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ABSTRACT

Evolutionary distance matrices of the extant hominoids are

computed from DNA sequence data, and hominoid DNA phylogenies are
reconstructed by applying the neighbor-joining method to these distance
matrices. The chimpanzee is clustered with the human in most of the phyloge-
netic trees thus obtained. The proportion of the distance between human and
chimpanzee to that between human/chimpanzee and orangutan is estimated.
Both mitochondrial DNA and nuclear DNA show a similar value (0.44), which
is close to values derived from DNA-DNA hybridization data.

The phylogeny of extant hominoids has
been studied extensively by a variety of mo-
lecular techniques such as microcomplement
fixation (Sarich and Wilson, 1967), amino
acid sequences (Goodman et al., 1971), DNA-
DNA hybridization (Kohne et al., 1972), and
restriction enzymes (Ferris et al., 1981). Re-
cently, several portions of mitochondrial and
nuclear DNA of hominoids have been se-
quenced (e.g., Brown et al., 1982; Koop et al.,
1986). Despite the large data set that has
been accumulated, however, there is no con-
sensus on the problem of the branching order
of human, chimpanzee, and gorilla. The di-
vergence time among these three species is
also in dispute.

A point that complicates the determina-
tion of phylogenetic branching patterns is
that different tree-making metiods can pro-
duce different trees even if the same data set
isused. For example, chimpanzee and gorilla
are clustered as sister taxa when the maxi-
mum parsimony method (Eck and Dayhoff,
1966; Fitch, 1977) is applied to mitochon-
drial DNA sequence data (Brown et al.,
1982), but human and chimpanzee are clus-
tered by applying UPG (Sokal and
Sneath 1963) to the same data set (Nei et al.,
1985). Thus the choice of the tree-making
method should also be considered.

Saitou and Nei (1987) proposed the neigh-
bor-joining method for pﬁylogenetic tree re-
construction from evolutionary distance ma-
trices. The neighbor-joining method does not
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depend on the assumption of a molecular
clock and has been shown to find the correct
unrooted tree efficiently (Saitou and Nei
1987; Sourdis and Nei, 1988; Saitou and
Imanishi, 1989).

In the present study, we first estimate the
evolutionary distances from a variety of
DNA sequence data and apply the neighbor-
joining method to these distances for recon-
structing the molecular phylogenies. Then
we compare the evolutionary distances for
the trio of human, chimpanzee, and orangillx-
tan and show that the proportions of the
distance between human and chimpanzee to
that between human/chimpanzee and oran-
gutan are remarkably similar for both mito-
chondrial and nuclear DNA data.

NUCLEOTIDE SEQUENCES USED

We used nucleotide sequence data for two
fragments of the mitochondrial DNA and for
four fragments of the nuclear DNA. The
sequence data includes human (Homo sapi-
ens), chimpanzee (Pan troglodytes), pygmy
chimpanzee (Pan paniscus), gorilla (Gorilla

orilla), orangutan (Pongo pygmaeus), gib-

on (Hylobates lar), rhesus monkey (Macaca
mulatta), squirrel monkey (Saimiri sciu-
reus), owl monkey (Aotus trivirgatus), and
spider monkey (Ateles geoffroyi). Nucleotide
sequence data used are as follows.
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1. A 0.9-kb fragment of mitochondrial
DNA containing genes for NADH dehydroge-
nase subunits 3 and 4 and for three tRNAs.
Nucleotide sequences for human, chimpan-
zee (a part of the sequence is that of pygmy
chimpanzee), gorilla, oranf‘utan, and gibbon
are taken from Brown et al. (1982); those for
rhesus monkey and squirrel monkey and the
alignment of these seven sequences are from
Ha(liyasaka et al. (1988). This DNA fragment
is designated as mtDNA 1.

