 predicted hydrophobic mem-
brane-spanning regions did not include gaps and are
relatively conserved. We thus used only the 216 amino
acid sites for membrane-spanning regions for construe-
tion of the neighbor-joining tree (Fig. 3). The root was
located by assuming the Rh-like protein of sponge as
an outgroup. There are three clusters in this tree; Rh50
genes of mammals, Rh genes of mammals, and two
genes of C. elegans. The branch lengths of Rh50 genes
is much shorter than those of Rh genes, indicating a
lower evolutionary rate in the Rh50 gene than in the
Rh gene. This pattern is consistent with the result of

dy in Table 2 where all the coding regions were com-
pared. It is interesting that after the gene duplication
(node D in Fig. 3) which produced Rh and Rh50 genes,
the Rh gene lineage started to evolve more rapidly than
the Rh&0 lineage.

Numbers of amino acid substitutions {d,) are also
estimated (Table 3). The phylogenetic tree of Fig. 3
was used and single-lineage d, values were obtained
applying Ishida et al.’s (27) method. Because d, values
for Rh were consistently two - three times higher than
those for Rh50, a rough molecular clock exists for bath
genes. This is consistent with the result of Table 2,
Therefore, we estimated evolutionary rates of Rh and
Rh50 genes by using the regression through origin. Di-
vergence times between human and macaque, between
mouse and rat, and between primates and rodents were
assumed to be 23.3, 40.7, and 112 million years (28),
and they were used for calibration of the molecular
clock. The rate of amino acid substitutions (per site per
year) were thus obtained as 2.12 x 107 and 0.94 x
107? for Rh and Rh50 genes, respectively. If we use
these rates, the time of gene duplication (node D in
Fig. 3) producing Eh and Rh50 genes was estimated to
be about 240 or 310 million years ago from the data
for Rh or Rh50, respectively. This period roughly corre-
sponds to the late Paleozoic where the mammalian lin-

TARLE 2
Numbers of Synonymous (ds) and Nonsynonymous (dy) Substitutions

MMI v MME®

Human vs macague”

Mouse vs rat® Primates vs rodents®

ds of Rh 0,013 = 0.007 0.071 = 0.016 0.226 + 0.031 0,595
dz of Rh50 0.007 = 0.005 0.049 = 0.013 0.200 + 0.028 0.620
dy; of Rh 0,007 = 0.003 0115 = 0.011 (.098 = 0.011 0.302
dy of Rhi0 0.001 = 0.001 0.057 = 0.008 (L0568 = 0,008 0.153

Note. MMD and MME designate M. m. domesticus and M. m. breviroséris, respectively.

“ Pairwise values with standard errors.
* Averages of pairwise values,
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FIG.3. The phylogenctic tree of mammalian Bh blood group genes and their homologous genes, Amino acid sequences of only membrane-
spanning regions (216 sites) are usad. Bootstrap probabilities (%) are shown on interior branches. The root was located by assuming the
Bh-like protein of sponge as an outgroup. Accession numbers and gene [Ds for C efegars 1 and 2 are Z274026-B0240.1 and UG4847-FO8F3.3,

respectively,

eage started to diverge from an ancestral reptilian lin-
eage.

The Eh and its related genes have probably been
existing as essential membrane proteins in many ani-
mal phyla. Because its evolutionary rate is lower than
that for the Rh protein gene, the Rh50 protein may be
closer to the ancestral form before gene duplication of
Rh and Rh50 genes. In this context, it may be interest-
ing to note a similarity between the Rh50 protein and
NH," transporters (29). However, two coding regions
of C. elegans (CO5E11.4 in the DDBJ/EMBL/GenBank
accession number 1753338 and M195.3 in Z66498) are
more similar to NH," transporters. Therefore, the ac-
tual function of Rh and Rh50 gene products remain to
be found.

Window analyses of synonymous and nonsynony-
mous substitutions. We performed window analy-
ses for synonymous (ds) and nonsynonymous (dy) nu-

TABLE 3

Mumbers (d,) of Amino Acid Substitutions
and Divergence Times

Humarn/ Mouse/ Primates/

Diverging node muacaque  rat rodents  Rh/Rh50
Single lineage d, of Rh® 0.120 0.072 0.228 (1.663
Single lineage d, of Rh&0"  0.042 0.029 0.104 0.225
Divergence time (MYA) 23.3* 40.7° 112*  240-310°

* Based on phylogenetic tree of Fig. 3.
" Taken from Ref. 28.
* Estimated from d, values.

cleotide substitutions to investigate their possible
correlation with the protein structure (Fig. 4). The
twelve predicted hydrophobic membrane-spanning
regions are shown by black boxes with numbers.
There are several peaks (depicted by arrows) where
nonsynonymous substitutions are higher than syn-
onymous ones on putative outer membrane regions
on primate Rh genes (Fig. 4A). One peak (designated
as long arrows) is observed at the cell surface region
between membrane-spanning regions 3 and 4 in all
four comparisons, and four and two peaks were also
observed for other cell surface regions in primate Rh
and Rh50 comparisons, respectively (indicated by
short arrows with asterisks). Whether an inter-
membrane region is on the cell surface or in the eyto-
plasm is based on the currently accepted model of
the Rh and Rh50 protein structure (2, 30).

We examined Rh blood group gene and its homolo-
gous Rh50 genes in the present study. Blood group
antigens may play a key role in pathogenesis of dis-
eases (31), and there is a possibility of positive Darwin-
ian selection caused by interaction between organisms
{host mammals and parasites such as bacteria). In fact,
Saitou and Yamamoto (32) and Kitano and Saitou {un-
published) found evidences of positive selection in the
ABO and Rh blood group genes of primates, respec-
tively. Comparison of synonymous and nonsynonymous
substitutions for the Rh50 gene also revealed a possibil-
ity of existence of positive selection for this gene in
primates. Because primates showed more clear sign of
positive selection than rodents both for Rh and Rh50
genes, it is possible that the pattern of host-parasite
interaction is different between primates and rodents,

E3
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(A) Rh genes: human vs. crab-eating macaque

FIG. 4. Window analyses for synonvmous (ds: groy lines) and nonsynonymous {(dy: black lines) nuclsotide substitutiona for Rh genes
betwesn human and crab-eating macague (A), for Rh genes between M. m. domesticus and rat (B}, for Rh30 genes between human and
crub-eating macague (C), and for Rh50 genes between M. m. domesticus and rat (Di. The 12 predicted hydrophobie membrane-spanning
regions are shown by black boxes. Horizontal axes indicate numbers of nucleotide sites. Arrows indicate peaks of dy higher than dy, and
arrows with asterisks are in the putative cell surface regions. Arvows in the same eell suriace region for all the A-D comparisons are drawn
longer than othirs,
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APPENDIX II

These are multiple alignments of non-converted and ancestral sequences
for tree A (A) and for tree B (B) of figure 2.5 in Chapter II. Cem and Rhm mean

crab-eating macaque and rhesus macaque, respectively. N means undetermined

site.

(A) Non-converted and ancestral sequences for tree A

Human D ATGAGCTCTAAGTACCCGCGETCTETCOGGOGCTGCCTGLCCCTCTERGCCCTARCACTG
Hmnan:CE ATGAGCTCTARSTACCCGCGETCTETCCGETGCTGCC TECCCCTCTGCGCCCTARCACTG
Chimpanzee 1 ATGAGCTCTAAGTACCCGCOGTC TG TCCGGCGCTECC TGCCCCTCTEGOGCCCTARCALTG
Chimpanzee 2 ATGAGCTCTAAGTACCCGOGETCTGTCCGGTGCTGCCTOCCCCTCTGCGCCCTARCACTG
Gorilla 1 ATGAGCTCTARGTACCCGCGEICTGTCCOGGTGCTGCCTGCCOCTCTGCGCCCTAACACTG
Gorilla 2 ATGAGCTCTARGTACCCGCGGTC TG TCCGGTGCTGCC TGO COCTC TGUGCCCTARCACTG
Cem_1 ATGAGCTCTAAGTACCOGCGEICTGTCORGTGCTGCC TEGCCOCTCTGGGCCCTAACTCTG
Cem_2 ATGAGCTCTAAGTACCOGCGETCTGTCCOGTGCTGCC TRCCCCTCTGGGCCCTARCTCTG
Rhm 1 ATGAGCTCTAAGT ACCOGCGETCTGTCCGGTGCTGOCTECCCCTCTEEECCCTARCACTG
nede a ATGAGCTCTAMGTACCOGCGGTCTGTCCGETGCTGOC TECCCCTCTROGCCCTARCACTG
node b ATGAGCTCTAAGTACCCGCGETCTGTCCGETGCTGOC TG CCCTCTECGCCCTANCACTG
node o ATGAGCTCTAAGTACCCGCGETC TG TCCGECCCTGOCTGICCCTCTGOGCCCTARCACTG
node d ATGAGCTCTAMGTACCOGCGGTC TG TCCGG TGO TGCC TGO CCCTCTECGCCCTARCACTG
node e ATGAGCTCTAAGTACCOGCGGTC TG TCCGETECTGCC TR CCCTCTGOGCCCTARCACTG
node. f ATGAGCTCTARGTACCCGCGETCTGTCCGETGCTGLCTGCCCCTCTGEGCCCTAACACTG
node g ATGAGCTCTAAGTACCCGCGETCTETCCGGTGC TECCTECCCCTCTGEGCCCTAACTCTG

B R L e e L T L
Human_D GARGCAGCTCTCATTCTCCTCTICTATTTTT TTACCCACTATGACGCTICCTTAGAGGAT
Human CE GAAGCAGCTCTCATTCTCCTCTTCTATTITI TTACCCACTACGACGCTTCCTTAGAGGAT

Chimpanzee_l
Chimpanzee 2

GARGCAGCTCTCATTCTCC TCTTC TATTTTT TTACCCAGTACGATGCTTCCTTAGAGGAT
GARGCAGCTCTCATTCTCCTCTTCTATTITT TTACCCACTACGACGCTTCCTTAGAGGAT

Gorilla 1 GRAGCAGCTCTICATTCTCCTCTTCTATTTTITTACCCACTACGACGCTTCCTTAGARGGAT
Gorilla 2 GAAGCAGCTCTCACTCTCCTCTTCTATTTTI TTACCCACTACGACGCTTCCTTAGAGGAT
Cem 1 GRAGCAGCTCTCATTCTCCTCTIC TTTTTTT T TACCTACTACGACGC TICCTTAGRGGAT
Cem 2 GAAGCAGCTCTCATTCTCCTC T TCTTTTTTTITACCTACTACGACGC TICCTTAGAGGAT
Rhm 1 GARAGCAGCTCTCATTCTCCTCTTCTITTTTT T TACCTACTACGACGCTTCCTTAGRGGAT
nede a GRAGCRGCTCTCATTCTCCTCTTC TATTTTT I TACCCACTACGACGC T TCCTTAGAGGAT
nede b GAAGCAGCTCTCATTCTCCTCTTC TATT I TTTTACCCACTACGACGCTICCTTAGAGGAT
nede < GAAGCAGCTCTCATTCTCCTCT T TATTTITTTACCCACTACGACGCTTCCTTAGAGGAT
nede d GAAGCAGCTCTCATTCTCCTCTICTATTTTTI TTACCCACTACGACGCTICCTTAGAGGAT
node e GhAGCAGCTCTCATTCTCCTCTTCTATTTTT TTACCCACTACGACGCTICCTTAGAGGAT
node f GAAGCAGCTCTCATTCTCCTCTTICTITTTTT TTACCTACTACGACGCTTCCTTAGAGGAT
node_g GAAGCAGCTCTCATTCTCCTCTTCTTTTTTT TTACCTACT ACGACGCTTCCTTAGAGGAT

whhbEERR AN A L ARk bR AR R Rtk EhEmabhErdEd & ddk wdk ARk ERaEkEAhbAEER
Human D CARARGGEGCTCGTGECATCCTATCAAGTTGGCCAAGATC TGRACCGTGATGGCGGCCATT
Humarn CE CARMAGGGECTCGTGGCATCCTATCAAGTCGGCCARGATC TGACCGTGATGGOGGCCCTT
Chimpanzee 1 CARAAGGGECTCGTGGCATCCTATCAAGTTGGCCARGATC TGACCGTGATGGCGGCCATT
Chimpanzee 2 CARAAGGEECTCGTGGCGTCCTATCAAGT TGGCCARGATC TGACCGTGATGGCGGCCATT
Gorilla_l CAAAAGGEGC TCGTGGCATCCTATCARGT TGGC CARGATC TGACCGTGATGGCGGCCATT
Gorilla 2 CAAAAGGGECTCGTGGCATCCTATCAAGTTGGCCARGATC TGACCGTGATGGCGGCCATT
Cem_1 CARAAGGGECTOGTGGCGTCCTATCARGTCTGCCARGATC TGRCCGTOATGRCGETCCTT
Cem 2 CARAAGGGECTCGTGECGTCCTATCAAGTCTGCCAAGATC TGRCOGTGATGGCGGTCCTT
fhm 1 CAAAAGGGGEC TCGTGGCGTCC TATCAMGTCTGCCAAGATC TGACCGTGATGGUGGTCCTT
nr:n:tE_a CARARGGGEC TCGTGECATCCTATCARGTTGGCCAAGATC TEGACCGTGATGGCGGCCATT
node b CAARAGGREC TCGTGGCATCCTATCAAGTTGGCCAAGATC TGACCGTGATGGUGGCCATT
node c CARAAGGEGC TCGTGECATCCTATCAAGT TGGCCAAGATC TGACCGTGATGEUGGCCATT
node_d CARAAGGGEC TCGTGGCATCCTATCARGT TGECCAAGATC TGRCCGTGATGGCGGCCATT
node e CARARGGGECTCGTGGCATCCTATCAAGT TEGCCAAGRTC TGACCGTGATGGCEGLCATT
m:-riﬂ:f CARAAGGEECTCETGECE TCCTATCAAGTE TGCCARGATC TGACCGTGATGECGGTCCTT
node g CARAAGEGECTCGTGEOG TCCTATCARGTCTGCCAAGATC TGACCGTCGATGECEETCCTT

kR AEEEERE TR AR EE AAhEkEkhkkEd  hhddRRk kR bRk k kAR AR R Rk ok E W
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GECTTGEGCTTCCTCACC TOGAGT T TCCGEAGAC ACAGC TEREAGCAGTETGECCTTCARC
GGCTTGGGCTTCCTCACCTCAAAT TTCCGGAGAC ACAGC TEGEAGCAGTGTGGCCTTCARC
GECTTTGGCTTCCTTACC TCGAGT T TCCGEAGACACAGC TEGEAGCAGTETEECCTTCAGC
GGCTTTIGECTTCCTCACC TCGAGTT TOCGGAGAC ACAGC TGRAGCAGTSTGGCCTTCART
GGCTTTGGCTTCCTCACC TOGAGTT TCCGGAGAT ACAGC TGEAGCAGTGTGGCCTTCARC
GECTITGECTTCCTCACC TCOAGTT TCCGGEEA ACAGC TGEAGCAGTGTGGCCTTCARC
GECTTGGECTICTTCACC TCGAAT T TGCGGAGARARACAGETGEAGCAGTGTGECCTTCARC
GRCTTGEGCTTCTTCACC TCGRAT T TGCGGAGARAACAGCTGGAGCAGTGTGGCCTTCARC
GECTTGGGCTTCTTCACC TOGAAT T TGCGGAGAARACAGE TEEAGCAGTGTGGCCTTCARC
GGCTTTGECTTCCTCACC TCGAGTTTCCGGAGAC ACAGC TGEAGCAGTETGGCCTTCARC
GECTTTGGCTTCCTCACC TCGAGT TTCCGGAGA ACAGE TEEAGCAGTGTGGCCTTCARC
GGCTTTGGCTTCCTCACCTCGAGTTTCCGGAGAC ACAGC TGGAGCAGTETGGCCTTCARC
GECTTTGGCTTCCTCACC TCGAGT TTCCGGAGAT ACAGCTGEAGCAGTGTGECCTTICARC
GGCTTTGECTTCCTCACC TCGAGT TTCCGGAGACACAGC TORAGCAGTGTGGCCTTCARAC
GGCTTGEGCTTCTTCACC TCGAAT TTECGGAGARACAGC TGEAGCAGTGTGGCCTTCARC
GGCTTGGGCTTCTTCACCTCGAATT TGCGGAGAAMCAGC TGEAGCAGTETGGCCTTCAAC

dkdhkh dhkEkEEh d EEEAE b Ewe wwE Ak hEwEAb A bR AEFER bAoA AR

CTCTICATGCTGGCECTTGCTGTGCAGTGEECAATCC TGO TGGACGGC TTCCTGAGCCAG
CICTTCATGC TGGCEC TTGGTGTGCAGTGGGCAATCC TG TGGACGGCTTCCTGAGCCAG
CICTTCATGC TGGCECTTGGTGTGCAGTGEGCAATTCTGC TGGACGGC TTCCTGAGCCAG
CTCTTCATGC TEGOGCTTGGTGTECAGTGEGCAATCC TGO TGGACGGC TTCCTGAGCCAG
CICTTCATGC TGGCGCTTGGTGTGCAGTGLGCAATCC TG TGGRACGGC TTCCTGAGCCAG
CTCTTCATGC TGGCGC T IGGTGTECAGTGGGCAATCC TEO TGGRACGGC TTCCTGAGCCAG
CTCTTCCTGC TGGECGCTTGGTGTGCAGTGEGCAATCC TGO TGGACGGC TTCCTGAGCCRG
CICTTCCTGC TCGOGCTTGETGTGCAGTGEGCAATCC TG TGGACGGE TTCCTGAGCCAG
CTCTTCCTGC TRGCCCTTGGTGTGCAGTGEGCARNTCC TG TGGACGGE TTCCTGAGCCRAG
CICTTCATGC TGGOGC T TGGIGTGCAGTGEGCAATCC TG TGGACGGL TTCCTGAGCCAG
CTCTTCATGC TGGCGCTTGETGTGCAGTCEGCAATCC TECTGEACGGC TTCCTGAGCCAG
CTCTTCATGCTEECGC TTEGTGTECACTCGECAATCCTRC TGGACGEC TTCCTGAGCCAG
CTCTTCATGC TGGECGC T TEGETGTGCAGTGEGCAATCC TGC TOGACGGC TTCCTGAGCCAG
CTCTTCATGC TOGCGC T TEGIGTGCAGTGEGCANTCC TGO TGGACGGC TTCCTGAGCCAG
CTCTTCC TGO TGEOGC T TG TG TGCAGTGEECAATCC TEC TGCGACGEC TTCCTGAGCCHG
CTCTTCCTGRCTGGCGEC T TG TG TGAGT GEGCARTCC TGO TGGACGGCE TTOCTGAGCCAG

