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To understand the phylogenetic relationships between hominoids, the nucleotide sequences
of immunoglobulin-epsilon processed pseudogenes from chimpanzee, gorilla-and orangutan
were determined. The basic structures of these processed pseudogenes agreed with their
human counterpart. Although the degrees of nucleotide differences between man and the
African apes had no statistical significance, all the analytical data examined supported the
theory that chimpanzee is the closest relative of man. This result was consistent with that
deduced by our recent qualitative study.

Studies on the nucleotide sequences of globin genes have suggested that the molecular
clock runs more slowly in hominoids than in non-hominoid primates. According to the
present data, however, further retardation of the evolutionary rate was not observed in the
human lineage. Assuming that orangutan diverged 14 million years ago and that the
evolutionary rate between the orangutan lineage and the lineage leading to the other three
species is constant, the divergence dates of chimpanzee and gorilla were estimated to be
19(40-9) and 5-9(+0-9) million years ago, respectively.
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We reported a preliminary comparison of nucleotide
sequences of the immunoglobulin C,; pseudogene (a
processed gene) between man, chimpanzee and
gorilla and concluded that chimpanzee is closer
than gorilla to man (Ueda et al., 1982, 1986).

In this report we present the nucleotide
sequences of the immunoglobulin C,; genes of
chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla)
and orangutan (Pongo pygmaeus) and compare
them with their human counterpart (Ueda et al.,
1982). On the basis of this comparison, we also
estimate the divergence dates of the African apes.

2. Materials and Methods

Restriction endonucleases (Alul, BamHI, EcoRI,
Haelll, Hapll, Pstl, Poull, Rsal and Sau3AT), phage T4
DNA ligase, bacterial alkaline phosphatase and MI13
sequencing kit were purchased from Takara Shuzo Co.
Ltd (Kyoto) or Toyobo Co. Ltd (Osaka). [«-32P)dCTP
(approx. 3000 Ci/mmol) was from New England Nuclear.
High molecular weight DNAs of peripheral blood of
chimpanzee and orangutan, and lymph nodes of gorilla
were prepared as described (Ueda et al., 1985). The C,;3
genes of chimpanzee, gorilla and orangutan are found in
8-0, 15 and 7-0 kb BamHI fragments, respectively (Ueda
et al.. 1985). Each high molecular weight DNA was
completely digested with BamHI and fractionated by
electrophoresis in 059 (w/v) agarose gel. These
BamHI fragments were cloned into Charon 28 (Rimm ef
al., 1980) or its derivative phage, designated as Charon
98HS (Sakoyama et al., 1987). These recombinant phage
DNAs were packaged into coat proteins in vitro. Phage
plaques were screened using the human C,; and C,; genes
(Ueda et al., 1982) as probes. The nucleotide sequences
were determined by the dideoxynucleotide chain termina-
tion method using M13mpl0 and M13mpll (Messing,
1983; Norrander et al., 1983; Sanger et al., 1977).

3. Results and Discussion

(a) The basic structures of the C, 3 genes of
chimpanzee, gorilla and orangutan

There are two or three BamHI fragments that
hybridize with the human C,, gene as probe in the
man, chimpanzee, gorilla and orangutan genomes;
2.7 kb, 5-9 kb and 8:0 kb in man; 27 kb and 8-1 kb
in chimpanzee; 2-7 kb, 6-9 kb and 15 kb in gorilla;
9.7 kb and 7-0 kb in orangutan (Nishida et al., 1982;
Ueda et al., 1985, 1986). Whereas all the 2-7 kb
bands are the active C,, gene fragments, the 5-9 kb
(man) and 6-9kb (gorilla) bands are the C,,
pseudogene that is truncated by recombination.
The remaining bands, 8:0kb (man), 8:0 kb
(chimpanzee), 15kb  (gorilla) and 7-0kb

+ Abbreviations used: kb, 10® bases or base-pairs; bp,
base-pairs.
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Figure 1. Aligned restriction maps of the human
(HSA), chimpanzee (PTR), gorilla (GGO) and orangutan
(PPY) C,; genes. The filled boxes indicate the regions
containing the C,; genes. Restriction enzymes are
abbreviated as follows; B: BamHI, Bg: BgllIl, E: EcoRI,
H: HindIII, K: Kpnl, S: Sacl and X: Xbal.