2. A 0.9-kb fragment containing the small
ribosomal RNA gene of mitochondrial DNA.
The human nucleotide sequence is from
Anderson et al. (1981), and those for chim-
panzee, pygmy chimpanzee, gorilla, and or-
angutan are from Hixson and Brown (1986).
The alignment for these five sequences fol-
lows that of Hixson and Brown (1986). This
DNA fragment is designated as mtDNA II.

3. A 2.0-kb fragment containing the
n-globin pseudogene in the B-globin gene
family. Sequences for human, chimpanzee,
and gorilla are taken from Chang and Sligh-
tom (1984); that for owl monkey is from
Harris et al. (1984); and those for orangutan
and rhesus monkey are from Koop et al.
(1986). The ali?ment for these seven se-

uences is from Koop et al. (1986). This DNA
ragment is designated as n-globin S.

4. A 3.1-kb fragment containing a spacer
DNA of the B-globin %ene family. Nucleotide
sequence for two alleles (R and T) of human
and that for chimpanzee are taken from
Maeda et al. (1983), and those for gorilla,
orangutan, rhesus monkey, and spider mon-
key as well as the alignment of all seven
selsluences are from Maeda et al. (1988). This
DNA fragment is designated as 3-globin.

5. A 7.1-kb fragment containing the
n-globin pseudogene that includes the v-
globin S fragment. The human nucleotide
sequence is taken from Collins and Weiss-
man (1984), and those for chimpanzee, go-
rilla, and orangutan (excluding the part of
n-globin S) as well as the alignment of all
four sequences are from Miyamoto et al.
(1987). 5}‘his DNA fragment is designated as
7-globin L.

6. A 2.3-kb fragment containing immuno-
globulin €3 processed pseudogene. The hu-
man nucleotide sequence is from Ueda et al.
(1982), and those for chimpanzee, gorilla,
and orangutan are from Uega et al. (1989).
This DNA fragment is designated as Ig-€3.

EVOLUTIONARY DISTANCE MATRICES

There are a variety of methods for estimat-
ing evolutionary distances based on the ac-

cumulation of nucleotide substitutions (e.g.,
Jukes and Cantor 1969; Kimura, 1980; Go-
jobori et al., 1982). Tajima and Nei (1984)
proposed a simple method that gives a good
estimate of evolutionary distance compared
with the other methods. This method incor-
porates the nonrandom pattern of nucleotide
substitution that has been observed in nu-
clear genes (Li et al., 1984) and in mitochon-
drial genes (Aquadro et al., 1984). Thus we
used Tajima and Nei’s (1984) equation 6 for
estimating the evolutionary distance (d)
from the proportion (p) of different nucle-
otides per site, the proportion (g;) of the ith
nucleotide (i = A, G, T, or C), and the propor-
tion (x;;) of a pair of nucleotides 1 and j
between the two sequences compared:

d = -blog (1 — p/b), (1)
where

4
b=(1- 2, q?+ p/h)/2

i=1

and

3 4
h= Z E xij?/(2q;q;).

i=1 j=i+1

The standard error of d is given by the square
root of the variance of d,

V(d)=b?p(1 — p)/[(b — p)*n], (2)

where n is the number of nucleotides com-
pared (Tajima and Nei, 1984). Equation 1
resembles Jukes and Cantor’s (1969) for-
mula in which the random nucleotide substi-
tution is assumed. In fact, equation 1 is
reduced to Jukes and Cantor’s formula when
b = 0.75. When the pattern of nucleotide
substitution is not random, however, the
value of b (estimated by using observable
uantities q;s and x;s) becomes different
rom (.75, and this 1s why equation 1 is
efficient in obtaining a reliable estimates of
nucleotide substitutions.

Evolutionary distance matrices thus ob-
tained are presented in Table 1. Gaps (inser-
tions and deletions) were excluded from the
comparison.