IE L RS B A R L L A s R RS S AR E R R R E R NS E R RS ER SRS EREEEE S

TTCCCT TCTGEGAAGGTGGTCATCACACTGTTCAGTATTCGGC TGGCCACCATGAGTGET
TITCCCTCCTGGGAAGGTGGTCATCACAC TGTTCAGTATTICGEGC TGGCCACCATGAGTGET
TTCCCTCCTEGEAAGG TGS TCATCACACTGTTCAGTATICGEC TGGCCACCACGAGTGET
TTCCCTCCTGGGRAGGTGGTCATCACACTGTTCAGTATTCGGCTGGCCACCACGAGTGET
TTCCCTCCTGGGRAGETGETCATCACACTGTTCAGTATTCGGCTGGCCACCATGAGTGET
TToCCTOC TEEGAA GG TG TCATCACAC TETTCAGTATTOGECTGGCCACCATGAGTGET
TTCICTCCTGGGAAGGTGGTCATCAARC TGTTCAGTATTCGGC TGECCACCAGGAGCACT
TICTCTCCTGRGAAGETGGTCATCARMCTGT TCAGTATTCGGC TGGCCACCAGGAGCACT
TICTCTCCTGGGARAGGTGGCCATCARMC TG T TCAGTATTCGECTGGCCACCRGGAGCACT
TTCCCTCCTGEGAAGETGGTCATCACACTGT TCAGTATTCGECTGGCCACCATGAGTGCT
TTCCCTCCTGEEAAGETGETCATCACAC TG T TCAGTAT TCGGCTEECCACCATGAGTGCT
TTCCCTCCTGGGARGGTGGTCATCACACTGT TCAGTATTCGEGCTGGCCACCATGAGTGCT
TTICCCTCCTGGEAAGGTGGTCATCACACTGT TCAGTATTCGEGCTGGCCACCATGAGTGCT
TTICCCTCCTRGGRAGGTGETCATCACACTGT TCAGTATTCGECTEGOCACCATGAGTELET
TICICTCCTGGGARAGGTGGTCATCARRCTGTTCAGTATTCGECTGGCCACCAGGAGCRCT
TTCTCTCC TGGEAAGG TG TCATCARAC TG T TCAGTATTC GEC TGGCCACCAGGAGCACT

Wkl Fkh Rk R R E kbbb d Fdardd FhkF A ddbh s dd bk hbdwRd b bbb dd Ao &

TTGTCGETGC TGATC TCAGTGEATGC TG TC T TEEGEAAGE TCARC TTGGCGCAGTTGETE
ATGTCGGTGC TEATC TCAGCGEE T CTGTCCTGEGETACGTCARC TTGGTGCAGTTGETG
TTIGTCRGTGC TGATC TCAGTGEA TGO TGTC T TEGGEAAGETCARACTTGETEGCAGTTIGETG
TTGETCEGTGC TGATC TCAGCGGE TGO TG TCC TGGGGTACGTCARCTTGGTGCAGTTGGETG
TTGTCGE TG TEA T TCAGCGEE TEC TETOC TGEGETACCTCARC TTGETCCAGTTGETG
TTGTCGG TG TEATC TCAGTGEA TG TETCC TGEEEARGETCAACTTEGTGCAGTTGETG
ACGTCGATGC TGATC TCARTGAATGC TG T CTGGGEAAGCTCARC TTGGCGCAGTTEETG
ACGTCGATGC TEATC TCAATGAA TGO TG TOC TREGEAAGG TCARCTTGGTGCAGTTIGETG
ATGTCGATGC TCATC TCAATGAA TGO TGTCCTGEGEEAAGETCARC TTGGTGCAGTTGETE
TG TCEE TR TEATC T AGTGRAT GO TG TOC TGGGEAAGE TCARC TTGGTECAGTTGETG
TTGETCGE TG TGATC TCAGTCEATGC TETCCTGEGEAAGGTCARCTTGGTGCAGTTGETS
TTGETCEG TG TGATC TCAGTGEA TGO TG TC T TEGGEAAGG TCARCTTGGTGCAGTTIGETG
TTETCEG TG TGATC TCAGCGGG TGO TG TCC TGEGETACGTCARC TTGGTGCAGT TGGETG
TTGTCEETGCTGATC TCAGCGGGTGC TG TCC T GEGETACGTCARC TTGGTGCAGTTGETG
ATGTCGATGC TGATC T AATGAATGC TG TCC TEEGEAAGG TCARC TTGGTGCAGTIGETG
ACGTCGATGCTGATC TCAATGAR TGO TGTCC TRGGGRAGG TCARC TTGGTGCAGT TGGTG

- R W wEmaEEEk EEE R ok FEkEkEA kA hE FEkhhhEE ko
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GIGATGOTGCTGATGGAGGTGACAGC TT TAGGCARCCTOAGGATGOTCATCAGTANTATC
GIGATGGTGCTGETGEAGGTGACAGCTTTAGGCACCATGAGGATGETCATCAGTAATATC
GTGATEETECTEETEEAGGTGACAGCTT TAGGCACCETGAGEATEETCATCAGTAATATC
GITGATGE TG TGETREAGGTGACAGCTTTAGECACCATGAGEATGETCATCAGTRATATC
GIGATGETGCTGETGEAGGTGACAGC TTTAGGCACCATGAGGATGGTCATCAGTARTATC
GTGATGETGCTEETGEAGGTGACAGC TT TAGGCACCATGAGGRTGOTCATCAGTAATATC
GIGATGGAGC TEGTGGAGC TEACAGTCTTIGGCACCATGAGEATAGTCATCTATAATATC
GTGATGGAGCTGOTGOAGC TGACAGTCTTTGGCACCATGAGGATAGTCATCTATARTATC
GTGATGGAGC TEETEGAGC TEACAGTCT T TGGCACCATCAGGATAGTCATCAATARTATC
GIGATGETGCTGGTGGRAGGTCACAGC TTTAGGCACCATGAGGA TG TCATCAGTARTATC
GITGATGETGCTEETGOAGGTGACAGC TT TAGGCACCATGAGGATGGTCATCAGTARTATC
GTGATGETGC TEETGGAGGTGACAGC TTTAGGCACCATGAGGATGGTCATCAGTARTATC
GIGATGEICC TGETREAGGTGACAGC TTTAGGCACCATGAGGATGGTCATCAGTARTATC
GTGATGGTGC TGETGEAGETGACAGUTTTAGGCACCATGAGGATEGTCATCAGTAATATC
GIGATGGACGC TGETGEAGCTGACAGTCTTTGGCACCATGAGGATAGTCATCAATARTATC
GTGATGGAGC TEETGGAGCTGACAGTCTTTGGCACCATGAGEATAGTCATCTATARTATC

dkhk b Ekien AhhEbEEbdd wREEdW LA R L B Rl L o

TTCAACACAGRC TACCACATGRACA TEATGCACATCTACGTCTTCGCAGCCTATTTTEEE
TTCAACACAGACTACCACATGRARCCTGAGGCACT TCTACGTGTTCGCAGCCTATTTTGSE
TTCAATACAGRCTACCACATGAACCTGATGCACATCTACGTGTTTIGCAGCCTATTTTGSG
TTCAACACAGACTACCACATGAACATGATGCACTTCTACCTGTICACAGCCTATTITGEG
TTCARCACAGRCTACCACATGARC ATGACGCACT ICTACGTGTTCGCAGCCTATTTTGSG
TTCARCACAGACTACCACATGARCATGATGCACATCTACGTGTICGCAGCCTETTITTCEE
TTCAARATAGACTACGGCATGARCATEATGCACATCCACGTEGTTCGCAGCCTATTTTEGE
TTCAAMATAGRCTACGGCATGAMCATGATSCACATCCACGTGTICGCAGCCTATTITGEG
TTCAAMA TAGRCTACGGCATGARCATGATGCACATCCACGTGTTCGCAGCCTATTTTIGEG
TTCAACACAGRCTACCACATGAACATGATGCACATCTACGTGTICGCAGOCTATITIGEG
TTCARCACAGACTACCACATGAACATGATGCACATCTACGTGTTCGCAGCCTATTITIGES
TTCAACACAGACTACCACATGAACATGATGCACATCTACGTGTICGCAGCCTATITTGGE
TTCAACACRGACTACCACATGARCATGATGCACT TCTACGTGTTCGCAGCCTATTTTGEG
TTCARCACAGACTACCACATGAACATGATGCACT TCTACGTGT TCGCAGCCTATTTTGES
TTCARARTAGAC TAC GG ATGAACATGATGCACATCCADG TG TTCGCAGCCTATTTTGEE
TTCARAATAGRC TACGGCATGAACATGATGCACATCCACGTEGTICGCAGCCTATITIGGE

HkEhkE * whkETEEEE hhbkhkhEd FTohdk Fhhkk k¥ Ehk EEEkE HEk kA E EERAkAEER

CTGICTETRGCC TGO TECCTGCCARAAGCC TCTACCOGAGGGARCGGAGGATAARMGATCAG
CTGACTGTGGCCTGG TECC TGOCARAGCC TCTACCCARCG TAAAGGAGGATAATGATCAG
CTGTCTGTGECC TG TEOCTGCCARAGCC TCTACCCARGGGARCGEAGGATAAMGATCAG
GIGAC TG TG CTEG TGO TGO ARACCC T TAC COGAC G TAARGGAGGATARAGATCAG
GTGACTGTGGCCTEETGCCTGCCARAGCC TCTACCCGACATARAGGAGGATANAGATCAG
CTIGTCTGTGECC TGO TGCCTGCCARAGCC TCTRAGCCARGGGARCGGAGGATAMAGATCAG
CTGAC TG e O TEE TGO CTGOCARRGOC TC TAC CCARGEGARCAGAGGATARATATCAG
CTGACTGTGECCTGETGCCTGCCARAGCC TCTACCCAAGGGAMCAGAGGATAMATATCAG
CTIGACTGTGECCTGGTGCCTGCCARAGCC TCTACCCAAGGGANCAGAGGATAMATATCAG
CTGACTGTGECC TG TGCCTGCCARAGCC TCTACCCARGGOANCGGAGGATAMGATCAG
CTGTCTGTGGCCTEGE TGO CTGCCARAGCC TCTACCCARGG AN GGAGGATAAAGATCAG
CTGTCTGTGECCTEETGCCTGUCARAGCC TCTACCCARGEGAACGGEAGGATARAGATCAG
CTGACTGTGGCCTEGRTGCCTGCCARAGCC TCTACCCAACG TAMAGGAGGATAMAGATCAG
CTGACTGTGGCCTGGTGCCTEOCARARGCC TCTACCCAAC G TAAAGGAGGATARRGATCAG
CTGACTGTGGOC TG TGCC TGO ARAGCC TCTACCCARGGGAACAGAGGATARATATCAG
CIGACTGTGGCCTEGTGCCTGCCARAGCC TCTACCCARGGGANCAGAGGATAARTATCAG

LR R A S S SRR RS E RS EEEEEE R kR R R R S & ok e i & e i W

ACAGCARCGATACCCAGTTTGTCTGCCATGC TGOGGLGCCCTCTICTIGTGGATGTICTGS
AGRGCARCGATACCCAGT TTGTCTGUCATGCTGGEGCCCTCTICTTGTGGATGTICTGG
ATAGCARCCGATACCCAGTTTGTCTGCCATGCTEGECGCCCTCTICTTGTGEATGTTCTGE
ATAGCARCGATACCCAGT TTGTCTGCCATGCTGRGCGCOCTCTTCTTG TGGATGTTC TGS
ATAGCARCGATACCCAGT TTGTCTGCCATGCTGEGCACCCTCTTICTIGTGGATGTTICTGS
ARG AR CGATACCCAGT T TG TCTGCCATGCTGEGUGCCCTCTICT TG TGEATGTICTGE
ACAACARCGAGCCCCAGTTTGT I TGCCATGCTGOGCACCCTCTICTIGTGEATGTTC TGS
ACAACAMCGAGCCCCAGTTTGT TTGOCATGCTGHGCACCC TCTICTIGTOGATGTTCTGS
ACARCANCGRGCCCCAGT TTGTTTGCCATGCTGGGCACCC TCTICTTGTGGATGTTCTGG
ACAGCAMGATACCCAGT TTGTCTGCCATGCTGEGCGCCCTCTTCTTGTGGATGTTCTGG
ACAGCAMCGATACCCAGT TTGTCTGOCATGCTEEGOGCOCTCTICTIGTGGATGTICT GG
ACAGCARCGATACCCAGTTTGTCTGCCATECTGEGUGCCCTCTICTIGTGEATGTICTGS
ATAGCAMCGATACCCAGT TTSTCTGUCATGCTGGGCGCCCTCTTCTTGCTGGATGTICTGG
ATAGCARCGATACCCAGT TTGTCTGCCATGCTEGGCGCCCTCTTCTTGTEEATGTTICTGE
ACAACAMCGAGCCCCAGTTTGT TTGOCATGC TEHGCACCC TCTICTIGTGGATGTICTGE
ACAACAACGAGCCCCAGT TTGT TTGOCATGCTGHGCACCC TCTTCTIGTGGATGTTC TGS
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CCARGT TTCARCTCTGCTCTGCTGAGAAG TCCAATOGAAAGGAAGAATGCCGTGTTCAAC
CCANGTGTCARC T TCCTCTGCTGAGAAG TCCAATOCAAAGGAAGAATGCCATGTTCAAC
ARG TTTCARC T TG T TG TGAGAAGTCCAATCGARAGEARA R A TECCETETTCARC
CCARGTTICAAC TCTGCTC TOCTOAGAAGTCCAA TCOAAMGGARGRATGCCGTGTTCAAC
CCARGTTTCART TCTGCTCTGCTGAGARAGTCC AR TOGAAAGGARARAGAATGCCGTGT TCARC
CCAAGT TTCAAC T TG T C TGO ToAGRAG TCCAA TCGAAAGEARGAATGCCGTGT TCARD
CoARCTTTCARC TCTGCTCTGCTEC TAAATCCAA TCEAAAGEARAGRATGCCGTGT TCAGT
CCAACTTTCARCTCTGCTCTGC TGO TAARTCCARTCGARAGEARAGAATGCCGTGT TCAGT
COARCTTTCARC TCTGCTCTGCTGC TARA TCCAA TOGAAMGEAAGAACGCCGTET TCAGT
CoAAGTTICARCTCTGCTCTGCTEAGAAGTCCAATCGAARGEARAGAATGCCGTETTCART
CCAAGTTTCARC TCTGCTC TGCTGAGARAG TCCAATOGARAMGGARGARATGCCGTGTTCARG
CCAMNGTTTCAACTCTGCTCTGCTGAGAAGTCCAATCEARAGEAAGARTGCCETGTTCARC
CCAAGTTTCAACTCTECTCTGCTOAGAAG TCCAA TCGARRGGARGAR TGCCEGTETTCARC
CCARGTTTCAAC TCTGCTCTGCTGAGRAGTCCAATOGAAAGGARAGRATGCCGTGT TCARC
CCAACTTTCAAC TCTGCTCTGCTGCTARATCCAATOGARRGGARGRATGCCOTGTTCAGT
CCAACTTICAACTCTGCTCTGC TGO TAAA TCCAATCGAARGEARGARTGCCGTGTTCAGC

hkdh o wA Ak EEE e mdEd Sl Wk E AR kR EEREEERR Wl ERR R R W

ACCTACTATGCTGTAGCAGTCRAGCGTGGTGAC AGCCATC TCAGNNNNNNMNNNNINNNN
ACCTACTATGCTCTAGCAGTCAG TG TGETGACAGCCATC TCAGHNNNNNNMNNNMANMNN
ACCTACTATGCTGTAGCAGTCAGC G TG TGACAGCCATC TCAGHNNNNNMMNNNNNNINNN
ACCTACTATGCTCTAGCAGTCAGCGTGGTGACAGCCATC TCAGN NN NI NN
ACCTACTATGC TC TAGCAGTCAGCGTEETGACAGCCATCTCAGTGTCATCCTTGGCTCAC
ACCTACTATGCTGTAGCAGTCAGCGTGGTGACAGCCATCTCAGTGTCATCCTTGGCTCAC
ACCTACTATGCTCTAGCAGTCAGCGCGETTACAGCCATCTCAGTGTCATCCTTGGCTCAC
ACCTACTATGC TCTAGCAGTCAGCGCGGTTACAGCCATCTCAGTGTCATCCTTGGCTCAC
ACCTACTATGCTICTAGCAGTCAGCGOGGTTACAGCCATCTCAGTGTCATCCTTIGGCTCAC
ACCTACTATGCTCTAGCAGTCAGCGTGETGACAGCCATCTCAGTGTCATCCTTGGCTCAL
ACCTACTATGCTGTAGCAGTCAGCGTGGTGACAGCCATC TCAGTGTCATCCTTGGCTCAC
ACCTACTATGCTGTAGCAGTC AGCGTGETGACASCCATC TCAGHNMNEM N NNEHENNINH
ACCTACTATGCTCTAGCAGTCAGCGTGGTGACAGCCATCTCAGTSTCATCCTTGGCTCAC
RCCTACTATGCTCTAGCAG TCAGCGTEGETGACAGC CATC TCAGNNNINNNNINNINNNNMNNI
ACCTACTATGCTC TAGCARGTCAGCGOGET TACAGCCATCTCAGTGTCATCCTTGGC TCAC
ACCTRCTATGCTCTAGCAGTCAGCGCGET TACAGCCATCTCAGTGTCATCCTTGGC TCAC

kA kbR E bk d REEErAAh R kR % dkEmEw AWk kEEakw kR

NN N NN N ARG AT TTATA TGO ACAATGOGE TE T TGGCAGGAGGCGTGEET
NN NN N C A TG AC T TA TG TGO ACAGTGCGE TG T TGECAGGAGGLGTEGEET
N N NN N C A TG AG T TATA TGO ACAATGOGE TR T TGECAGGAGGRLGTGGELT
NN N NN NN C A TG AC T TATG TGO ACAGTEOGE TG TT RGO AGGAGGCGTEECT
o A AGGGAAGATC AN ATGAC TTATAT GO ACARTGCGE TG TTOGCAGGASGOGTGGET
oA G EGRARGATCARCATGAC TTATAT GCACARTGCACTETTGGOAGGAGETGTGGEET
CCCCARRGGARGATCAACATGACTTATATGCCCAATGCAGGETTGECAGGAGGLGTGECT
O CCGAAGGAAGATCANCATGRAC TTATATGCACAATGCAGCG T TGECAGGAGGCGTAGTT
O CGGRGGEAAGATCAACATGAC TTATATGCACAR TG CAGCG TTGGCAGGAGE TETGGCT
CCCCAAGGGRAGATCAACATGACTTATATGCACAATGC GG TGTTGGECAGGAGGLGTGECT
oo AACGGARGATCARCATGAL TTATATGCACAR TGO GG TG TTGGCAGGAGECETGET
NN NN NN NN A T GAC T TA TATGCACAA TGCGE TG TTGGCAGGAGGLGTEECT
O ARG CAAGATCAACAT AL TTATATGCACAR TGO GE TG TTEGCAGGAGGCGTEECT
N NN NN NN A TGAC TTATG TGO ACAG T GETE TIGGCAGGAGECGTGELT
OO GAGGaARGATC AN AT AC TTATATGCACAATGCAGCGTTGGCAGGAGRCGTGECT
GGG AAGATC AR ATCAC TTATAT G ACAR TGO ARG TTEGCAGGAGECETGGCT