(orangutan), have been shown to be the C,
processed pseudogene (Ueda et al., 1985, 1986).
Figure 1 shows the restriction endonuclease maps of
the cloned DNA fragments containing the C,
genes. ‘

The nucleotide sequences of the C,; genes of
chimpanzee, gorilla and orangutan were determined
and compared with that of the human C,; gene as
shown in Figure 2. The basic structures of these C;
genes are similar: the C. genes lack the three
introns entirely at the splicing signals and have
A-rich sequences 16 bp 3" to the putative poly(A)
addition signal. Moreover, the 100 bp segment
homologous to the 5’ flanking region of the C,; gene
(active gene), which is located 754 bp upstream
from the C,, coding region, is spliced to the pseudo-
CH1 exon of the C,; gene. Long terminal repeat-like
sequences are present in both the 5 and the 3'
flanking regions with direct repeats. The human Cy
processed pseudogene might have been created by
reverse transcription of an aberrantly transcribed
C,; sequence, and is located on chromosome 9
(Battey et al., 1982), while the other heavy-chain
constant region genes of immunoglobulin are on
chromosome 14. The restriction maps of the cloned
DNAs containing C,5 genes of the four species are
similar in the region surrounding the C,; genes as
well as in the surviving coding region. These results
suggest that the C,; genes of the four species
evolved from a common ancestral C,; gene.

(b) Comparison of the C, 3 gene sequences of
chimpanzee, gorilla, orangutan and man

The nucleotide sequence of the human C,3 gene
has been reported by two groups (Battey et al.,
1982; Ueda et al., 1982). There are, however, many

Figure 2. Nucleotide sequences of the cloned C,; genes from man (HSA), chimpanzee (PTR), gorilla (GGO) and
orangutan (PPY). Only nucleotides different from the human sequence are shown in the ape sequences. Delete
nucleotides are indicated by double hyphens. Hyphens indicate nucleotides not determined. Because of a typographical
error, the nucleotides at positions 1404 and 1405 in the human sequence were incorrect in the previous report (Ueda ¢f
al., 1982). The correct nucleotides are A and G at positions 1404 and 1405, respectively.
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Table 1
Distance matriz among hominoids
Human Chimpanzee Gorilla Orangutan
Human 0-0139 0-0175 0-0406
(0-0025) (0-0028) (0-0043)
Chimpanzee 0-0139 00162 0-0383
(0-0025) (0-0027) (0-0042)
Gorilla 0-0176 0-0162 0-0411
(0-0028) (0-0027) (0-0044)
Orangutan 0-0408 0-0384 0:0413
(0-0044) (0-0042) (0-0044)

The K¢ values above and below (diagonally left to right) are those calculated by the one- and the
two-parameter methods, respectively. The values in parentheses are their standard errors. In the
calculation, gaps are excluded; position 92 to 2392 (2250 nucleotides) were used as described in the

text.

discrepancies between the two sequences (151
positions in 1764 nucleotides commonly deter-
mined). Such a large number of discrepancies
cannot be accounted for by polymorphism alone. Tt
is unlikely that the human genome contains two
separate C, processed pseudogenes because the
restriction endonuclease maps of the flanking
regions of the two C, genes are almost identical. The
nucleotide sequence of the human C,; gene that we
determined for positions 340 to 834 agreed with our
previous sequence. In addition, the estimated
substitution rate was unreasonably high compared
with those of other pseudogenes (Koop et al., 1986),
when we compared the nucleotide sequence of the
human C,; gene determined by Buttey et al. (1982)
with those of the hominoid counterparts determined
in the present study. We therefore adopted our
sequence for the basis of comparison in the present
study.

Figure 2 shows the aligned nucleotide sequences
of the C,; genes of the four species. Alignment was
performed so as to minimize the number of
substitutions and insertions/deletions. It revealed
that the gorilla sequence has an unusually high
number of substitutions in the flanking region
downstream from approximately position 2400. It
was particularly noticeable that the nucleotide
substitutions in this region of the gorilla C,; gene
were much greater than those of the orangutan C,;
gene in comparison with the human C, gene,
although recent data indicate that orangutan is
clearly more distant from man than is gorilla. When
a heterogeneity test of upstream and downstream
regions by 2x2 contingency table was performed
for the gorilla C,; gene, the difference in this region
was extremely significant. The maximum chi-square
value was obtained at position 2392, thus dividing
the nucleotide sequence into two regions, one from
position 92 to 2392 and the other from position
2393 to 2487. The goodness-of-fit of this division
was confirmed by a homogeneity test for geometric
distributions: 0-25<P<0-5 and 0-5<P <075 was
obtained in position 92 to 92392 and 2393 to 2487,
respectively, while 0-01 < P<0-025 was determined
for the total region.