Table 1a shows the distance matrix for the
mtDNA I fragment. Nei et al. (1985) pre-
sented a similar distance matrix for five
hominoid species by applying Jukes and
Cantor’s (1969) method, whereas Hayasaka
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TABLE 1. Evolutionary distance (SE) matrices

a. mtDNA I (892 nucleotides were compared)

Human Chimpanzee Gorilla Orangutan Gibbon Rhesus monkey
Chimpanzee 0.0976
(0.0116)
Gorilla 0.1141 0.1183
(0.0127) (0.0130)
Orangutan 0.1880 0.2046 0.1966
(0.0173) (0.0184) (0.0179)
Gibbon 0.2157 0.2280 0.2278 0.2264
(0.0188) (0.0196) (0.0196) (0.0194)
Rhesus 0.2929 0.3234 0.2939 0.3150 0.2962
monkey (0.0230) (0.0251) (0.0231) (0.0245) (0.0231)
Squirrel 0.3644 0.3802 0.3543 0.3689 0.3473 0.3967
monkey (0.0269) (0.0280) (0.0263) (0.0268) (0.0255) (0.0290)
b. mtDNA II (939 nucleotides were compared)
Pygmy
Chimpanzee chimpanzee Gorilla Human
Pygmy 0.0118
chimpanzee (0.0036)
Gorilla 0.0428 0.0416
(0.0069) (0.0068)
Human 0.0383 0.0327 0.0371
(0.0065) (0.0060) (0.0064)
Orangutan 0.0954 0.0917 0.0966 0.0929
(0.0106) (0.0104) (0.0107) (0.0105)
c. n-globin S (1,967 nucleotides were compared)
Human Chimpanzee Gorilla Orangutan Rhesus monkey
Chimpanzee 0.0123
(0.0025)
Gorilla 0.0144 0.0181
(0.0027) (0.0031)
Orangutan 0.0308 0.0346 0.0373
(0.0041) (0.0043) (0.0045)
Rhesus 0.0734 0.0780 0.0781 0.0785
monkey (0.0065) (0.0067) (0.0067) (0.0067)
Owl 0.1133 0.1145 0.1170 0.1174 0.1369
monkey (0.0083) (0.0083) (0.0085) (0.0085) (0.0093)
d. B-globin (3,042 nucleotides were compared)
Human R Human T Chimpanzee Gorilla Orangutan Rhesus monkey
Human T 0.0053
(0.0013)
Chimpanzee 0.0133 0.0140
(0.0021) (0.0022)
Gorilla 0.0150 0.0157 0.0123
(0.0023) (0.0023) (0.0020)
Orangutan 0.0300 0.0307 0.0255 0.0269
(0.0032) (0.0033) (0.0030) (0.0030)
Rhesus 0.0778 0.0774 0.0742 0.0731 0.0701
monkey (0.0054) (0.0054) (0.0052) (0.0052) (0.0051)
Spider 0.1172 0.1169 0.1118 0.1135 0.1138 0.1331
monkey (0.0068) (0.0068) (0.0066) (0.0067) (0.0067) (0.0073)
e. n-globin L (6,902 nucleotides were compared)
Human Chimpanzee Gorilla
Chimpanzee 0.0144
(0.0015)
Gorilla 0.0145 0.0183
(0.0015) (0.0017)
Orangutan 0.0297 0.0338 0.0334

(0.0021) (0.0023) (0.0023)
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TABLE 1. Evolutionary distance (SE) matrices (continued)

-

. Ig-€3 (2,250 nucleotides were compared)
Human

Chimpanzee Gorilla

0.0139
(0.0025)
0.0176
(0.0028)
0.0409
(0.0044)

Chimpanzee
Gorilla

Orangutan

0.0162
(0.0027)
0.0385
(0.0043)

0.0414
(0.0044)

et al. (1988) used Gojobori et al.’s (1982)
method to estimate the evolutionary dis-
tances. All distance values of Table 1a are
slightly larger than those of these two dis-
tance matrices. Saitou (1988) computed the
evolutionary distances for the data of the
mtDNA II ragment by applying Jukes and
Cantor’s (1969) method, and the distance
values of the present study, shown in
Table 1b, are slightly larger than those.
Maeda et al. (1985) and Ueda et al. (1988)
used Kimura’s (1980) method for estimating
the evolutionary distances for the data of the
B-globin fragment and those of the Ig-e3
fragment, respectively. These distances are
similar to those presented in Table 1d and
Table 1f, respectively.