*&k Hhk FEIE AwE FEd A Ah *F Ak A A AAETAEAET FhEh W

GTGGGTACCTCATGTCACCTGATCCCTTC TCCGTRECTTGLCATGG TGO TGGRETCTTGTS
GTGEEGTACCTOG TG TC A TRATCCC T I T C G TGaE TIGCCATEE TECTEEE TETTGTG
GTGGEGTACCTCATGTCACC TGATCCCTIC TCCG TG TTGCCATGG TGO TGEETCTTGTS
GTEGETACCTOGTGTCACCTGATCCCTIC TCCG TGO TTGCCATGETGCTGEETCTTETS
GTGEETACCTCATGTCACCTGATTACTICTCCG TG TTGCCATGETECTREETCTTETG
GTGGCTACCTCGIGTCACCTGATCCCTICTOCGTGEC TTGCCATGGTGCTOGGTCTTGTG
GTAGGTGCCTCA TG TCACGTGATCCATIC TCC T TGGAT TGOCATGSTGCTGGETCTTSTS
GTGAGTGCCTCATG T ACGTGATCCATIC ICC T IGGAT IGOCATGGTGCTGEGICTIGIG
CTGAGTGCCTCATGTCACGTGATCCATIC TCCTTGGATTIGCCATGGTGCTAGGTCTTICTG
GTGEETACCTCA TG T CACCTGATCCCT T TG TGECTTGCCATGETGCTRGGTCTTG TG
GTGEETACCTCATGTCACCTGATCCCTIC TOCGTGEC TIGOCATGGTECTEGGTCTIGTG
GTGGETACCTCATGTCACCTGATCCCTTCTOCGTGGC TIGCCATGGTGCTGGETCTTGTS
GTGGETACCTCATGTCACCTGATCCC TTC TOCG TGGC TTGCCATGG TECTGEETCTTGTS
GTGGETACCTOGTGTCACC TGATCCC T IO TCCGTGEC TTEOCATGE TG TEEETCTTGTG
GTGAGTGOCTCA TG T ACGTGATCCATICTOC T TGGAT TGCCATGGTEC TECGTCTIGTG
GTGAGTGCCTCATGTCACGTGATCCATTCTCCTIGGATTGUCATGETGC TEEGTCTTGTS
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129



Human_D
Human_CE
Chimpanzee 1
Chimpanzee_2
Gorilla 1

Human D
Human CE
Chimpanzee 1
Chimpanzee 2
Gorilla 1
Gorilla 2
Cem 1

Cem 2

Fhm 1

node_a
node b
nede ¢
node d
node e
node f
node g

Human D
Human CE
Chimpanzee 1
Chimpanzee 2
Gorilla 1
Gorilla 2
Cem 1

Cem 2

Fhm 1

node a
node b
node &
node_d
node e
node £
node g

Human_D
Human CE
Chimpanzee 1
Chimpanzee 2
Gorilla 1
Gorilla 2
Cem 1

Cem 2

Rhm_1

node_a
node b
nede ¢
node_d
node e
node f
node g

GCTGGGCTGATCTCCGTCGGGGEGAGCCARGTACCTGOCGGGETGT TGTARCOGAGTGCTG
GCTGGGCTIGATCTCCATCGGGEGGAGCCARGTGLCTGLOGGTGTGT TGTARCCGAGTGCTG
GUTGGECTEA T TCC G TCGEEEEAGCCARCTACTTEGOCEEGETETTETAACCGAGTECTE
GOTGGGECTEATC TCCATCGGEGGEAGCCAAGTGCGGECCGHGETET TG TAACCGAGTGC TS
GUTGEECTEATCTCCATCGGEGGAGCCARGTGCCTGCOGOGETETTGTAACCGAGTGCTG
GTGEGECTEATCTCCATCGGEGGAGCCARGTGCCTGOCGGGETGT TG TAMCCGAGTECTG
GUTGEGECTEATCTCCTTCGGEGGAGCCARGTGCCTGCOGGTGTGTTTTAACOGAGTGCTG
GUTGGGCTGATCTCC TTCGGEEEEAGCCARGTGLCTGLOGETGTGT T T TAACCGAGTGCTG
GUTGEGECTEATC TCCATCGGEGEAGCCARGTGCCTOCOGGTGTETTITARCOGAGTGCTG
GCTGEECTEATC TCCATCGGEGGAGCCARGTGCCTGCOGGGETGTTGTAACCGAGTGCTG
GCTGGGCTGATCTCCATCGGEEEAGCCAAGTGLCTGLOGGGETGTTGTAACCGAGTGCTG
GCTGEECTGATCTCCETCGGEEGAGCCAAGTACCTGCCGGGEGTGTIGTARCCGAGTGCTG
GCTGEECTEATCTCCATCGGEGEEAGCCANGTGCCTECCGGGETGT TG TARCCGAGTGCTG
GCTGEECTGATC TCCATCGGEEEAGCCARG T GCCTEIOGGGETGT TGTARCCGAGTGCTG
GoTGEECTGATC TCCATCGGGEEAGLCAAGTGCCTECOGG TG TGTTTTARCCGAGTGCTG
GOTGEGECTGATC TCC TTCGGEGEAGCCAAGTGCCTGCOGGTGTGT TTTAACCGAGTGC TG

EE R E R R A A A AR FE AFhd A SRR W wwhEE Fhkwhkh kR EkdEw b dod R oA

GEGATTCCCCACAGC TCCATCATGGGC TACARCT TCAGCTTGCTGGGTCTGCTTGGAGAG
GGGATTCACCACATC TCOGT CATGCACTCCATC T TCAGCTIGC TEEETCTCC T TEEAGRG
GGEATTCCOCACAGC TCCGTCATGGGCTACAACT TCAGCTTGC TGGGTCTGCT TGGAGAG
GGGATTCCCGRCAGC TCCGTCATGCACTACAACT TCAGCTTGC TGGGTCTGCT TGGAGAG
GGGATTCATGACAGC TCOGTCATGCACTACAACTTCAGC T TGCTGEGTCTGCTTGRAGAG
GGGATTCATCACACC TCOGTCATGCACTACAACT TCAGCT TG TEGGTCTGC T TGEAGAG
GGGATTCACGAGAGCCACAGCATECACTACARCCTTCGEC TTGCCGGCTCTGCTTGEAGAS
GGEEATTCACGAGAGCCACRGCATGCACTACACCT TCGGCT TGCCGEGTCTGCTTGGEAGAS
GGGATTCACGAGAGCCACAGCGTGCACTACRCC T TCGGCT TGCCGGCTCTGCTTGGAGHG
GEEATTCACGRCAGCTCCGTCATGCACTACAACT TCAGCTTGC TGGGTCTGCTTGGAGAG
GGEATTCACGACAGC TCOGTCATGCACTACAACT TCAGCTTGC TGGGTCTGCT TGGAGAS
GGGATTCCOCACAGC TCOGTCATGGOCTACAACT TCAGC T TGC TGGETCTGCT TGGAGAS
GGGATTCACGACAGC TCCGTCATGCACTACAACT TCAGC T TGCTGEETC TGCT TGEAGAG
GGGATTCACGACAGC TCCGTCATGCACTACAACT TCAGCT TGC T GGG TCTGCT TGGAGAG
GEGATICACGAGAGCCACAGCATGCACTACACCT TCGECT TGCCEECTCTGCTTGEAGAG
GGGATTCACGAGAGCCACAGCATECACTACACCT TCGECT TECCEECTCTGCT TGGAGAG

LA & & S 8 3 w« * & * * & Ek Ekk AEhRE EERETRETF A hAhkdhErEkEEhkbwkEE R

ATCATCTACATTGTGC TGO TGETGC T TGATACCG TOGGAGCCGGCAATGGIATGATTGGC
ATCACCTACATTGTGCTGCTGETGCT TCATACTG TCTGGAMCGECANTGGCATGATTGET
ATCATCTACATTGTGCTGCTGETGCTTGATACCG TOGGAGCCGECANTGGCATGATTGEC
ATCATCTACATTGIGC TR TGETGCCTCATACCGTC TGERACGGCAATGGCATGATTGGEC
ATCACCTACATTGTGCTGATGETGC TTCATACCG TCTGGEC TEGC AN TGECATGHNNNINNN
ATCATCTACATIGTACTGCTGGTGCTTGATACCG TCGGAGCCGGC AR TGGCAT GHNNNNN
ATCACCTACATIG TG TRATGECGU T TG TR TCT TCTGEGUCAGCAGTAACATGATCGEC
ATCACCTACATTGTGCTGATGEGEECTTOG TG TCT TCTGGGCCAGCAGTARCATGATCGEC
ATCACCTACATTGTGCTGATGGCGCTTOG TG TCG TCTGEGCCAGCAGTARCATGATCGGC
ATCACCTACATTGTGCTGCTGGTGCTTCATACCG TCTGGGCOGGCAATGGCATGATTGGE
ATCATCTACATTG TG TGO TGGTGC TTGATACCG TCGEAGCCGECARTGGCATGATTGEC
ATCATCTACATIGTGCTGCTGOTGCTIGATACCG TCGGAGCCGECAATGGCATGATTGGEE
ATCACCTACATIGIGCTGCTOGGTGCTTCATACCGTCTGGGCCGLCAATGGCATGATTGRE
ATCACCTACATTG TG TR TEETGC TTCATACCG TC TCEAADGECAATGECATGATTEEC
ATCACCTACATIGTGCTGATGOCGLTTCG TG TOG TCTGGGOCAGCAGTARCATGATCGET
ATCACCTACATIGTGCTGATGELGCTTCGTGTCT TCTGGGOCAGCAGTARCATGATCOGEE

FExEkE whAFEFEEAF whkE dAhw R & . L kE ® o

TTCCAGGTCCTCCTCAGCAT TGGGGAACTCAGC T TGGCCATGGUGATAGCTCTCACGTCT
TTCCAGGTCCTCCTCAGCATTOGEGAMC TCAGCT TGGCCATCGTGATAGCTCTCACGTCT
TTCCAGETCCTCCTCC GO AT TERGERAT TCAGC T TEECCACGACGATAGCTCTCACGTCT
TTCCAGETOCTCCTCAGEATGEGEEAACTCAGC T TGGCCATCGLGATAGCTCTCACGTCT
MM NN NN TCAGCAC TEGGEGARC TCAGC T TEGCCTIGGCGATAGC TGTCACGTCT
NENNNNNNNNMNN TCAGCAT TOGGEAAC TCAGC T TGGCCATCGTGATAGCTCTCACGTCT
TTCCAGGTCCTTC TCAGC A TGGGRACAC TCAGCT TGGCCATGGCGATGAGTATCACATCT
TTCCAGGTCCTICTCAGCAC TGEGACACTCAGC T TGGCCATGRCGATGAGTATCACATCT
TTCCAGGTOCTICTICAGCACTGGEACKC TCAGCTTGGCCATGECGATGAGTATCACATCT
TTCCAGGTCCTCCTCRAGCATTGGEGAAC TCAGCT TGGCCATGGCGATAGCTCTCACGTCT
TTCCAGGTCCTCCTCAGCAT TGEEGAM TCAGC T TGGCCATGECGATAGC TCTCACGTCT
TTCCAGGTOCTCCTCAGCAT TGGGGAAC TCAGC T TGGCCATGGCGATAGC TCTCACGTCT
TTCCAGGTCCTCCTCAGCAT TGGGGARACTCAGC TTGGCCATGGCGATAGC TCTCACGTCT
TTCCAGGTCCTCC TCAGC AT TGEEGAACTCAGC T TGGCCATCGCGATAGCTCTCACGTCT
TTCCAGGTCC T T TCAGC AL TGEGACACTCAGC TTEGCCATGGCGATCGAGTATCACATCT
TTCCAGGTCC T TC TCAGCAC TGGGRACACTCAGCTTGGCCATGGCGATGAGTATCACATCT
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GGTCTCCTGACAGGT TTEC TCCTARATC T TARRA TATGEARGCACCTCATGAGGC TARA
GGTCTCCTEACAGGT TTGCTCCTAAATCTCAAAA TATGGAANGC ACCTCATGTGGC TARA
GGTCTCCTGACACGTTTEC TCCTARATCT TARAA TATGEAAAGCACCTCATGAGGC TARR
GEICTCCTGACAGGT TTGC TCCTARATCTCAMAN TATGGAMGCACCTCATGTGGCTARA
GEICTCCTGACAGGTTTGC TCCTARATCTCAARATATGGAARGCACCTCATGTGGC TAAR
GEIC T TGACAGGT T TG TCCTARATCTTAAAN TATGOAMAGCACCTCATGCGGC TARA
GETCTCCTEACAGGTTTGC TTCTARATC TCAARA TATGGAMAGGACCTCATGTGGC TARA
GETCTCCTGACAGGT TTGCTTCTARATC TCAAAATATGGAAAGGACCTCATGTGECTARA
GETCTCCTEACAGET TTGC TICTARATCTCAAAA TATGGAAAGGACCTCATGTGRCTARA
GETCTCCTEACAGET TTCC TCC TARATCTCARMATATGEAAAGCACCTCATGTGECTARR
GETCTCCTGACAGET TTGC TCCTARATC T TAARATATGGAAAGCACCTCATGTGECTARA
GGTCTCCTGACAGGTTIGCTCCTARATCT TARMATATGGAAAGCACCTCATGAGGCTARA
GETCTCCTGACAGET TTGCTCCTARATCTCARAAATATGGARAGCACCTCATGTGECTARA
GGTCTCCTGACAGGT TTGCTCCTARATCTCAARATATGGAARGCACCTCATGTGCCTARA
GETCTCCTEACAGET TTGCTTICTARATC TCAARA TATGGAMAGGACCTCATGTGECTARA
GETCTCCTGACAGETTTGCTTCTARATCTCAAAA TATGGAAAGGACCTCATGTGGCTARA