(¢) The degrees of nucleotide divergence of
the C,5 pseudogenes and the phylogenetic
relationships among hominoids

To construct a phylogenetic tree for the four
species, the degrees of nucleotide difference between
the C,; pseudogenes were calculated by one- and
two-parameter methods, assuming all regions to be
non-coding (Jukes & Cantor, 1969; Kimura, 1980:
Kimura & Ohta, 1972). Table 1 shows the corrected
values of nucleotide differences (K°) with standard
errors. The number of transitions was approxi-
mately twice that of transversions, but the K¢ values
calculated by the two methods were almost the
same. For the following analyses we used the K*
values obtained by the one-parameter method. The
K¢ value for man versus chimpanzee was the
smallest of the six combinations. On the other
hand, K¢ for man versus gorilla was nearly equal to

00079
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00060 A, .
(00119) = Chimpanzee
00093 :
b (S 0rill@
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: ! Orangutan
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00200
Orangutan
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Figure 3. Phylogenetic trees among the four hominoid
species constructed by the neighbour-joining (a) and the
unweighted pair-group (b) methods. The values aré
numbers of nucleotide substitution per site for each
branch. The values in parentheses are obtained by
assuming the constancy of evolutionary rate between the
orangutan lineage and the lineage leading to the other 3
species. The boxes represent the magnitudes of standard
errors of branching points.
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that for chimpanzee versus gorilla. K¢ values for
orangutan versus the other species were clearly
distinct from those of man versus the African apes.
This result is consistent with the generally accepted
phylogenetic tree where orangutan diverged first of
these four species.

Of 122 variant positions (excluding gaps), 91 were
common between man and chimpanzee, 83 between
man and gorilla, 33 between man and orangutan, 86
petween chimpanzee and gorilla, 38 between
chimpanzee and orangutan, and 32 between gorilla
and orangutan. Furthermore, at three positions the
four species divided into two pairs, each pair having
an identical nucleotide; human and chimpanzee
were paired at positions 144 and 479, and human
and gorilla were paired at position 328. Both the
maximum parsimony method and the compatibility
method favoured the man—chimpanzee clustering
over the man—gorilla clustering.

Figure 3(a) shows a phylogenetic tree drawn from
the K¢ values using the NJ (neighbour-joining)
method (Saitou & Nei, 1987). The calculation
indicates that, of the three species, chimpanzee is
the closest to man. Because the NJ method
produces an unrooted tree, a tentative root was
siven by positioning orangutan as the out-group to
the other three species. The rates of nucleotide
substitution in the evolutionary lineages of man,
chimpanzee and gorilla seem to be more or less the
same as that indicated in Figure 3(a). Note that the
NJ method does not postulate the constancy of
evolutionary rate. This was confirmed by the
relative rate test (Wu & Li, 1985); there were no
statistically significant differences in substitution
rate between the three species (data not shown).

Assuming that the evolutionary rate is constant
between the four species, we drew a phylogenetic
tree by the unweighted pair-group method (Sokal
& Sneath, 1963) as shown in Figure 3(b). Because
the smallest K¢ value was obtained between man
and chimpanzee, these two species were clustered
first. Boxes in this Figure indicate standard errors
at the three branching points (Nei ef al., 1985). The
two branching points between man and the African
apes were so close that their standard errors were
overlapped.

All these results taken together suggest that man
and chimpanzee are more closely related to each
other than either is to gorilla, in agreement with our
recent qualitative study (Ueda et al., 1988). During
preparation of this manuscript, Miyamoto et al.
(1987) reported a similar conclusion when
tomparing nucleotide sequences of Y -globin genes
of man. chimpanzee, gorilla and orangutan.

_Assuming that the separation of orangutan
lnwa_lge occurred 14 million years ago (Pickford,
::::; Raza et al., 1983; Thomas, 19.85; Wu et al.,
I83). the divergence dates of chimpanzee and
2orilla were 4-9(+0-9) and 5:9(+0-9) million years
420, respectively. It has been indicated that the
‘_‘\'nlutionary rate of primate genes is considerably
Mower than those of other mammalian genes (Ueda
“Cal.. 1988; Wu & Li, 1985). Recent studies based

on the nucleotide sequences of globin genes suggest
that the molecular clock runs more slowly in
hominoids than in other primates (Britten, 1986;
Koop et al., 1986). Although Li & Tanimura (1987)
proposed a further slowdown of evolutionary rate in
the human lineage, on the basis of Koop ef al’s
(1986) data, the present results show a smaller
number of nucleotide substitutions in the
chimpanzee lineage than in the human lineage. The
problem of rate constancy in the human lineage
remains to be resolved because the nucleotide
sequences of only a few genes have been determined
in chimpanzee and gorilla, and there are no
comparable data in gibbon. We need more
nucleotide sequence data to test the rate constancy
and to establish a more accurate local molecular
clock in the hominoid lineage.
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