PHYLOGENETIC TREES

Phylogenetic trees were reconstructed by
applying the neighbor-joining method to the
distance matrices of Table 1. The principle of
the neighbor-joining method is to find pairs
of operationaf taxonomic units (OTUs) that
minimize the total branch length at each
stage of clustering OTUs, starting with a
star-like tree. The branch lengths as well as
the tree topology of a minimum-evolution
tree can quickly be obtained by applying this
stepwise ciustering method. In fgct, it has
been shown that the efficiency of the neigh-
bor-joining method in obtaining the correct
tree topology is similar to that of the mini-
mum-evolution method (Saitou and Iman-
ishi, 1989). The neighbor-joining method
gives an unrooted tree (as do many other
tree-making methods), and a New World
monkey (either squirrel, owl, or spider mon-
key) was accordingly taken as an outgrou
species and used to locate the root of eac
tree.

Figure la shows the phylogeny of the
mtDNA I fragment for human, chimpanzee,

orilla, oran%'utan, gibbon, and rhesus mon-
ey. Squirrel monkey was used as the out-
group to locate the root. Human and chim-

a Human
I:_ Chimpanzee

Gorilla

Orangutan

Gibbon

Rhesus
monkey

)
0.02

SN e
Chimpanzee
L—- Gorilla

— ‘'———————————— Orangutan
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C
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Chimpanzee

Gorilla

Rhesus
monkey

= e O r aTIEUE AT

Rhesus
monkey

bt
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Fig. 1. Phylogenetic trees of higher primates recon-
structed by the neighbor-joining method from the evolu-
tionary distance matrices of Table 1. a: mtDNA I. b:
n-Globin S. c: B-Globin. Scales are the number of nucle-
otide substitutions per nucleotide site.

anzee are clustered in the tree of Figure la.

he branching pattern of this tree is the
same as that of Nei et al. (1985), in which
UPGMA was applied to the evolutionary
distances estimated by Jukes and Cantor’s
(1969) method. Nei et al. showed that the
branching point for human and chimpanzee
lineage was not significantly different from
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that for the human-chimpanzee lineage and
the gorilla lineage in their tree.

This tree was also chosen when Fitch and
Margoliash’s (1967) method and the distance
Wagner method (Farris, 1972) were used
(Nei, 1987). Hasegawa et al. (1985) obtained
the same tree by applying Felsenstein’s
(1981) maximum likelihood method to the
transversional difference alone. Using a
slightly different maximum likelihood
method, Saitou (1988) obtained a tree in
which chimpanzee and gorilla were clus-
tered. The same tree was obtained by using
the maximum parsimony method (Brown
et al., 1982). Interestingly, however, we ob-
tain an alternative tree (in which human and
chimpanzee are clustered) by the maximum
parsimony method if se(?uences for only hu-
man, chimpanzee, gorilla, and orangutan
are used (Saitou and Nei, 1986). The same
tree is obtained by Lake’s (1987) evolution-
ary parsimony method (Holmquist et al.,
1988).