WAk E R RF A A A EFEF A bbb drddwdRkd wdh kTR d bbb bR dhhwdh ok dd k&R

TAT TTTGATGACCAMGT T TTCTGGAAGTTICCTCATTITGGCTGTTGGATTT
TATTTTGATGACCAAGT TTTCTGGAAGTTICCTCATTTGGC TG TTGGATTT
TATTTTGATGACCANG T T TTCTGGAAGTTICCTCATTTGGCTGTTGGATTT
TATTCTGATGACCARGTITTCIGGAAGTTTCCTCATTTGGCTGTTGGATTT
TATTTTGATGACCAAGTTTTCTGGAAGTTICCTCATTTGGCTGTTGGATTT
TATTTTGATGACCAMGTTTTCTGGAAGT T ICCTCATTIGGCTGTIGGATTT
TATTTTGATGACCAMGCCTTC TGGGAGTTTCCTCATTTGGCTGTIGGATTT
TATTTTGATGACCAMGCCTTCTGEGAGTITCCTCATTTGGCTGTIGGATTT
TATTTTGATGACCAMGCCTTCTGEGAGTITCCTCATTTGECTIGTTGGATTT
TATTTTGATGACCAMGTTTTC TEERAGT TTCCTCATTTGRCIGTTGGATTT
TATTTTGATGACCARGTTTTCTGERAAGTTTCCTCATTTGGCTGTTGGATTT
TATTTTGATGARCCARGTTT TCTGGAMGTTTCCTCATTTEGGCTGTTGGATTT
TATTTTGATGACCAAGTTTTCTGEARGTITCCTCATTTGEC TG TTGGATTT
TATTITGATGRACCAAGTITTCTGGAAGTITCCTCATTTGECTGTTGGATTT
TATTTTGATGACCAMGCCTTCTGEGAGT TTCCTCATTIGECTGTTGGATTT
TATTTTGATGACCAAGCCTTCTGGGAGTTTCCTCATTTGECTGTTGGATTT

kI E A RE R Ak Aok E kA Ak E TERERFAA A A EE Rk AR A kAo oh
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(B) Non-converted and ancestral sequences for tree B
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ATGAGCTCTAASTACCCOCGETCTGICCOGOGETGCCTRCCCCTCTGOGCCCTAACACTG
ATGAGC TCTARGTACCOGCGETCTGTCCGECEC TGCCTEOCCCTCTEEECCCTARCACTG
ATGAGCTCTARGTACCCGCGETCTGTCCGRURCTGCCTGCCCCTCTGLGCCCTARCACTG
ATGAGCTCTAAGTACCCGCGSTCTGTCCOGTGCTGCCTGCCCCTCTGOGCCCTARCACTS
ATGAGCTCTARGTACCCGCGETCTGTCCGLETGETGOCTGLCCCTCTGLGCCCTARCACTG
ATGAGCTCTARGTACCCGCGETCTGTCCGGTGL TGO TGOCCCTCTGLGCCCTANCACTG
ATGAGCTCTARGTACCCGCGETC TG TCCGET G TGO TR CCCTCTGEGCCCTARCTCTG
ATGAGCTCTAAGTACCCGCGETCTGTCCGGT G TEOCTGLCCCTC TGLGCCCTARCTCTG
ATGAGCTCTARGTACCCGCGETCTGTCCGETGCTGCCTGCCCCTCTGEGCCCTANCACTG
ATGAGCTCTARGTACCCGCGETC TG TCOGE TG TGO TGUCCCTCTGEGOCCTARCACTG
ATGAGCTCTAAGTACCCGCGETC TG TOCGGTGU TGO TRCCCCTCTGCGCCCTAACACTG
ATGAGCTCTAAGTACCCGCGETCTGTCOGETGCTGCCTGCCCCTCTGCGCCCTANCACTG
ATGAGC TCTARGTACCCGUGETC TG TCOGECGC TGO TEUCCCTC TGCGLCCTARCACTG
ATGAGCTCTAAGTACCCGCGETCTGTCOGETGUTGOCTGCCCCTCTGCGCCCTARCACTG
ATGAGCTCTAAGTACCCGCGETC TG TCOGGTGCTGOC TECCCCTCTGGGCCCTARCACTG
ATGAGCTCTARGTACCCGCGETCTGTCOGGTGC TGOS TGO CCCTCTGEGCCCTAMCTCTG

FEE bbb A AR AR AR R R Rkl AR R kR R R R dRERER R R RE R

GARGCAGCTCTCATICTCCTCTTCTATT T TT TTACCCAC TACGACGCTTCCTTAGRGGAT
GAAGCAGCTCTCATTCTCCTCTTCTATT TITTTACCCACTATGACGCTTCCT TAGRGGAT
GARGCAGCTCTCAT T CTCCTCT TCTATT T T T TTACCCAGTACGATGCTTCCTTAGAGGAT
GRAGCAGCTCTCAT T TOCTC T IO TATT T I T T TACCCACTACGACGCTTCCTTAGAGGAT
GARGCAGCTCTCATICTCCTCTICTATITITITACCCACTACGACGCTTCCTTAGAGGAT
GAAGCAGCTCTCACTCTCCTCTTCTATTTITTTACCCACTACGACGCTTCCTTAGAGGAT
GARGCAGCTCTCATTCTCCTCTICTTITT ITTITACC TACTACGACGC TTCCTTAGAGGAT
GARGCACCTCTCAT TCTCCTC T TC T TITT ITT TACCTACTACGACGC T TCCTTAGAGGAT
GARGCAGCTCTCATTCTCC T TTC T TI T T TTTTACCTAC TACGACGC T TCCTTAGAGGAT
GAAGCAGCTCTCATTCTCCTCTICTATTITTTTACCCACTACGACGCTTCCTTAGAGGAT
GAAGCAGCTCTCATTCTCCTCTTCTATTTTITTTACCCACTACGACGCTTCCTTAGAGGAT
GARGCAGCTCTCATTCTCC T TICTATT I T T T TACCCAC TACGACGCTTCCTTAGAGGAT
GARGCAGCTCTCATTCTCCTCTTICTATTTTITTACCCACTACGACGCTTCCTTAGAGGAT
GARGCAGCTCTCATTCTCCTCTTCTATTITITTACCCACTACGACGCTTCCTTAGRGGAT
GARGCAGCTCTCATTCTCCTCTTCTTITITITTACCTACTACGACGCTTCCTTAGAGGAT
GAAGCAGCTCTCATTCTCCTCTTCTTTT T T I TTACCTAC TACGACGC TTCCTTAGAGGAT

EHAFGTTATARRTEST FAATAATTTES AR TR AR ddE 8 d ew whrhdddrRhErw ey

CARARGGOGC TCGTGGCATCCTATCAMGT TGGCCAAGATC TGACCGTGATGECGGCCATT
CARAAGGCECTCG TG ATCCTATCAAGTOGGCCAAGATC TGACCSTGATGGCGGCCCTT
CARARGEEECTCGTGECATCCTATCARGT TGGCCARGATC TGACCGTGATGGOGGCCATT
CARARGGGGC TOGTGGCGTCCTATCARGT TGGCCAAGATC TGACCGTGATGGCGGCCATT
CAAARGGGGUTCGTGGCATCCTATCAAGT TGGCCAAGATC TGACCGTGATGGCGGCCATT
CARAAGGEGCTCGTGECATCC TATCAAGT TGGCCAAGATC TGACCGTGATGGCGGCCATT
CARAMGGGGCTOGTEGCGTCC TATCARGTCTGCCARGATC TGACCGTGATGGCGGTCCTT
CARARGGGECTCGTGGUGTOCTATCAAGTC TGO AAGATC TGACCGTGATGGCGETCCTT
CAAAR GGEECTCG TG TOCTATCAAGTCTGCC AAGATC TGACCGTGATGECGGTCCTT
CAAARGGEGCTCGTGGCATCCTATCARGTCGGCCAMGATC TGACCGTGATGGCGECCCTT
CARARGGGECTCGTGGCATCCTATCAAGT TGGCC AMGATC TGACCGTGATGGCGGCCATT
CARAMGGGECTCOTGOCATCC TATCARGT TGECCARGATC TGACCETGATGECGECCATT
CAAPMGGEEC TCGTGGCATCCTATCAAGT TGGOC ARGATC TGACCGTGATGGCGGOCATT
CAAAAGGGECTCETGECATCCTATCAAGT TGO ARGATC TGACCEGTGATGGOGGCCATT
CARARGGEGCTCETEGCETCCTATCARGTCTGCOARGATCTGACCGTGATGLOGETCCTT
CAAMAGGEGCTCGTGGCGTCCTATCAAGTCTGCC ARGATC TGACCGTGATGECGGTCCTT
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GGCTIGEGCTTCCTCACCTOGAGT T TCCGGAGATACAGC TGGAGCAGTGTGGCCTTCARG
GECTTGGGCTTCCTCACCTCARRT T TCCGGAGACACAGC T GEAGCAGTGTGGCCTTCANS
GGCTTTGECTTCC T TACC TOGAGT TTCCGGAGRC ACAGC TERAGCAGTETGRCCTTCAGT
GGCTTTGGCTTCCTCACCTOGAGT TTCCGGAGATACAGC TEGAGCAGTGTEGCCTTCAAC
GECTTTGGCTTCCTCACCTCGAGT T TCCGGAGACACAGCTEGAGCAGTGTGGLCTTCARS
GGCTTTGECTTCCTCACC TOGAGTT TCCGGRGATACAGCTEGAGCAGTGTGECCTTCAAS
GGCTTGGGCTTCTTCACCTCGAATT TGCGGAGARACAGCTOEAGCAGTGTGGCCTICAMS
GOCTTGGGCTTCTTCACCTOGAAT T TGOGGAGAAACAGCTGEAGCAGTGTGGCCTTCARS
GOCTTGGECTTCTTCACCTCGAATT TGCGGAGARACAGCTGGAGCAGTGTGGCCTTCARC
GGCTTGGGCTTCCTCACCTCGART T TCCGGAGACACAGCTGEAGCAGTGTGGCCTTCAAC
GOCTTTGGCTTCCTCACCTOGAGT T TCCGEAGRC ACAGCTGEGRAGCAGTGTGGCCTTCARC
GGCTTTGECTTCCTCACCTCGAGTT TCCGGAGAC ACAGC TOGAGCAGTGTGGCCTTCART
GECTTIGECTTCCTCACCTOGAGT T TCCGGAGA T ACAGC TGGAGCAGTGTGECCTTCARC
GGCTTTGGCTTCCTCACCTOGAGT T TCCGGAGAC ACAGCTGEAGCAGTGTGGCCTTCAAC
GGCTTGGGCTTCT TCACCTOGART T TGCGGAGRAACAGCTGGAGCAGTGTGGCCTTCARC
GGCTTGGECTTCTTCACC TOGAAT T TGCGEAGARACAGC TEGAGCAGTGTGECCTTCAAC

ek W R * WEEANE hF Ewd Wk R wAEkEmEEIEAAAEE A A AAEEE AR b

CTCTTCATGCTGGCGC T TG TG TGCAGTGGEEAATCCTRC TGGACGGCTTOCTGAGCCAG
CTCTTCATGC TEGCGC T TGETGTGCAGTGEGCAATCC TG TGGACGGC TTCCTGAGCCAG
CTCTTCATGCTGGCGC T TG TG TGCAGTGGEEAATTC TEC TEGACGGC TTCCTGAGCCAG
CTCTTCATGC TGGCGCTTGETETECAGTGEECAATCCTEC TEGACGGC TTCCTGRGCCAG
CICTTCATGC TGGC G T ToG TG TGCAGT GGG AR TCC TEC TEGACGEC TTCCTGAGCCAG
CTCTTCATGCTGGC G T TG TG TGUAGTGEECAATCC TG TEEACGEC TICCTEAGUCAG
CTCTTCCTRCIGGCGCTTGETGTGCAGT GG AATCCTGC TGGACGGCTTCCTGAGCCAG
CTCT T TG TCGOGC TT GG TG TGCAGT GG AR TCC TG TGEACGGC TTCCTGAGLCAG
CTCTTCC TGO TGGCCCTTGGTETGCAGTGEGCAATCCTGC TGGACGGC TTCCTGAGCCAG
CTCTTCATGC TEGCGCTTGETGTECAGTGEECAATOC TG TEGACGEC TTCCTGAGCCAG
CTCTTCATGC TOGOGCTTGETGTOCAGTGEGCAATOCTGC IGGRACGGC TTCCTGAGCCAG
CICTTCATGC TEGCGCTI GG TG TG CAGTGEGCAATCC TG TGGRCGGC TTCCTGAGCCAG
CTCTTCATGC TEGCGC TIGGTETGCAGTEEGCARATCC TECTEERCGGC TTCCTGAGCCAG
CTCTTCATGC TOGOGC T TGGTGTGCAGTGEGCAATCC TGC TGGACGGC TTCCTGAGCCNG
CTCTTOC TGC TR T TG TG T AG TGEECAA TCC TGO TGCACGEU TTCCTGAGLECAG
CTCTTCCTGCTGGCGL TIGG TG TECAGTEEECAATCC TGO TGGACGGC TTCCTGAGCCAG

kg akd AEEE kW AR ERS N RERE R R R SR b E Rl R o

TTCCCT T TGEGAAGGTGETCATCACACTETTCAGTATTCGECTGECCACCATGAGTGET
TTCCCTCCTGGOAMGGTGGTCATCACAC TG TTCAGTATTCGGC TGGCCACCATGAGTGET
TTCCCTCCTGGGAAGGTGGTCATCACACTGT TCAGTATTCGEC TGGCCACCACGAGTGET
TTOCC T TGEGARGGTEETCATCACACTETTCAGTATTCGGC TGECCACCACGAGTGCT
TTCCCTCCTGGGAAGETGGTCATCACACTGT TCAGTATTCGGC TGGCCACCATGAGTGET
TTCCCTCCTEGGARGE TG TCATCACAC TG TTCAGTATTCGGCTEGCCACCATGAGTGCT
TTCTCTCCTGGGAAGGTGETCATCARACTGTTCAGTATTCGGCTGGOCACCAGGAGCACT
TTCTCTCCTGGEAAGGTGGTCATCARACTGT TCAGTATICGECTGGOCACCAGGAGCACT
T T e TGREEAAGG TG CATCARAC TG T TCAGTATTCGEC TGO ACCAGGAGCACT
TICCCTCCTGGGAAGGTGGTCATCACACTGT TCAGTATICGGC TGGOCACCATGAGTGCT
T T CCTGEERAGGTGETCATCACACTGT TCAGTAT TCGECTGECACCATGAGTGCT
TICCCTCCTEEGAAGETGGTCATCACACTGTTCAGTATTCGGCTGECCACCATGAGTGET
TTCCCTCCTGGGARGGTGGTCATCACACTGT TCAGTATTCGGC TGGOCACCATGAGTGCT
T T TEEERAGGTGGTCATCACACTGT T AGTATTCGECTREOCACCATGRGTGCT
TICTCTCCTGGGAAGGTGGTCATCARMCTGT TCAGTATTCGGC TGGOCACCAGGAGCACT
TICTCTCCTGEGERAGGTGGTCATCARACTGT TCAGTATTCGGCTEECCACCAGGAGCACT

WhE W EERERFEREEANEGE AEERF FRRAAAAE AT AAT A A TAAAAANETT wohw W

TG GG TG TGATC TCAGT GGATGC TG T T TGGGEAAGE TCARC TTGGCGCAGTIGGETG
ATGTCEGTGCTEATC TCAGCGGG TGO TGTCCTGGGGANGG TCARC TTGGTGCAGT TGGETG
T ARG TR AT TCA G TGEAT G T TCT TEGGEAAGE TCAACTTGETGCAGTTGETE
TTGTCGGTECTGATC TCAGCGGETECTGTCC TEGGETACG TCAAC TTGGTGCAGTIGGTG
TTGTCGETCCTGATC TCAGCGEETGCTETCC TGGEETACGTCARC TTGETGCAGTIGETG
TIGTCGETGCTGATC TCAGCGGE TG TG TCCTGGGGARGG TCARCTTGGTGCAGTTIGETG
ACGTCGATGC TGATC TCAATGARTGC TG T OO TGGGGAAGE TCAAC TTGEOGCAGT TGETG
ACGTCGATGCTGATCTCAATGAATGC TETCC TGGEGAAGE TCARCTTGGTGCAGTTEGETG
ATGTCGATECTEATCTCAATGAATGCTGTCCTGGGGAAGETCARCTTGGTGCAGTIGGTG
ATGTCGGETEC TGATC TCAGCGEETGCTGTCCTGGGEANGETCARCTTGGTGCAGTTGETG
TTGTCGGIGC TEATC TCAGCGGGTGC TGTCCTGGGGAAGE TCARC TTGGTGCAGT TGGTG
TG TCGGETGC TGATC TCAGC GGG TG TETCCTGEEEAAGETCAACTTGETGCAGTTGETG
TIGTCGETGC TGATCTCAGTGGATGC TETC T TGGGGARGG TCARC TTGGTGCAGTTGETG
TIGTCGGTGC TEATC TCAGCGECTEC TETCUTEGGEETACGTCARC TTGETGCAGTTIGETG
ATGTCEATGC TGATC TCAATGRATGC TGTCC TGGGGARGE TCARC TTGGTGCAGTTGGTG
ACGTCGATGCTGATC TCAATGRATGC TGTCCTGGGEARGETCARCTIGGTGCAGTTGETG
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GIGATGE TG TEGTGEAGETCACAGC TT TAGGCARCCTEAGGATGETCATCAGTAATATC
GIGATGETGCTGETGGAGGTGACAGC T T TAGGCACCATGAGEATGGTCATCAGTARTATC
GTEATEETECTEETEERGGTGACAGCTT TAGGCACCETGAGEATGETCATCAGTARTATC
GTGATGETGCTGOTGGAGGTGACAGCTT TAGGCACCATGAGGATGGTCATCAGTAATATC
GTGATGGETGCTGETRGAGGTGACAGCTTTAGGCACCATGAGGATGCTCATCAGTAATATC
GIGATGGETECTEETGEAGGTGACAGC TTTAGGCACCATGAGEATGETCATCAGTARTATC
GTGATGGEAGCTEETEGAGC TEACAGTCTTTGGCACCATGAGEATAGTCATCTATAATATC
GTGATGEAGC TGETGGAGC TGACAGTCTTTGGCACCATGAGGATAGTCATCTATARTATC
GTGATGORGC TEETGEOAGC TGACAGTCTTTGGCACCATGAGGATAGTCATCAATARTATC
GIGATGGTGCTGETGGAGGTGACAGE TTTAGGCACCATGAGGATGGTCATCAGTAARTATC
GTGATGGTEC TEETEEAGETGACAGC T T TAGGCACCATGAGGATGE TCATCAGTARTATC
GTGATGETGC TGGETGGAGETGACAGCTT TAGGCACCATGAGGATGGTCATCAGTAATATC
GTGATGGTGCTGETEGAGETGRACAGC TTTAGGCACCATGAGGATGGTCATCAGTAATATC
GIGATGGTGC TEETEGAGETGACAGCTT TAGGCACCATGAGGATGETCATCAGTAATATC
GTGATGGAGC TGGTGGAGCTGACAGTCTTTGGCACCATGAGGATAGTCATCARTARTATC
GTGATGGAGC TGETGGAGC TGACAGTCTTTGGCACCATGAGGATAGTCATCTATAATATC

hhkEkEErAhdh AEhdEEEEEhE AEREwE ol ok W W Rk R kW d R LR A R

TTCARCACAGRCTACCACATGAACATGATGCACATCTACGTGTICGOAGCCTATTTTGEG
TTCARCRCAGRAC TACCACATGAACCTCAGGCACT TCTACGTGTTCGCAGCCTATTTTGGE
TTCAATACAGRC TACCACATGAACCTGATGCACATCTACGTGTTIGCAGCCTATTTIGSS
TTCARCACAGAC TACCACATGARCATGATGCACTTCTACCTGTTCACAGCCTATITTCES
TTCARCACAGACTACCACATGARCATGACGCACT TICTACCTEGTTCGCAGCCTATTITGGG
TTCAACACAGACTACCACATOARCATGATGCACATCTACGTGTTCGCAGCCTGTTTTONG
TTCAAMATAGRCTACGGCATGARCATGATGCACATCCACGTGTTCGCAGCCTATTTTIGES
TTCAAMATAGACTACGGCATGANCATGATGCACATCCACCTGT ICGCAGCCTATTTTESEE
TTCARRATAGRCTACGGCATGARCATGATGCACA TCCACGTGTTCGCAGCCTATTIT TGS
TTCARCACAGRCTACCACATGAACATGATGCACT TCTACGTGT ICGCAGRCTATTTICEG
TTCAACRCAGACTACCACATGARCATGATGCACT TCTACGTGTTCGCAGCCTATTITGEG
TTCARCRCRGAC TACCACATGARCATGATGCACATCTACGTGTICGCAGLCTATTTTGGG
TTCAARCACAGACTACCACATGARCATGATGCACATCTACGTGTTCGCAGCCTATTTTGGEG
TTCARCACAGACTACCACATGARCATGATGCACT TCTACGTGTTCGCAGCCTATTTTGES
TTCARAATAGACTACGECATGAACATGATGCACATOCACGTGT TCGCAGCCTATTTTGGG
TTCAAAARTAGACTACGECATGAACATGATGCACATCCACGTGTTCGCAGCCTATITIGEE