The rhesus monkey seems to have a higher
rate of nucleotide substitutions than that of
hominoids, since the branch length for the
rhesus monkey lineage is longer than those
for any of the hominoid lineages. Hayasaka
et al. (1988) also applied the neighbor-
joining method to the evolutionary distances
estimated by using Gojobori et al.’s (1982)
method and obtained a tree in which human
and chimpanzee were clustered. Their tree
included sequences for three other Old
World monkeys (Jaganese macaque, crab-
eating macaque, and Barbary macaque) in
addition to those for two prosimians (tarsier
and lemur). The inclusion of such distantl
related species probably diluted the rate dif-
ference between the hominoid lineage and
the Old World monkey lineage in their tree.
However, a more detailed comparison re-
vealed a higher rate of nucleotide substitu-
tion in the Old World monkey lineage than
that in the hominoid lineage (Hayasaka
et al., 1988).

When the data for mtDNA II were used,
human and gorilla were clustered (tree not
shown). However, the length of the branch
connecting human-gorilla cluster with chim-
panzee cluster is very short. The branching
pattern and branch lengths of this tree are
quite similar to those of Saitou (1988), in
which the neighbor-joining method was used
to Jukes-Cantor distances [see Saitou (1991)
and Saitou and Imanishi (1989) for results
when the other tree-making methods were
used to the same sequence data]. The maxi-

mum likelihood tree of Saitou (1988) is also
the same tree. On the other hand, this tree
and the one that clusters human and chim-
panzee are equally parsimonious if we apply
the maximum parsimony method (Hixson
and Brown, 1986). It is clear from the dis-
tance matrix of Table 1b that chimpanzee
and pygmy chimpanzee are clustered fol-
loweci) by the clustering of human and the
chimpanzee- I\%Zny chimpanzee cluster, if
we apply UPF}y :

Figure 1b is a nuclear DNA phylogeny of
the m-globin S fragment for four hominoid
species as well as an Old World monkey
species (rhesus monkey). The owl monkey
was used to locate the root. Human and
chimpanzee are clustered in this tree, but
the branch length from the human-chim-
panzee cluster to the gorilla lineage is very
short. The branching pattern of this tree is
the same as that obtained by Li’s (1981)
method (Li and Tanimura, 1987) and by the
maximum likelihood method (Hasegawa
et al., 1987). This tree and the one in which
chimpanzee and gorilla were clustered were
equally parsimonious (Koop et al., 1986). If
we apply UPGMA to the distance matrix of
Table 1c, human and chimpanzee are clus-
tered.

Figure 1c is a nuclear DNA phylogeny of
the B-globin fragment for the same set of
grimate species as in the case of Figure 1b.

pider monkey is used as an outgroup spe-
cies in this case. Human and chimpanzee are

. clustered in this tree as in Figure 1b. The

branching pattern of this tree is the same as
that obtained by the maximum parsimony
method, whereas chimpanzee and gorilla are
clustered first if we use UPG (Maeda
et al.,, 1988), and human and gorilla are
clustered first when the maximum likeli-
hood method is used (Hasegawa et al., 1989).

The data available for both the n-globin L
and Ig-e3 fragments include nucleotide se-
quences for human, chimpanzee, gorilla, and
orangutan. Human and chimpanzee are
clustered if we apply the neighbor-joining
method or UPGMA to the evolutionary dis-
tance matrices of Table 1e and Table 1f (trees
not shown). This tree was also obtained
when the maximum parsimony method was
lljsgg)(Miyamoto et al.,, 1987; Ueda et al.,

COMPARISON OF EVOLUTIONARY DISTANCES

It now seems clear from the phylogenetic
tree analysis that the rate of nucleotide sub-
stitutions is more or less constant in the
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TABLE 2. Comparison of evolutionary distances for human, chimpanzee, and orangutan

D (h— ¢ D (h — o) D(c—o0) _2A

DNA fragment N! =A =B - B+C
mtDNA I 895 0.0973 0.1889 0.2055 0.49
mtDNA II 945 0.0386 0.0993 0.1019 0.38

Average of mitochondrial DNA 0.44
n-Globin L 6903 0.0144 0.0297 0.0338 0.45
B-Globin 3150 0.0128 0.0306 0.0263 0.45
Ig-el 2190 0.0181 0.0353 0.0339 0.52
Ig-e3 2250 0.0139 0.0409 0.0385 0.35

Average of nuclear DNA 0.44

'Number of nucleotides compared.

hominoid lineage. We ac.cording}lly undertook Human

a more detailed comparison of the evolution- X .

ary distances among human, chimpanzee, Chimpanzee

and orangutan. The result is shown in e

Table 2. In this table, data for the n-globin S z

fragment were not included, since this frag- Oranguéan

ment is a part of the n;globm L fragment. On

the other hand, data for the DNA fragment : , : } Evolutionary

designated as Ig-el are included in Table 2. 0.015  0.01 0.005 Distance x 0.5

This fragment contains the Ig-€l functional .

gene and nucleotide sequences for human, Fig. 2.

chimpanzee, and orangutan (Ueda et al,
1982; Sakoyama et al., 1987) are available.
The Ig-el and -3 fragments are in different
chromosomes in human (Ueda et al., 1982).
Note that the numbers of nucleotides for the
other DNA fragments have been increased
compared to those of Table 1, because the
insertions common to human, chimpanzee,
and orangutan that were excluded from the
previous analysis are now included. D(i—j)
denotes the evolutionary distance between
species i and j, and h, ¢, and o designate
hun;an, chimpanzee, and orangutan, respec-
tively.

As expected, mitochondrial DNA exhibits
larger evolutionary distances than those of
nuclear DNA. In particular, mtDNA I has
the largest amount of divergence. On the
other hand, four DNA fragments of nuclear
DNA show more or less the same amount of
divergence, 0.013-0.018 between human
and chimpanzee and about 0.03 between
human and orangutan and between chim-
panzee and orangutan. It is interesting to
note that apart from Ig-el, the fragments of
nuclear DNA are nonfunctional DNAs (ei-
ther a pseudogene or a spacer region). Thus
these results seem to be in agreement with
the prediction of the neutral theory that the
mutation rate is the upper limit for the rate
of nucleotide substitutions in nonfunctional
DNAs (Kimura, 1983). As for the functional
Ig-€l gene, the selection constraint against

A molecular phylogl%ﬁonf hominoids esti-

mated by the combined nuclear sequence data. See

text for details.

this gene may be small, because its d values
were as large as that for nonfunctional DNA
fragments (Table 2). Although the evolution-
ary distance between human and chimpan-
zee for this gene is slightly larger than those
for nonfunctional DNAs, this may be attrib-
utable to sampling errors. Distances be-
tween human and orangutan (B) and those
between chimpanzee and orangutan (C) are
more or less the same. This indicates that the
evolutionary rates of the human and the
chimpanzee lineages are similar to each
other.

The rightmost column in Table 2 shows
the proportion of the distance (A) between
human and chimpanzee to that of the dis-
tance between human-chimpanzee cluster
and orangutan. The latter distance was ob-
tained by averaging distances B and C. Thus
the values of 215/(B + C) correspond to
D(X — human)/D(Z — orangutan), where X
and Y are branching points for human and
chimpanzee and for the human-chimpanzee
cluster and orangutan (see Fig. 2). Interest-
ingly, all the proportions are more or less the
same, and the simple averages for the mito-
chondrial DNA and that for the nuclear DNA
both become 0.44.
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NUCLEAR DNA PHYLOGENY OF HOMINOIDS

As shown in the phylogenetic analysis, all
the nuclear DNA data produced the same
tree for human, chimpanzee, gorilla, and
orangutan, and the approximate constancy
of the rate of nucleotide substitution has
been observed for these four hominoid spe-
cies. Thus we combined all the nuclear DNA
data (n-globin L, B-globin, and Ig-e3) and
made the combined distance matrix (Ta-
ble 3). A phylogenetic tree (Fig. 2) was con-
structed by applﬁirzig UPGMA, since this
tree-making method assumes a constant
rate of evolution (see Nei, 1987). The se-
quence for allele R was used as the human
sequence for the case of the B-globin frag-
ment. The total number of nucleotides com-
pared is 12,297 bp. As expected, human and
chimpanzee are clustered in the tree of
Figure 2, because the pair of OTUs that show
that the smallest distance is clustered first
in UPGMA. This clustering was also ob-
tained when the neighbor-joining method
was applied to the distance matrix of Table 3
(tree not shown).