A drhkh ok ko R b rh A Ak d wwE whkwAd kW EE R ek oWl oW R il ok W W

CTGTCTGIGECC TG TG CTGCCARAGCCTC TAC COGAGGGAR CGGAGGATARAGATCAG
CTEACTGTGECCTGETECCTGCCARRGCC TCTACCCARGEGARCGGAGGATAATGATCAG
CTGTCTGTGRCCTGETECC TGCCARAGCC TC TACCCARGGGANCGONGGATAANGATCAG
GIGACTGTGECCTGE TR CTGOCARAGCC TCTACCOGACG TARAGGAGGATAARGATCAG
GTGACTGTGGCCTGO TOCCTGCCARAGCC TCTACCOGACATARRAGGAGGATAAMGATCAG
CTEICTGTEECCTEGE TECTEGCCARAGCCTC TAGCCARGEGARCGEAGGATARAGATCAG
CTGACTGTGGCC TGO TOCCTGOCARAGCC TCTAC CCANGGGAACAGASGATAAATATCAG
CTGACTGTGGCCTGETGCCTGOCARAGCC TCTAC CCANGGGARCAGAGGATARATATCAG
CTGRACTGTGGCC TG TECCTGOCARAGCC TC TAC COARGEEAACAGAGGATARATATCAG
CTGACTGTGGECC TGO TEECTGCCARAGOC TCTACCCARAGGEANCGEAGGATARAGATCAG
CTGACTGTGECCTGETGECTGOCARAGCC TCTACCCARGGGANCGGAGGATARAGRTCAG
CTGICTGTGGCC TG TGCCTGOCARAGCC TCTACCCAAGGGAACGGAGGATARAGRTCAG
CTGTCTGTGGOC TG TGCCTFOCARAGLC TCTAC CCARMGGGAACGGAGGATARAGATCAG
GTGACTCTGGOCTEETGCCTECCARAGCC ICTACCCGACCTAARGGAGGATARAGATCRG
CTEACTOTGGOC TGO TGCCTOOCARAGCC TCTACCCAMGGGAACAGAGGATARATATCAG
CTGACTGTGGCCTGETGCC TGO ARAGCC TCTACCCARGGGAACAGAGGATARATATCAG

& EhkwrddREhRT AR EEA VRV RI R RN AR e LA LEEEE LSS LSS

ACRGCAACGATACCCAGTTTGTCTGCCATGCTGGGCGLCCTCTICTIIGTGGATGTICTGS
AGRGCAACGATACCCAGTTTGTCTGOCATGC TEGECGCCCTOTICTTGTEEATGTICTGE
ATAGCAMGATACCCAGTTTGTC TGCCATGCTCGECGCCCTCTTCTIGTGRATGTICTIGG
ATAGCARMCGATACCCAGTTTGTCTGOCAT G TROGOGCOC TCTICT TG TRGATSTTCTGE
ATAGCAACGATACCCAGTTTGTCTGCCATGCTGGGCACCCTCTICTTIGTGGATGTIC TGS
ACAGCAMCGATACCCAGT TTGTC TGCCATGCTGGGOGCOC TCTTCTTGTGGATGTTCTGS
RCANRC RACGAGCCCCAGTTTGTTTGCCATGCTEGGECACCCTCTICTTGTEGATGTTCTGG
ACARCRACGAGCCCCAGTTIGTTTGCCATGCTRGGCACCCTCTTICTTIGTGGATGTICTGS
ACAA AR GAGCCCCAGT TTGTITGCCATGC TG GCACCC TCTICTIGTGEATGTITCTGS
ACRGCAACGATACCCAGTTTGTCTEOCATGC TERGCGCOCTCTICTTG TGEATGTICTGE
ACAGCAACGATACCCRAGTTTGTCTGOCATGC TEGOGCCCTCTTCTIGTGGATGTTCTGG
ACAGCAMCGRATACCCAGTTTGTC TECCATGC TGOGCGCCC TCTTCTTGTGGATGTICTGS
ACAGCAACGATACCCAGTTIGICTGUCATGCTERGCGCCCTCTTICTIGTGGATGTICTGE
ATAGCARCGATACCCAGTTIGTCTGCCATGCTGSGOGCCCTCTICTIGTGGATGTICTGG
ARCAN AR CGAGCCCCRGTTTGT I TGO CATGC TGGGCACCCTCTTCTTGTEEATGTTC TGS
ACAACARCGAGCCCCAGTTTGTITGCCATGCTEOGCACCCTCTTCTIGTGGATGTICTGG

W kW Fh T EEF kA E b EERA ARG T AT A A AR R EF R R R R R o o ik ok
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COAAGTTTCAARC TCTGCTC TGO TEAGARAGTCCAR TCGAARGGAMNGARTECCETGT TCARC
CCAAGTGTCARCTCTCCTC TGO TGAGAAG TOCAA TCCARAGGAAGAATGOCATGT TCARAC
CCAAGTTTCAAC TCT G T TR TEAGAA G TOCAA TCGAARCGARGAATGCCGTGTTCART
CCAAGT TTCAACT TG TC TGO TGAGAAG TCC AR TCGAARGGAAGARATGOCGTGTTCAAC
CCARGTTTCART TC TGO T TG TEAGAAGTCCARTCEAARGGAACAATGCCCTGTTCAAD
CoARGTTTCARC TCT G TC TG TGAGAAG TCCAA TCGAAAGGAAGARTGCCGTGTTCALL
AR TTTCAACTCTGCTC TGCTEC TARR TCCAATCGARACGRAACRATGCCCTCTTCAGT
CCANCTTTCAACTCTGCTC TGCTGC TAAA TCCAA TOGAAMGGAAGAATGCCGTGTTCAGT
CCARCTTTCARC TCTGCTCTGCTGC TARA TCCAATOGAAAGGAAGANC GCCGTGT TCAGT
CCANGTTTCARC TCTGCTCTGCTGAGAAGTCCAATCGAANGGARGRATGCCGTGT TCAAC
CCARGT TTCAAC TCTGCTC TECTEAGARG TCCAATCGAAMGGAAGAATGCCGTGTTCAAC
CCAAGTTTCAAC TCTGCTCTGCTGAGARG TCCAA TOGAAMGGARAGAR TGCCGTGTTCAAC
CCAAGTTTCAACTCTGC TCTGC TGAGAAG TCCAA TCGARAGGARGARATGCCGTGTTCAAC
CCARGTTTCARC TCTGCTCTGCTGAGARGTCCAATOGAARGGARGRATGCCGTGT TCARC
CCAACTTTCAAC TCTGCTC TGO TGCTARAR TCCAATCGARRGEAAGAATGCCGTGTTCAGT
CCAACTTTCAACTCTGCTC TGCTEC TARA TCCAATCGARAGEAAGAATGCCGTGTTCAGC

Hakkd & EEAE EEE wwwda e Sl Rk R R kW dERREERR e Wk R W

ACCTACTATGCTGTAGCAGTCAGCGTGGTGACAGCCATC TCAGGGTCATCCTTIGECTCAC
ACCTACTATGCTCTAGCAGTCAGTGTEETGACAGCCATC TCAGGGTCATCCTTGEC TCAC
ACCTACTATGCTGTAGCAGTCAGCGTGETGACAGCCATCTCAGGETCATCCTIGGCTCAC
ACCTACTATGCTC TAGCAGTCAGCGTEGTGACAGCCATCTCAGGGTCATCCTTIGECTCAL
ACCTACTATGCTCTAGCAGTCAGCGTGGTGACAGCCATC TCAGHNNNNNNNNNNRRININN
ACCTACTATGCTGTAGCAGTCAGEGTGETGACAGCCA TC TCAGHNNNNNNNNN NN
ACCTACTATGCTCTAGCAGTCAGCGCGGT TACAGCCATCTCAGTGTCATCCTTGGECTCAC
ACCTACTATGC TC TAGCAGTCAGCGUGET TACAGCCATCTCAGTGTCATCCTTGGLTCAC
ACCTACTATGCTCTAGCAGTCAGCGUGGT TACAGCCATCTCAGTGTCATCCTTGGECTCAC
ACCTACTATGCTCTAGCAGTCAGCGTGGTGACAGCCATCTCAGGGETCATCCTTGGCTCAC
ACCTACTATGCICTAGCAGTCAGCGTEETGACAGCCATCTCAGGGTCATCCTTGGCTCAS
ACCTRCTATGCTGTAGCAGTCAGCGTOGTGACAGCCATCTCAGGETCATCCTTGGCTCAL
ACCTACTATGCIGTAGCAGTCAGCGTGGTGACAGCCATCTCAGGGTCATCCTTGGCTCAC
ACCTACTATGCTCTAGCAGTCAGCGTGGTGACAGCCATCTCAGGETCATCCTTGGCTCAC
ACCTACTATGCTCTAGCAGTCAGCGOGET TACAGCCATCTCAGTGTCATCCTTGGCTCAC
ARCCTACTATGCTCTAGCAGTCAGCGUGET TACAGCCATCTCAGTGTCATCCTTGGCTCAC

EhEEE A A R E SRR R W EEE Ak FERREEEE R EE

COCCAAGGGAAGATCAGCARGAC TTATNNNNNNNNTGC GG TG T TGGCAGGRAGECGTGGCT
COCCAAAGGARAGATCAGCATGAC TTATNNNNNNNNTGC GG TET TGECAGEAGECETEGCT
CCCCAAGGGARGATCAGCATGAGT TATATGCACAATGCGG TGT TGGCNGGAGGCGTGECT
OO ARGGEARGATCAGCATGACT TATGTCCACAGTGCGE TET TGECAGGRGEOGTGECT
HN NN NN NN C A TGAC T TATA TGCACAATGCGE TG T TGECAGGRGEOGTGECT
NN NN NN NN ATGACT TATATGCACAATGCAG TCTTGGCAGGAGG TG TGGET
CCCCARRGGARGATCAACATGACT TATATGCCCARTGCAGGLTTEECAGGAGECGTEGCT
CCCOGRAGGARGATCAACATGACTTATATGCACAATECAGCGTTERCNGEGRGGOGTGETT
CCCGGAGGEARGATCARCATGACT TATATGCACAATGCAGCGTTGOCAGGRGEGTGTGECT
COCCARGEGAAGATCAGCATGAC T TATATGCACARTGOGE TG TTRGCAGGAGGLOGTGECT
CCCCARAGGGAAGATCAGCATGACT TATATGCACARTGOGETGTTGOCAGGRGECGTGEET
CCCCARGGGRAGATCAGCATGACTTATATGCACARTGOGGTGTTGECAGGRGGOGTGEET
CCCCARGOGAMGATCAGCATGACTTATATGCACAATGOGG TG T TEGCAGGAGECGTEEET
CCCCARGGGARGATCAGCATGRCTTATATGCACARTGCGETCTTGECAGGAGEIGTGGET
COCCGAGEEARMGATCANCATGACT TATATGCACAATGCAGCGT TEHCAGGAGECGTGEET
CCCCGARGGAAGATCANCATGACT TATATGCACARTGCAGCGT TGGCAGGAGECGTGEET

wE wW wEEE FEE W whkEmEkkhAEEEEE WA RE W

GIGEETACC TG TG T CTGA T O T TCCGTGEE TIGCCA TG TGO TGEETCTTGETSG
GTGGETACCTCETETCACCTGATCCCTICTCCGTGEC TTGCCATGETGC TGO ICTTGTG
GIGGETACCTCATGTCACCTGATCCCTTC TCCGTGEE TTGCCATGETGCTGGETCTTIGTG
GIGGETACCTCGTGTCACCTGATC O TTC TCCGTGEE TTGOCATGETGCTGGETCTTGTG
GTGGETACCTCATGTCACCTGATTACTICTCCGTGEC TTGCCATGETOCTGGETCTTETG
GTGGECTACCTCGTGTCACCTGRTCCCTTCTCCGTGGEC T TGCCATGETGCTCGGTCTTGTG
GTAGETGCCTCATGTCACGTGATCCATTCTCCTTGEATTEOCATGGTECTGEETCITETS
GIGAGTGCCTCATGTCACGTGATCCATTICTCCTTGGA T TGCCATGGTGCTGOGICITGTG
CTGAGTGCCTCATGTCACGTGATCCATTCTCCT TGRA T TGCCATGGTGCTAGETUTTGTG
GIGGETACC TG TG TCACCTEATCCCTIC TCCGTGRC TTGCCATGETECTGEETCTIGTG
GTGGETACCTCGTGTCACCTGATCCCTTCTCCGTGERC TTGCCATGETGCTGGGTCTTGTG
GIGGETACCTCOTGTCACCTGATCCCTICTCCG TG T TGCCATGGTGCTGEETCTIGTG
GTGEGTACCTCGTGTCACC TGATCOCTTC TCCGTGEC TTECCATGETGCTGEETCTTGTG
GTGEGETACCTCGTGTCACCTGATCCCTTCTCCGTGRC T TGCCATGETGCTGGETCTIGTG
GTeAGTGCCTCATGTCACGTGATCCATTC TCCTTGEATTCCCATGETOCTGGEICTTETG
GTGAGTGCCTCATGTCACGTGATCCATTICTCCTTGEAT TGOCATGETGCTGGETCTIGTG

- w whww EEERRAE A ww Ak Ak d T Ed HERAFAIAAAAEE bAoA
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node a
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node e
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GLTGEGCTEATC TCCGTCGGEEEAGCCAAGTACC TGOCGGGETGT TG TAACCGAGTGCTG
GCTGGECTGATCTCCATCGGEEGAGCCARGTGCCTGCCGGTGTGTTGTAMC CGAGTGCT G
GCTGGGCTGATC TCOGTCGEEEGAGCCAAGTACT TGOCGEEETGT TG TAM CGAGTGCTG
GUTGEECTGATC TCCATCGEEEERGCCARGTROGGECCGHRGETETTETARCOGAGTECTG
GCTGGGCTGATC TCCATCGGEGEAGCCARGTGCC TEOCGEGETGT TG TARCOGAGTGCTG
GCTGGGECTEATC TCCATCGGEGEAGCCARGTGCCTEOCGOGETET TG TAACOGAGTGC TG
GUTGGGCTGATCTOC TTCGGEGEAGCCARGTGCCTECCGGTGTGTTTTAACCGAGTGLTG
GCTGGECTEATCTCC TTCGEGEEAGCCARGTGCCTRCCGGTETGTTT TAACCGACTGCTG
GLTGEECTGATCTOCATCGGEEEAGCCAAGTGCCTGCOGETGTGTTTTAACCGAGTGCTG
GUTGGGECTEATCTOCATCGGGEEAGCCARGTGCCTECOGGTGTGT TG TARCCERGTECTE
GCTGGGCTGATC TOCATCGGGGGAGCCARGT GLCTGROGGEETET TG TAACCGAGTGCTG
GUTGGGECTGATCTOCATCGEEGEEAGCCARGTCCCTECCGOGETGTTGTAACCEAGTGETG
GCTGEGECTGATC TOOGTCGGGGEAGCCANGTACC TGO CGEEETGTTGTAACCGAGTGLTIG
GCTGGECTGATC TCCATCGEEEEAGCCARGTGCCTELCGEGETETTGTAACCGAGTGCTG
GUTGEGECTEATC TOCATCGGEGEAGCCARGTGCCTECOGETGTET TT TAACCGAGTGC TG
GCTGGECTGATCTCC TTCGGEGGAGCCANGTGCCTGCOGGTGTGTTT TAMCOGAGTGCTG

whkdkdF R bbb R EE oAbk d AR A AR E A E b b ok hd FhkEdd whkEdEkd bk

GGGATTCCCCACAGC TCCATCATGGGC TACAACT TCAGC T TGC TGGGTCTGC T IGGAGAG
GEGATTCACCACATC T G TCATGCACTCCATC T TCAGC T TGO TGGGTCTGCT TGEAGHKG
GGGATTCCCCRCAGC TCCGTCATGGGC TACARCT TCAGC T TGCTGGGTCTGCTIGGAGAG
GGGATTCCCGRCAGC TCCGTCATGCACTACAACT TCAGCTTGCTGGGTCTGCTIGGAGAG
GGGATTCATGACAGC TCCGTCATGCACTACARCT TCAGC T TG TGGGTCTGCTTGGAGAG
GEEATTCATGACAGC TCCGTCATGCACTACARCT TCAGCT TGC TGGGTCTGC T TGGAGAS
GGGATTCACGRGAGCCACAGCATGCACTACACCT TCGGCT TGCCGGCTCTGCT TGGAGAS
GEGAT TCACGRGAGCACAGCA TGO ACTACACCT TG T TGO OGEETCTRIT TGEAGAG
GEGATTCACGAGAGCCACAGCGTECACTACACCTTCGECTTGCCGECTCTGCTTGGAGAG
GEGATTCACGACAGCTCCGTCATGCACTACATCT TCAGCT TG TEEETC TG T TGERGAS
GGGATTCACGACAGC TCCGTCATGCACTACAAC T TCAGC T TGC TGGGTCTGCT TGEAGAS
GGGATTCACGACAGC TCCG TCATGCACTACAAC T TCAGC T TGO TGGGTC TG T TGGAGAS
GGGATTCCCCACAGC TCCGTCATGGGCTACARC T TCAGCT TGC TGGGTCTGC T TGGAGAS
GGGATTCACGRCAGC TCCGTCATGCACTACAACT TCAGC T TGCTGGGTC TGI T TGGRGAG
GGGATTCACGAGRGCCACAGCATGCACTACACCTTOGECT TGCCGEETC TEET TGEAGAG
GEGATTCACGAGAGCCACAGCATGCACTACACCT TOGGC T TGCCGGETC TG TTGGAGAG

i e ok ko o * * W Ak kb ok Wk W dr A oo i o o o o o o o

ATCATCTACAT TG TGC TG TEETEC T TEATACCG TCEGAGCCGGCARTGECATGATTGEE
ATCACCTACATTIGTGCTGCTGETGCTTCATACTG TCTGGARCGGCARTGGCATGATTGEC
ATCATCTACATTGTGCTGCTGETGC T TCATACCG TOGGAGCCGECAATGECATGATIGGC
ATCATCTACATTGTGCTGETGEIGCETCATACCGTICTEEAACGECARTGGCATGATTGEC
ATCACCTACATIGTGCTGATGETGC TTCATACCG TCTGGECTOEC AR TGEEAT GHINNNN
ATCATCTACATTGTACTECTGGTCC TTGATACCG TCGGAGCCEEC AN TGGCAT GHNNNMINT
ATCACCTACATIGTGC TEATGGCOCTTOGTGTCT TCTGGECCAGCAGTARCATGATCGGC
ATCACCTACATTGTGCTGATGGGECTTOGTGTCT TCTGGGCCAGCAGTARCATGATCGGE
ATCACCTACATIGIGC TGATGGECGCTTCG TG TCG TCTGGEOCAGCAGTAACATGATCGEC
ATCACCTACATTGIGCTGCTGOTGCTICATACCG TCTGGGOCGECAATGGCATGATTGRT
ATCATCTARCATIGTGCTGCTGGTGCTICATACCG TCTGEGCCGGCAATGGCATGATTGRT
ATCATCTACATIGTGCTGCTGETGCTICATACCG TCGGAGCCGECARTGGCATGATTGSE
ATCATCTACATIGTGCTCCTGETGCTTCATACCG TCGGAGCCGECAATGGCATGATTGEE
ATCATCTACATIGTGCTGETOGTGCTICATACCG TCTGEGCCGGCARTGGCATGATTGGE
ATCACCTRACATTGTGCTGATGRCGCTTCG TGTOG TCTGGGCCAGCAGTARCATGATCGGE
ATCACCTACATIGTGCTGATGGCGCTTOGTGTCT TCTGGGOCAGCAGTARCATGATCGGC

wEEE wwRwAEEERR wWERE EEE EE W W W W ok w W o

TTCCAGSTCCTCCTCAGCAT TERGGAACTCAGC T TGECCATCGTGATAGCTCTCACGTET
TTCCAGGTCCTCCTCAGCAT TEEEGAACTCAGC T TEGECCATCGTGATAGCTCTCACGTCT
TTCCAGETCCTCCTCOGCAT TOGEEART TCAGC T TGGCCACGACGATAGCTCTCACGTCT
TTCCAGETCCTCCTCAGCATGEGGEAACTCAGCT TGGCCATCGCGATAGCTCTCACGTCT
NN NN T CAGCAC TEEEEAACTCAGC T TEECCT TGGCGATAGCTETCACGTCT
NN NN N TCAGC R T TOGGGAMC TCAGC T TGGCCATCGTGATAGC TCTCACGTCT
TTCCAGGTCCTTICTCAGCACTGGGACACTCAGC T TGGCCATGGCGATGAGTATCACATCT
TTCCAGGTCCTTCTCAGCACTGEEACACTCAGCT TEECCATGGCGATGAGTATCACATCT
TTCCAGGTCCTICTCAGCACTEGGACACTCAGC T TGGCCATGGCGATGAGTATCACATCT
TTCCAGGTCCTCCTCAGCAT TGGGGAACTCAGCT TGGCCATCGTGATAGCTCTCACGTCT
TTCCAGGTCCTCCTCAGCATTGEEGARCTCAGC TTGECCATCGTGATAGUTCTCACGTCT
TTCCAGGTCCTCCTCAGCAT TGEGGAACTCAGC T TGGCCATOGTGATAGC TCTCACGTCT
T AGETOC TCC TCAGC A TTEGGEAACTCAGC T TEGCCATCGTGATAGC TCTCACGTCT
TTCCAGGTCCTCCTCAGCAT TGGGGAACTCAGC T TGGCCATOGCGATAGCTCTCACGTCT
TTCCAGGTCCTICTCAGCACTGGGACACTCAGC T TGGCCATGGCGATGAGTATCACATCT
TTCCAGGTOCTTCTCAGCACTGEGACACTCAGC T TGGCCATGGCGATGAGTATCACATCT

W W o W W R W Wk L3 * wEkAEw Wk

134



Human D
Human CE
Chimpanzee 1
Chimpanzes 2
Gorilla_1
Gerilla 2
Cem 1

Cem_2

Rhm_1

noda_a
node b
node ¢
noda d
node e
node f
node g

Human D
Human CE
Chimpanzee 1
Chimpanzee 2
Gorilla 1
Gorilla 2
Cem_1

Cem 2

Rhm 1
node a
node b
node ¢
node d
node_e
node
node g

GETCTCCTGACAGGT TTGCTCCTARATCT TARAA TATGGAAMGCACCTCATGAGGCTARA
GGTCTCCTGACAGGT TTGCTCCTARATC TCARAA TATGGAARGCACCTCATGTGGCTARA
T T TEACAGGT I T T CTARATC T TARAA TATGEAAAGCACCTCATGAGGC TARD
GGICTCCTGACAGGTTTGCTCCTARATCTCARMA TATGGAANGCACCTCATGTGGC TARN
GEICTCCTRACAGGT TTCC TCCTAAATCTCAAAA TATGGARAGCACCTCATGTGGCTARR
GGETCTCCTGACAGGTTTGC TCCTARATC T TARAA TATGGAAAGC ACCTCATGCGGC TARR
GOTCTCCTGACAGGT TTGCTTCTAAATCTCAARA TATGGAARGGACCTCATGTGGCTARR
GETCTCCTGACAGGTTTGC T TC TAAATC TCARRA TATGGARAGGACCTCATGTGGCTARR
GGTCTCCTGACAGGTTTGC T TCTARAT CTCAARA TATGEAMAGGACCTCATGTGGC TARR
GETCTCCTGACAGGTTTGCTCCTARATCTCAMAA TATGGAMAGCACCTCATGTGGC TAAM
GGETCTCCTGRCAGGTTTGC TCCTARATC TCARAATATGGARAGUACCTCATGTGGC TAAR
GETCTCCTGACRGGT TTGCTCCTARATCTTAARATATGGARAGCACCTCATGTGECTRARA
GEICTCCTGACAGET TTGCTCCTARATC T TAARATATGGARAGCACCTCATGAGCCTARR
GETCTCCTGACAGGT TTGCTCCTARATCTCAAAA TATGGAAAGCACCTCATGTGGCTARR
GETCTCCTGACAGETTTGCTTCTARATC T CARAA TATGEAAAGGACCTCATGTGGCTARS
GETCTCCTGACAGGTITGC T TC TARATC T AAAL TATGGAAAGGRCCTCATCTGGOTARA

FAF TR FER AT ER T AT b A ® Rrhheddd Fhdhrdrddddhrd dhhdhdbddd dhkbkidrd

TATTTTGATGACCAAGT TTTCTGGAAGTTTCCTCATTIGHCTGTTGGATTT
TATTTTGATGACCARGTTTTCTGEAAGTTTCCTCATTTGGCTETTGGATTT
TATTTIGATGACCAAGT ITTCTGGRAGTTTCCTCATTTGGCTGTTGGATTT
TATTCTGATGACCANGTITTCTGGAAGTTTCCTOATTTGGCTGTIGGATTIT
TATTTTGATGACCARGTTTTCTGGAAGT TICCTCATITGGCTGTTIGGATTT
TATTTTGATGRCCAAGTTTTCTGGRAGT TTCCTCATTTGGCTGTTGGATTT
TATTTTGATGACCANGCCTTCTGGGAGT T TCCTCATTTGGCTGTTGGATTT
TATTTTGATGACCARGCCTTCTGEGAGT TTCCTCATTIGGCTGTIGGATTT
TATTTTGATGACCARGCCTTCTGGGAGT TTCCTCATTTGGCTIGTTGGATTT
TATTTTGATGACCAAGTTTTC TGGARGT TTCCTCATTTGGCTGTTGGATTT
TATTT T GATGAC CAAGTTTTC TGGAAGT TTCCTCATTTGGRC TG TTGGATTT
TATTTIGATGACCARGTTI TCTGGAMTTTCCTCATTTGCCTGTTGGATTT
TATTTTGATGACCARGTTTTCTGGARGT ITCCTCATTIGEC TG TTGGATTT
TATT T TGATGACCAAGTTTTCTGGAAGTITCCTCATTTGGC TG TTGGATTT
TAT I TTGATGACCAAGCCT TCTGGGAGT T TCCTCATTTGECTGTTGGATTT
TATTTITGATGACCARGCCTTCTGOGAGTTTCCTCATTTGECTGTTGGATTT

Hhkhh EEAFFERATIED AN I EFAE v AR R R R AR R R R R Rk Rk ok
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APPENDIX III

These are multiple alignments of Rh (A) and Rh50 (B) gene sequences,
and degenerate primers (C). Primer sites are shown below alignments by dashes
with an angled bracket. ### means start or stop codon. N means undetermined
sites. HRh series: human Rh gene, MRh series: mouse Rh gene, RRh series: rat
Rh gene, M50 series: mouse Rh50 gene, RS0 series: rat Rh50 gene, X50 series:

xenopus Rh50-like gene, 050 series: medaka Rh50-like gene, DEP series:

Degenerate primers for Erythrocyte membrane Proteins.

(A) The multiple alignment of Rh genes

(i
Human RheE AMTCCCGECCTGCACAGAGRCGGACACAGEATGAGCTCTAAGTACCCGCGGTCTGTCCGE
Macaque Eh I N NN N N NN NN NN NN AT GAGC TC TAAGTACCCGOGETCTGTCCGE
Mouse Rh MNNNTACCCGGECACAGCARCAGACACARGATGGGCTC TAAGTACCCACGGTCCCTCCGE
Rat_Rh MBI NNC GGG ACAGCARCAGRCACANGATGGECTC TRAGTACCCAAGGTCCCTCOGE
- LA E R S E S SRS RS LE LS - e
———————— MEh=3=—======> e T
-------- RRh=3 === ——
Human_ RheE CGCTECCTGOCCCTCTGOGCCCTARCACTGOARSCAGCTCTCATTCTCCTCTICTATTIT
Macague Rh TGCTGCCTGCCCC TC TGEECCCTAACTCTGGARGCAGC TCTCATICTCCTCTICTTITIT
Mocuse Eh TGCTGCCTGOCCCTATGEGCCTIGGTGCTACACACAGCTT TTATTCTCCTCTCCTGTIITT
Rat Rh TGCTGCCTGOCCC TG TGEGCCTTOGGGCTACAGG TGACTTITATCCTCCTCTTCTATTITT
= kdkdhhbhkk kA Ry EFEEAh Ak # i * * %k K ok wAEAkbhAE Rk hwdoar
~=DEP=12===>
===RRh=1=-=—== >
Human EhcE TITACCCACTATGACGCTTCCTTAGAGGATCAAMAGGGLCTCGTGECATCCTATCARGTC
Macaque Rh TTITACCTACTACGACGCT TCCTTAGAGGATCARAAGGGGCTCGTGGCGTCCTATCAAGTC
Mouse Eh TTCATCCCCCACGACACAGCCCAGGTGGATCAC AAG=---TTCATGEAGAGCTATCAAGTC
Rat_Rh CTCATCGGCCARGACCCTATCCAGGCAGATCACAAG=---TICATGGCGATCTATCARGTC
w W & * * A& = - A&k dkkhk whd L S & & L s & 4 & & & & 8 4
Human_RhcE GGCCARGATCTGACCGTGATGGOGGCCCTIGGCTTGGECTICCTCACCTCARATTICCGS
Macaque Fh TGCCAAGATCTEACCGTGATGEOGGTCCTTGGC T TOGGC T ICT TCACCTCGAATTIGC GG
Mouse Rh CTCCGGRAT TTGACCC TCATGGCAGCCT TGGGCT TOGGCTICC TGTCCTCGTCCTTTCGE
Rat_Rh ATCCAGGATTTEACCCTTGTGGCAGCCTTGEGTTICGECTTOCTGTCCTCATCC TITCGE
LR ww wEEEE W wEEr W o R ww EE wwEkR T W Wk o W
e IR = e =
—-————-DEP-5--->
Human RhcE AGRCACAGCTGGAGCAGTGTGGCC T TCAACCTCTTCATGC TOGOUGE TTGETGTGCAGTGE
Macaque Rh AGRAACAGCTGGAGCAGTGTGEOC T TCAACCTC T TOCTGUTGGOGL TTGGTGTGCAGTGG
Mouse Rh AGACACAGCTGEAGCAGTGTGECC TTCARCCTCTTCATGTTGECCC TCGRGGTGUAGGEE
Rat_Rh AGRCACGECTGGAGCAGTGTGECC T TCAGCTTCTTCATGT TGGLCCTTGGEETACAGGEG
ok kkd ke AhmAddkErhkkrd b gk bddrdd b kR eEs kE dEEE Ekd R kA AR A
g—-——es-HBh-11=======- e
———————— DEP-11————->
Human_RhcE GCAATCCTGCTGEACGECTTOCTGAGCCAGT TCOC TOC TOGGARGETGETCATCACACTS
Macagque Eh GCAATCCTGCTGGACGGCT TCCTGAGCCAGTTCTCTCC TGEOAMGGTEGGTCATCAARCTG
Mzuse_Rh ACRATCTTGCTGGACCATTTOCTGGGOCAGGTCC TCCARTGGAACAAGATCARCARTCTS
Rat_Rh ACAATCTTGCTGGACTATT TCCTGRAATTGEGTCCTCGACTGGAACATGATCARGAATCOG
. TR Eh N FEEEEAEL E R B & & * ®F LR & & 2 * kd&d * b
——DEP-14——— >
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Human_RhcE
Macaque_Rh
Mouse Rh

Human_FheE
Macague Eh
Mouse Rh
Rat_Rh

Human_ RhcE
Macagque Rh
Mouse Rh

Human RhcE
Macacque Rh
Mouse Rh

Rat_Rh

Human RhcE
Macague Rh
Mouse Rh
Rat_Rh

Human FhcE
Macaque_Rh

Rat. _HJ'_i

TTCAG T =mrmm = ATTOGGUTEGCCACCATGAGTGCTATGTUGGTGCTGATCTCA
TTCAGT-—————-————-ATTCGGCTREOCACCAGGRGCACTACGTCGATGCTGATCTCA
TCCARC =~ ATCCAGATAGCTACCATGAGCACCT TACCTGTGCTGATCTCA
TTCAGTCCGTTIC TCAGCATCCAGAGAGC TACCATARGCACCT TACCECTGCTGATCTCA

- mEw ww W W wh wmEEE kW * +* FE kR EE Rk ok

GOGEETECTGTC T TGGGEAAGGTCAAC T TGGCGCAGT TEETOE TGATGETGC TGGTGGAG
ATGARTGCTGTCC TGGGGAAGGTCARC TTGECGCAGT TGETGE TGATGEAGCTGETGGAG
GCGEEECGCTETCC TGEGGAAGGTCAACCTGGTGCAGC TGACCATGATGGTGCTGATGOMS
GCGGECGCTETC T IGGEEAAGG TCRACTTGETGCAGCTEECCG TGATGE TECTGGTGRAR

= HhEHEE FEAAFETAAAEEEET AEE EkEkkA o E HEEkEk HhEmE EkAkk

GTGACAGCTTTAGGCACCCTGAGGATGETCATCAGTAATATCT TCAACACAGRC TRCCAC

CTGACAGTICT TIGGCACCATGAGGATAGTCATCTATAATATCT TCARAATAGRC TACGGC

GCAATGGCCTTTGGTGCCATCAGA T TTGCCGACGAGAAGGTC T TCAAAATGACAGARCAC

GCTATGACCTTTGGTGCCATCAGAGTCGC TEACARGARAGGTCT TCAGAATTGAAGACCAC
.

LR LA L L LA LR R L " L

ATGARCCTGAGGCACTICTACGTGTTCGCAGCCTATTTIGGGC TGACTGTGGCCTGETGE
ATGAACARTGATGCACATCCACGTGTICGCAGCCTATTTIGEECTGACTGTGECCTGETGT
ATCATCATGATECACGEECACGTE T ITGGEECCTATTTTGEGC TARCTETGGC T IGETGE
ATAATCATGATGTACGGACACGTG T TTGEGGCCTATT TTREEC TRACTGTGGCATGETGG

ik ok ® Ewk w mE LR EE L hhkkk kAR R kb dak RREEE

o] T —
CTGCCRRAGCCTCTACCCARAGGGARCGGAGGAT =~ == = = e m e e e == AR TGATCAGRGA
CTGCCAARGCCTC TACCCARGGGAACAGAGGAT ——————— ————————AAATATCAGACA

CTTTCCRGATCTCTGCCCAGGAGAGTEGGTGAGARCGCCCAGRCAGASGARGGTTCARATG
CTTTCCARGTCTCTGCCCAGGAGRAGGCATGAGAACGCCCAGARCAGARARGETTCAGATS

o w W EEEE RAEE w W - = kW

GAACGATACCCAGT TTGTCTGCCATGCTGGGCGCCCTCTTCT TGTGGATGTTCTGGCCA
ACAACGAGCCCCAGT TIGT T TGCCATGCTGEGCACCCTCTTCTIGTGGATGTTCTGGRCCA
GCTACGAGCTCCAGTCTGT TTGCCATGCTGGGCACCCTCTTCTIGTGEATATTCTGGCCA

ACCACGAGCTCCAGTCTGT TTGCCATGCTGGECACCCTCTTCTTGTGGATATTCTGGOCA
L L Wk kS whW FWFERSEFR SRR AR EREF R RE R R bk k EEkkkdkdddd
——————————— DEP—3-—————>
€==m———==-DEP=-2-=-——=~

AGTGTCAACTCTCCTC TG TGAGARGT COAATCCARAGGAAGAATGCCATGTTCARCACT
AT T TCAACTCTGC T TGC TEC TARAT CCAA TCGARAGGAAGRATGCCETGTTCAGCACT
GeTATCAAC TC TGO TC TCC TGGAAGGGAC A== -ARGAAANGGARATGCTGTGTTCARCACT
AGTATCARCTCTGCTCTCC TEGARGGEACK——-ARGARR AR AGAACGCAGTGTTCARCACC

W oEEmAEER R R Ek R L L L & kR ki ddkaddd FTxaE

TACTATGCTC TAGCAGTCAGTGTGGTGACAGCCATCTCAGGGTCATCCTTGGCTCACCCE
TACTATGCTCTAGCAGTCAGCGCGGTTACAGCCATCTCAGTETCATCC TTGGCTCACCOC
TACTACGCCCTGGCAGTGAGCGCAGTEACAGCCACCTCCATGTCAGCCCTGAGTCACCCT
TACTACGCCCTGECAGTCAGCACAGTGACAGCCACCTCCATGTCCGCCCTGAGTCACCCC

kEEEEx kh EhE kEkkEk e EkhkAE T wAkh e i ik EE A e ke

——— [r A e R e

CARAGGANGATCAGCATGACT TATGTGCACAGTGLGGETGTTGGCAGGAGGCGTGGCTGTG
CAAAGGANGATCAACATGACT TATATGCCCAATGCAGGETTGGCAGGAGEOGTGGCTGTA
CAAGGGAMGATCAACATGGT TCACATCCACAACGCAGTGCTGGCAGGGGEOGTGGCCGTG
AAAGGGAAGATCAACATGGTTCACATCCACAACGCAGTECTGGCTGEGAETGTGGCTGTC

wEk hhhkhEkkEkkd HhkhE * & * & & wdk ok & khkhkw Edk khk kwkEw kw
~===HRh=f=mmmmmmm P I—— DEP-8—————
<—--——DEP-4-—--

GOTACCTCGTGTCACCTGATCCCTTCTCCGTGGC TTGCCATGETGCTOGETCTTGTGEET
GOTGCCTCATGTCACGTGATCCAT TCTCC T TGEAT TGCCATGETGCTGEETCTTGTGGCT
GGCGCCCCEeEET TG CTGAT T TCTTCTCCTTGGAT TTCCATGETGCTGGGCCTCATAGCT
GETECCCCGAGT TGCCTGATT TCTTCTCC T TEGAT TGO TATGE TCC TREEOCTCACAGET

& L & w Ew N EEEwEE EhR FE o AEEER WEERWw L
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Human_ FheE
Macague Rh
Mouse Fh
Rat_Rh

Human_RhcE
Macague Rh
Mouse Rh
Rat_Fh

Human RhoE
Macaque Rh
Mouse Eh
Rat Rh

Human RhcE
Macaque Rh
Mouse Eh
Rat_FRh

Human_RhcE
Macaque Rh
Mouse Rh

Human RhcE
Macagque Rh
Mouse Rh
Rat_Eh

Human_RhcE
Macaque_Fh
Mouse Rh

GEGCTGATCTCCATCGGGEGAGCCARGTGCCTGCCGETEGTGTTGTAACCGAGTGCTGGEG
GEGCTGATCTOC T TOGGGGEAGCCARGTECCTGoCEE TG TOTT TTAACCGAGTGC TEGGEE
GEETTGATCTCCATCTGGGGAGCCAAGTGTCCACGEEOGTGTT TGARCCACATGCTGUAG
GGETTGATCTCCATC TEEGGEAGCCAAGTGTCCACAGETGTGTT TGAGCGACTTGCTGCTG

dEkEk hhkEAAEEE AW dEEwEEERdREEESE @ o W L LR -

e | :1: T TR

ATTCARCCACATCTCCGTCATCGCAC TOCATCTTCAGCT TGC TREGTC TGCTTGGAGAGATC
ATTCACGAGAGCCACAGCATGCACTACACCTTOGECTTGCCGECTCTGCTTGGAGRGATC
——=———ARCTCCAGT GGGATCCAC TACACCTTOGECTTGCOGEGICTGC TGGGAGCACTT
—————— ARCOCCAGTGEGATOCAC TACACCTTCEECTTGOCCGGLCTEGCTCGGAGCACTC

M - Ew wEEE kW sEEE EEEREw W EEE R hEEE -

ACCTACATTGTGC TGC TGGTGCTTCATACTGTC TGGAMCGRCAATGGCATGATTGGCTIC
ACCTACATTGTGCTGATGGOGCT TCGTGTCTTC TGGGCCAGCAGTARCATGATCGGITTC
ACCTACTACTGCCTTCAGATAGTGACAGAGCCCAMGTCCTCGGATCTCTGGATCATCACT
ACCTACTACTGCCTCCATATAATAGCCGAGTCCAGGCCCTCCAATCTCTGGATTGTCACT

e e L - - * - - - o - w*

CAGGTCCTCCTCAGCATTGGGGRACTCAGC TTGGCCATOGTGATAGCTC TCACGTCTGGT
CAGGTCCTICTCAGCACTGGEACACTCAGC TTGGCCATGGCGATGAGTATCACATCTGGT
ARG GG TCAC T ACATT GGG T TCAGC TTC G TETGECGATGEG TATEE TGACTGGA
CAARCGATCACTGACGTCGGGGCTCTCAGC TTIGCTATGGCGATGGGAA TGO TGACTGGA

E * * L wEbAh kAR HE kW WE * e
—MRh=G ===

CICCTGACAGGTTTGCTCCTAAATC TCAAMATATGGAMGCACCTCATGTGGCTAMATAT
CTCCTGACAGGTTTGC TTCTAARTCTCARRATATGGARAAGGACCTCATGTGGCTARATAT
CTCCTCACAGGTTGICTCC TARGTGTCAGAGTGTGEAGGGCTCCCCATGCEGCCARGTAT
CTGECTGACAGGT TGTCTCCTAAGT GTCARAG TG TGEAGGGCTCCCCATGCAGTCARGTAC

e R ok W W wEEE & REkE b o W - el ok R 3 o W

fik
TTTGATGACCAAGTI TICTGGARGTTTCCTCAT TTGGCTGTTGGAT TTTAAGCARANGCA
TTTGATGACCRAGCCT IO TGEGAGTTTCCTCAT TTGGCTCTTGGAT TTTARGARARAGTR
TTTGATGATCAGACT T TCTECEEAGTTCCCACACT TEGCGETIGGATTT TARCCGAAATCA
TTTGATGATCAGGCT T TCTGEGAGTTCCCCCACTTGGCTGTCGAAT TTTARGCAARANCCA

whkEEhhdd &% dEhREd kadE okl Ew kR REE EE o REREE R ek

e MRh-2-————-

TCCARGARARA--CAAGECCTETTCAAAAACAAGACAACT TCCTCTCACTGTTGCCTGEA
TCCAAGRAMAR=-CARAGGCCTGT TCAAAAACARGACAACT TCCTTTCACTGTTGCCTGCA
TCTGAGAGCGAGGCCGEETGAGAAGAGAGATGCCCTTITCT TTIGTIGTCCCTTITIGTCTGCA
TCTGAGARCGAG-CTGAGCACGGCGAAGCC TTCC T TCACN NN NNNN NN HNMNI N

i L 2 b - 3 - - -

TTTGTACGTGAGARACCGC TCATGACAGT AARAG TNHNNNNNHNN NN N NNNNMNNNRHNN
TTTGTACGTGAGAARCGC TCATGACAGT ANNNNNNNNNNH NNNNNN NN NN NMNMNNNNN
TCCTETGT TAC AAGAARGGCTTCCGAGTGSTCATCTTAAGTTTAAATAGTATGTTTIGGTT
B e o T o T T M B [t e Tl R o i il R o

TN I B BN NN N R B N N N NN NN
o1 O 1 Tt | o Pt o L o R A ot L e B B
TCATGACAGARCACTATTAATACT T TGEARTGAATACACC TCATTARAGTTCTGGTCCART

TCC
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(B) The multiple alignment of Rh30 genes

Human_RhS50
Macaque Rh50
Mause Rh50
Rat_Rh50
Xenopus Rh30
Medaka BhS0

Human_ RhS0
Macaque_Rh50
Mause Rh50
Rat Rh50
Xenopus_PRh50
Medaka RhS50

Human_Rh50
Macaque RhS50
Mause Rh30
Rat Rh50
Xenopus Rh50
Medaka_ Rh50

Human_Rh50
Macacue Rh50
Mause Rh50
Rat_Rh50
¥encpus_Rh50
Medaka_ Rh50

Human_Rh50
Macaque Rh50
Mause RhS50
Rat_RhS0
Xenopus Rh30
Medaka Rh50

Humarn_Rh50
Macaque RhS0
Mauge Rh50
Rat_Rh50
Xenopus Rh30
Medaka Rh50

Human_ Rh30
Macaque Rh50
Mause Rh30
Rat_Rh50
Xenopus Eh50
Medaka Rh50

NN NN NN N MM NN NN NN NNNNNA TCAG TCCCCTGCAG
ARGCCTCAAGAGTGATCAAGCATCGTACCAMAAGARCATCARGATGGGCAACTGCTGTGA
11

fis
NN NN NN NN AG T TGCCTC TG TCCT TTGCCACARA ATGAGGTTCACATICCCTCT
W NN T TG ACC T TG TCC T TIGC CACAARCATGAGGC TCARATTCCCTCT
N NN T T TGCACC TC TG TCC TC TG TGCAGTCATGAGG TTCAAATTOCCTCT
NN NAC TCAC TECGAC TC TG TCC T TTGCCACAGTCATGAGG TTCARATTCTICTCT
GTCTGAGATCAGC TCACTCACCATGTCCTACTCAACCARACATGAGETTCCGACTCCCCGT
GAGCGCGTCCRACTTC TT TGGGOCCCAGRAGAACACARACETTCGTGTCAGCCTGCCTGE

" L w L 3 L3 *

e e L) >
— —p50-0-————>

CATGECTATAGTCCTGGAARAT TECCATGATTGT T TIAT I TGGATTATT TGTTGAGTATGA
CATGGCCATAGTCCTGGAART TGCCATGRT IGTTTTATTTGCATTATT TGTTGAGTATGA
CATGGCCATAAGCCTGGAAGT TGC TATGAT TGTTTTATITGGATTATT TGTTGAATATGA
CATAGCCT TARGCCTGOARGT TGT TATGATTGTTTCATITGCATTATTTGTIGAATATGA
TTTAGCCCTTGOGCTGGARATAATAATTATTATTTTAT ITGGAATATTCGTCAARATACGA
CGETCTGCT TG TC TGGCAGAT IGC TATGATTGTGCIGT ITGGGGICTTCATCAGGTACGA

- - w W - W ko w W L * ok k3 & W

e

CGAGGAATCAGATGCTCACTGE-———————————— S
——X50~6-~~

———————————=ACTGT TCTCGAGCAGCTCAACATCACCAMGCCARC AGRCATGGGCAT

=== —m === ACTACTCCCCAGCAGC TCARCATCACCAAC TCARC AGRCATGGEC AR

=== e == AR TG T TOCCAGCAGGE TARCACCTUAAGT TCAGCAAAAARGGACCA

TGCTECCCAGCAGAA TG TCCCARCAGGEGAATGCCTCARGTCCAGCARARGRACGACCA

e === CACAR TGATCCTCAACACARTTCCACGGC TGGTTACAGLCA

== ——GTAGAGT TARAAANGAC TGAGAACCTCACAGACCTCCARRATGR
w -

e O — e

ATTCT T IGAGTTATATCC T TG T ToCARGA TG TACATG T TATGATATI TG TIGGGTTTGS
ATTCCTTGAGTTATATCCTC TG T T CAAGA TG TACATG T TATGATATT TGTTRGGTTTGS
ATTTT T T CAGT TG TATC O TTAT T RRCA TG TGCATGTCATGATATTTGTTGEETTTGS
ATTTTTTCAGTTGTATCCTTTAT TCCARCATGTGCATGTCATGATATTITGTTGEGTTTGS
ATTOCTCAGCCTGTATCCTTTATTOCAGGATGTOCATGTCATGATC TICGTIGEGTTCGE
ATTCTACTTCAGATATCCARGC T TCCAGGATGTCCACGTCATGATCTITGTTGECTTTGS

o e LR ki HE kw wEmAkEEk bk EkEdEwk o
e V1 B

~--DEP-5--

Cmmmmm e -050-3-—-~--

CTTCCTCATGACCTTCCTGAAGARATATGGCTTCAGCAGTGTGGGTATCARCCTACTCGT
CTTCCTCATGACCTTCC TGARGAAATACAGCTTCAGCAGTGTGEGTATCAACCTACTCAT
CTTCCTCATGACCTTTCTGAAGRRATATGGTTTCAGTGETGTGEGTTTCAACCTCTTTCT
CTTCCTCATGACCTTCCTGARGARATATGGTTTCAGTGETGTAGGTTTTAACCTCTTTCT
TITCCTGATGACATT TC TARAGAGATATGGGT TCAGCAGTGTCGGEGTCAATATGCTCAT
TTTCCTCATGACGTTCCTARARCG TTACAGC TTCAGTGC TGTGGGC TTTAACT TCCTGAT
dhkkd® ok hw R CE - L www W L - o -
—-s e D £
]| O L

= ——
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Human_Rh50
Macagque RhS0
Mause Rh50
Rat_Rh50
Xenopus_RhS0
Medaka Rh50

Human_Rh30
Macaque Rh50
Mause Rh50
Rat_RR50
Xenopus_ Rh50
Medaka_RhS0

Human Rh30
Macagque Rh50
Mauge Rh50
Rat_Rh30
Xenopus Rh50
Medaka BhS0

Human Rh30
Macague_Rh50
Mause Rh50
Rat_Rh50
Xencpus_Rh50
Medaka RhS0

Human_ Rh50
Macagque Rh50
Mause_ Rh50
Rat_Rh50
¥enopus Rh50
Medaka RhS0

Human_Rh50
Macagque Rh50
Mause RhS50
Rat RhS0
Kengpus_ RhS50
Medaka_RhS0

Human_Rh30
Macaque Rh50
Mause Rh50
Rat_Rh50
X¥enopus RhS0
Medaka Fh50

TECTGCTTTEGGCCTCCAG TEGECCACTAT TG TACAGGGAATCCTCCARAGCCRGEGEACA
TGCTGCTTTGGGCCTCCAGTEGGECAC TG T TG TACAGGGAATCCTGCATAGCCAGGGACA
TGCTGCTCTGEGCCTCCAA TGGEE TACGATTATGCAGGOCCT TC T TCAC AGCCACGGARS,
TGCTGCTCTGGGTCTCCAATGGRGTACGATTGTACAGGGCCTTCTTCACAGCCACGGACT
TG TGCACTGEGACT TCAG TEGGGEAATAT TAA TGCARGGATTC TGECACCTTCATCATGE
CGCTECCTTTGGCCTGCAGTGGECTCTCCTCATGCAGGGCTGETTCCACCACTTCGACTA

o * wE Ak kk we Ak L # kW wW W
————— K504 -mmmmm o S
fmm e M5 Tmmmmmmmm
GRAATTTAM S —————=—==ATTEGAATCRAAARAACATGATAARTGCAGACTTCAGTGCAGC
GARAMATTACC————-———-ATTGGAATCAAARAACATGATARATGCAGACTTCAGTACRGC
GGAATTTCAC——————-TTCGGAATCTACARTATGATARATGCAGACTTCAGCACAGT
ARAATTTOC D == e e e TTCAGAATCARMAAATATGATARARCGCAGACTTCAGTACAGT
GARAATTCAR—————=—==GTOGATATATTAAALRATGATCAATGC TGATTTCAGTACCGE
CTCTACTGGARARAATCTACATAGGAATTCAARGTTTGATAAATGCAGACTTICTGCTGTEC
" - L * A A A A *4 whk kEw * o
- 050-1

CRCAGTTCTGATATC TTT TGGAGC TGTCCTGGGAAARACGAGCCCCACCCAMATGCTGAT
CACAGTTCTGATATC T I T TGGAGE TG TCCTGGGAAARMC GAGCCCCACCCAAATGUTGAT
CACAGTTCTCAT TTCCTTT GGG TG TCCTGGGGAARACAAGCCCCATTCARRTGTTGAT
CACRGTTCTAATTTCCTTTGGTGC TETCCTGGEGARARACARAGCCCCATCCARRTGATAAT
GACTGTCCTGATCTCATTCGGTGC TGTCCTGGGGAMGACAAGTCCAGTCCARRTGCTAAT
TGCCTCTCTGATCGCC TATGGAGCCATCC TG TARAGTCAGCCCTETGCAGCTGATEGT

= T L _w ww R EEEE  WW E wW - W W *

SIS ). ) (- === e =M50-10-~

CATGACAATTTTAGAAATTGT TTICTTTGCCCACAATGAATACCTGGTTAGTGAARATATT
CATGACAATTATAGAAATTCCTETAT T TGC TGECAATGARTATC TGEGT TGGTGAARTATT
CATGACAATTCTGGAAATTGC TGTATT TGCTGGCARCGARTATCTIGT TACTGAATTATT
CATGACAATTCTGGARATTGCTGTATTTGCTGGCAATGAACATCTTGTTACTGARATATT
CATGGCARTTATAGAAATTGC TATATT TGC TGGCAATGAGCATCTGGCT-——GEAATECT
TGTCACCTTGTTIGGTGTCACTCTGT I TGO TG TGGAGGAGTATATCATCCTAGATCTCCT

- e - w W w w W W W R r - - w, W

X501~ >

TARGGCCTCTGACAT TGGAGCATCAATGACGATCCATGCCTTTGGGGCCTACTTTGGCTT
TAAGGCCTCTGACATCCGAGCATCAATGACGATCCATGCCTTTGEEGCCTACTTTGGECTT
TGAGGCATCTGACACTCGAGCATCAATGACAATCCATGCCTTTGGAGCTTACTTTGECTT
TAAGGCCTCTGRCACTGGGGCGTCAATGACAATCCATGCCTTTGGAGCCTACTTTGGCTT
GOGGECCAGTGRCATCGGCGCTTCCATGACCATTCATACCTTTGGAGCTTACTTTGECCT
TCATTGCAGAGAT T TG TGGORUCATGETCATTCACTGCTTTRRAGEC TACTATGETTT

Ll L e LA 4 L L E L L -

e 1 1 B >
<=--DEP-6--

GGCTETAGCAGGCATCTTGTATOGATC TGGACTGAGAAAGGGGCATGRARATGAAGAGTC
GGOTETAGCAGECATCTTGTATCGATCTGCACTGAGAAGGGEECATARAARTGAMGAGTC
AGCAGTGGUAGGTCTGTTATATCEGCCTEEACTCAGATGTGANCACCCARATGATGAATC
AGCGETAGCAGECCTC TTATACCGGETC TGECCTCARMC ATGEACRCCCARATGRAGRRTC
GGECGGCTGCAGTGGTITTATACCGTCCTTCGC TGRARAATGGOCATGARARCGANGGGTC
GECCATATCCTGGGTGCTTTACCGACCAAMTC TACATAGAAGTARMCGACTCARTGGATC

"W - w w* wE wk & * +* * * * o

CGCATACTACTCAGACTTGTT TECAATGAT TGGGACTCTCTTTCIGTGGATGT TTTGGEC
CACTTACTACTCAGACTIGTTTGCAATGATIGGGEACTCTCTITCTATGGATGTTITGEOC
TGTGTACCACTCTGACTIGTT IGCCATGATCGGARCACTTITCCTGTGGATATTITGECC
TEIGTACCACTCTGAC TTGTTIGCAATGATCGEAACACTITICCTGTGEATGTITTEGEC
TGTTTATCACTOGGATTTGTTIGC TATGATCGGAACCCTT TTCCTC TGGATGTTTTGGOC
COTTTACCACTCTGATCTTITIGCAATGAT TGGCACAT TGTTCCTGTGGATGT TCTGROC

- wow W W & dEkEEFE whkAAE kR ww * k& kk AR EERE AEk FEEkA

———————M50-8——
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Human Rh50
Macague Rh50
Mause Rh50
Rat_RhS0
¥enopus_Rh30
Medaka Rh50

Human_Rh50
Macague_Rh50
Mause Rh50
Rat Rh50
Xencpus_Rh50
Medaka Rh50

Human Rh50
Macagque Rh50
Mause RhS0
Rat_ Rh50
Xenopus Rh30
Medaka_Rh30

Human_Fh50
Macaque Rh30
Mause REh50
Rat FRh50
Xenopus Rha0
Medaka BhS0

Human_Rh50
Macagque Rh50
Mause Rh50
Rat_RhS50
Xenopus_Rh50
Medaka Rh50

Human_FRhS50
Macaque RhS0
Mause RhS0
Rat_Rh50
Xencpus_Rh30
Madaka Rh50

Human_ERh50
Macagque Rh50
Mause Rh30
Rat_ Rh50
Xenopus RhS0
Medaka Fh30

CAGCTTTARACTCGGCCATTGCTGRACCTGGAGACAARCAGTGC AGGGCCATTGTAGACAC
CAGCTTTAACTCOGCCATTGCTGAACC TGEAGACARACAGTCC AGGGCCATTGTAARCAC
CAGCTTTAATTCAGCCATTGCTGATCCTGGAGATCATCAGTATAGEGCCATTGTCARCAC
CAGCTTTRATTCAGCCATTGC TCARCCTGAARR TARTCAGTATAGGGOCATTGTCARCAC
ARGCTTCAATTCTGCCATTCCCCATCC TCECATGAACCAACAARTGGCCATTATTARCAC
CAGTTTCAATTCGGCCATCGCAMMCCACGECGATGGGCAGEAC AGGACTGCARATGRACAC

% kW kW EE EwEHEE EE  Ow ® W o * ® & & kwkk

T

GTACTTCTC T TCGC TGO TETEIGCTCACAGCCTTTGCCTIC TCCAGCCTAGTGGRAGCA
ATACTTCTCTCTCGT TGCC T T TG TCACAGCC TTIGCCTIC TCCAGCCTAGTGGAGCG
ATACATGTCCCT TGCAGCCTGTGTGATCACAGCC TATGCCTIGTCCAGCCTTGTAGNGCG
ATACATGTCCCT TG TGO TG TG TGATCACAGCCTATGOC TIGTCCAGCCTTGTTGAGCG
TTACT I T T C T TGGE TGCCAGC TG TCACTGCC TATGC TAT T TCCAGC TTIGTTGARACA
CTACATCOCTCTGGC I TCTTC TR IGCTCACTAC TGTTGCCCTC TCARGCATGTCCAAGAR

dede ok ok - L] L R R L LE ] oRE Wik w

COGAGGCARGCTCAACATGGTTCACATTCAGAATGCCACCCTTGCTGRAGGAGTTGCTGT
CCGAGGCARGCTCAACATGGTTCACATTCAGAATGCCACCCTTGCTGGAGGAGT TGCCGT
COGAGGCAGGCTGGATATGGTACACAT TCAGAR TGCTACTCTAGCAGGAGGTGTIGCTGT
CCGAGGCAGGCTGGATATGGTACACATTCAGAA TGCTACTCTAGCAGGARAGTGTITGCTGT
CRAMGGCAARTTGEATATGGTTCATATCCARAATGCCACCTTAGCTEGEGEAGTGGCAGT
GEAAGGARARCTGEACATGGTACATATCCAGAATGCCACTCTGGCAGGTGGTGI TGCCAT

EEE o« W O owEEwR R W R W EEE Wk & Rw W o W W L]

> memmmmeeRE (=l mm———} (mmmm——— -10-=~
Gmmmmmmm JEP -8~

¢m————-M50-2-

GEGCACTTGTGCGGATATGGCART TCACCCATTTGGTTCTATGAT TAT TGGGRAGCATTGE
GEGCACTIGTGCGGATATGGCART TCACCCAT TOGETTCTATGACCCT TOOGAGCATTGE
GEGCACATGTGCAGACATGGAATCCCCCTATATGCTGC TATGACCAT TGGRRGCRT TG
GOGCACATGTGCAGACATGGAATCCCCCTATAT TTIGC TATGACCAT TGGARGCAT TG
CGGTACATGCOCTEATATGAACATCGEGCCTT TTGGAGCCATGATCATTGGATTCACAGT
GEGAACAGCAGCAGAGTI TATGATCACTCC TTACGGT TOCCTCATTGTGGGATTTTGCAT

ok Lk * L3 * k3 kL d * & W

AGGARTGEETCTCTG TGO TTGEATACAAGT TCCTGACTCCACTTTTTACTACTAAAC TCAG
AGGAGCGETCTCTETGAT TGEATACARCT TCCTGACTCCACT TTTTAC TACTARACTGEE
AGGGATCATCTCTGTGC T TGGATACARGT TCTTTAGTCCACTGTTAGCTAATARACTGAT
AGGGATCATC TCAGT G T TGGATACAAGT TCCTTAGTCCACTC TTAGC TCATAAACTGAT
TEGAATCATTTCAACCCTTGGCTTCAAATTCCTGACTCCATTC TIGGCARCARAGTTGCG
CGGCATCATCTCTAC TI T TGGCTAT TTETACGTCACCCCTITC TTAGAGARGCGATTGAR

- LA L oW o i a2 -

———050=T—==> e
GATCCATGATACATGTGEGGTCCATAARCCTCCACGGCTTACCTGGTGTAGTGGGAGGCCT
GATCCATGATACATGTGGGGTCCATAACC TCCACGGCTTACCTGGTETAGTGGGAGGCCT
GATCCATGATACATGTGGGGTTCATAACTTGCATGGC TTACCTGGAGT TTTTGGAGGCCT
GATACACGATACATGTGGEGTTCATAACTTGCACGGCTTACCCGGTGTGTTTEGAGGCCT
TATACAAGATACATGTGECGTECACARC TTGCATGGT TTGCCCGGCATCTTGEGAGGACT
GCTGCAGGATACATGTGGCATCCATAACCTGCATGCAGTACCAGGCATGCTCGGTAGCTT

W ok ki o o w kdk Ewk ok & W #* wR Wk Ed w Wk Wk w
———050-B-——>

———————— M50~ 1--—->

TGCAGGCATTETGOIAGTAGCAATGGEOGOCTCCAACACGTCT — -
TECAGECATTGCGGCAGTAGCAT TGGGOGC TOCARCADGTC T ———— e
TGCCAGCATTGTGGCCATARGCTEGEEGATGTCTACTGOGTCT—————————— === ===
TGCCAGCATTGTGGCC A TARGC TGGGEGAAGTC TACAGTETCCAC T——— e e
TGCAGGGATAG TG TC TECAGCAGTCOGAGS TARAGAAGGC TECROC —- — ————m e e
CATAGGTGCCATCGT TGCAGCAACAGC ARG TGAATCGETC TACAGC RAMCAGGGGCTGAT
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Human_Rh50
Macague Rh30
Mause Rh50
Rat_RhS0
Xenopus Rh30
Medaka Rh50

Human Rh50
Macague Rh50
Mause RhS0
Rat_Rh50
Xencpus_Rh50
Medaka Rh50

Human_Rh50
Macaque Rh30
Mause Rh50
Rat_Rh30
Xenopus Rh50
Medaka Rh50

Humarn Rh50
Macaque Rh50
Mause Rh30
Rat_Rh50
¥enopus_Rh30
Medaka Rh50

Human_Fh50
Macaque Rh50
Mause_ Rh50
Rat._Rh50
Xenopus Rhi0
Medaka Rh50

Human_Rh50
Macague Rh50
Mause Rh50
Rat Rh50
Xengpus Rh50
Medaka Rh50

Human Bh50
Macagque Rh30
Mause Rh50
Rat_Rh50
Henopus RhS0
Medaka RhS0

Human_Rh50
Macaque Rh30
Mause Rh30
Rat_RhS0
Xenopus Rh50
Medaka Eh50

ATGGCCAT

e e GTGGCCAT

ATGGCTAT

ATGGCTAT

e —— . Lo Y

CGACACATTTGOTTT TACTGGAAAGTACGARAACAGATCACCGGGAACGCAGGGAGGCTA
-

GCAGGCAGCTGCACTGGETTCCTC TATCGGARCAGCAGT TGO T TGGAGETCTGATGACAGS
GOAGECAGC TEOACT GGG T TCCTC TATCGEGAACAGCAGT TET TGGAGGTCTGATTACAGS
GCAGGCAGCAGCACTGGGATCTTICCATTGGCTCAGCGATTGTTGGAGGTTTGCTTACAGS
GCAGGCAACAGCACTGGGATCTICCATTGGCTCAGCAATTGTTGGAGGTTTGGTTACAGS
ARG TCCTTCAT TG TECARC A CTGOCAATCTCTAT TCT TGGAGEAGCTCTCACAGS
TCAGGC TGCAGGAGT G TGOGTGECCATGGCAT T TGEECT TG T TGGAGGAGCTATIGT TGS
* @ ok * & &k = L FwEkEF K EE AR i W
e 11!y I <
———-M50-3--———=>

TTTAATTCTAARAGT TGCCTCTCTOGGGACAGCCATCTGACCAGARCTGC TATGATGATTC
TTTAAT TCTAARG T TG T TT T TGGGGACAGCCATCTGACCAGGACTEC TATGATGATTC
TCTAATTCTGARGTTGCCTATCTGGAACCAGCCACCTCATGAATACTGC TATGATGACTC
TCTCATTCTAAAGCTACCTGTCTGGAACCAGCCACCTGACGAGTACTGC TTTGATGATTC
ATTTATCCT TAAGTTGCCTTTCT IGGGCCAGCCACCTGACCARARTTGUTATGATGATIC
TTTCATCCTGARGTTCCCAATCTEGGGCGATGCTGCTGATGACTACTGCTTTGATGATGA

o oEkE Ek REE ok ke *® % % L * LR S8 = W owd ek Rk R AR

LES
TETTTATTGGAAGGTCCCTAAGACGAGATAACT TGACAATCAGTTCCATGGACATGGTGA
TGETTTATTGGGAGETACCTATAT TEAGRGAACCTGACCATCAC TICCATGGACATGETGR
TETITCT TGGAAGGT TCCCAARTTCAGRGAACTTGATAATCCCTTCTTTCARCATGCARR
TETTTCTTGGAAGGT TOCCAAATACAGAGAACTGEATARTTACTICTTTCARACACGTGAT
CATTTATTGGGMGGTCCCCCTAGRA - --GAACCTGAAC AGGRARAC — ~~CAACACCRGAA
AGCCTACTGGGAGC T TCCTGRAGAGGAAGAGACCATTCCTCCTGTC TTEGGAGTACANC AR

- kW ok Wk * - -
ti
CCACAGCCAGCTEGAACCTEAAGTCTARACACCATTCCTGCTICTCCAGCTTCCTITCCCA
CORCAGCCAGCTEGAACC TGAAGTC TARACACCATTCCTGCTC TCCAGCTTCCTTTCCCA
TCACARCCACGTGGAACATGAAGTC TAAAAGC TGATCCTAAAC TCTGCATCCTCGGAATT
TCACARCCATGTGGAACKC GAAGTC TARATACCATTOCTAARC TCAGCATCCTCAGRCTT
TEAACATGEEAAAAT TTTAGAAGCATARACATGATATACAGTATATTCTGCOCCCACCCA
TCACATGACACAACARAMGCACCAGGARACACCTGAGACAAGCTTCTCTGTEGTAGARARG
W - - -
ik
TTATCCAGRATCAAGTCCAM TARMCARAAMGEGAGTAACCARAGRGAGTATGGACCAGA
CTATCAAGARATCANG TCHN NN NN N NN NN NN N NN NN RNEN
GCCAAGARGAGTCAMRATT TAAAGAAACARAAACT TGEGTATCCARNGAGATAGGCATGACK
ACCAGGAAGAGTCAAGTTTAAAGAMACCAACGC T TGGTATACAGAGAGATAGGCATGGCA
CAATCTTTTITATTT TI T TACTAATAAACGCCAACATTCACTTAACCTCCTTTC TAATAR
CTAARGCTGCACTGEGGAGACARATCCATTGAGGET TTTTTAGACTTCATTTGTGARGE
A %50=10——r————

GTGAATAGATCCTARGTCCCARATGGCCAGTGTAMMA TGTOCTTATGTCTGATGCTGTC
B N T T N I N T N T T N B R NN NN
ATAGATAARTTCCAGCCCCAARTGGCCAGTGTACAMATGTGTT TAGTTTTACTATTATIC
ATATAMAATATAANTACHNN NN NN NN N NN NN NN NN
ATTETAARTGGCATT TCARCAACTGCACARACCATTIGACCCATAAGTARTGATGRGTGA
AAAGCTARTT TATGARGGAACTCCAGC TCTACARGARTGAATCCTGTCACTCTTTIGTGCC

it S M55 smsmn e

TCTTGCTCTTCAATGATTAAT TCAGCEGGATGTTACTCATARRACAGATARTCARATAGAT
I T T T T T B N N N N T NN I NN BN
CATGCTGTCCRAATGATTTCTCAGTTGACAGGAAAATGC TCAGAAAGGCOGTC TATCCCA
L T e B e e e b b T e R i e R e el T o
TTTITTTITGGCAGGC T T TGOCATCTGCAMATGT T TTCGCAACARAAARAT TCACARCAACH
AT C TAC NN N NN NN N NN NN NN NN N NN NN NN NN NN NN
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Human_Rh50
Macagque Rh50
Mause BEhi0
Rat Rh50
¥encpus_RhS0
Medaka_Rh50

CTTCTCCAGGATTCCCRAARARGCTTTTGGCAGTG
L o o B BT 8 9 o ol sl Bl o 8
bl ol e e e e T R e e
BN N NN NN N NN NN NRNNN
AATAAGTTGC TGCAAATAAARATGCCTATGACTT
Lol Mt R IR I TR L R R I U R o e e

(C) Degenerate primers

DEF-1 GTICTGATITCIIIKGRWGCTGT

DEF-2  GCCARAACATCCACARRAAGAG
DEP-3 GCRCYCTCTTYTTGTGGATGTT
DEF-4 GETRCCCACAGIMACKCCTCC
DEP-5 TIGGI¥YTIGECTTCCT

DEF-6  GCYACIGCYARICCAMMNGTA
DEP-T  ATCCATRCMITYGGRGCYTACT
DEP-8  TGYRCCCACIGCAACWCCTCCT

DEP-9  ATGATATITGTIGGIYTIGGCITC
DEP-10 CCACIGCAACWCCTCCTGCIA
DEP-11 GCTGGAGCAGYGTMGCWTTCA
DEP-12 GGTCNCTHCGHNTGYTGYYTHCC
DEP-13 ICCCCAGATGGAGATCARCCC
DEP-14 GTRCARGGRACAATCYTGCTHGA
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