Distances between the three branching
points (X, Y, and Z) and the extant species
are 0.00695, 0.00783, and 0.01630, respec-
tively (see Fig. 2). Standard errors of these "
branching points (or more precisely, those of
the distances from these branching points to
the present time) were obtained by applyin
Nei et al.’s (1985) method. Since Tajima ang
Nei’s (1984) method was used for distance
estimation, equations 1 and 2 were used
instead of equations 14 and 15 of Nei et al.
(1985), which are the special cases of equa-
tions 1 and 2, with b = 8.75.

The standard error of the branching point
Xis 0.000537, which is simply one-hal%of the
standard error of D (human-chimpanzee)
(see Table 3). Computation of the standard
error of the branching point Y (dy) is more
complicated. Because dy is estimated by

TABLE 3. Evolutionary distance (SE) among
four hominoids

Human Chimpanzoe Gorilla
Chimpanzee 0.01390
(0.00107)
Gorilla 0.01508 0.01624
(0.00112) (0.00116)
Orangutan 0.03189 0.03265 0.03328
(0.00165) (0.00167) (0.00169)

81

[D (gorilla-human) + D (gorilla-chimpanzee)/4,
the variance of dy becomes

V(dy)=[V(Dgp) + V(D) +
ZCOV(Dgh, Dgc)]/lG, (3)
where V(x) and Cov(x, y) denotes the vari-
ance of x and covariance between x and y,
respectively, and D, is D(x — y) (Nei et al,
1985). Species names were abbreviated as g,
orilla; g, human; ¢, chimpanzee. Cov (D,
«) is identical to V(Dy,), and this value can
be obtained by putting the P value corre-
%gondin to D (gorilla — x) into equation 2.
eused b = 0.6 in equation 1 for converting
the distance to the P value. Hence the vari-
ance of the branching fpoint Y can be com-
Euted. Computation of the variance of the
ranching point Z can also be done in a
similar manner (see Nei et al., 1985, for
details).

Therefore, the standard errors (square
roots of the corresponding variances) of the
branching points 6 and 7 become 0.000503
and 0.000765, respectively. These standard
errors are graphically represented in
Figure 2 as boxes.

e can test whether the difference be-
tween the branching points X and Y of
Figure 2 is statistically significant or not by
using a t test (Nei et al., 1985). The difference
between the two branciling oints is 0.00088
(= 0.00783 — 0.00695) and its variance is
estimated by 0.000537%2 + 0.000503% =
3.97 x 1077, Because there are correlations
between the two branching points, this vari-
ance is slightly smaller than that used for
the conventional t test (see Appendix to Nei
et al., 1985). In any case, the t statistic
becomes 1.40 (= 0.00088/0.00063). This t
value is not statistically significant
(P > 0.081; one-tailed test with d.f. = ).
Therefore, the clustering of human and
chimpanzee in Figure 2 1s not a definitive
one. As for the branching points Y and Z, the
difference between these two branchin
points is highly significant (t = 0.00847/
0.000844 = 10.04; P < 0.0001). This indi-
cates that the trio of human, chimpanzee,
and gorilla is a well-defined monophyletic
group, and that the orangutan is clearly an
outgroup to the trio.

i DISCUSSION !
Branching order of human, chimpanzee,
and gorilla

The determination of the branching order
of human, chimpanzee, and gorilla 1s per-
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haps the most important current issue in
human phylogeny. Although human and
chimpanzee are clustered in the tree of Fig-
ure 2, this clustering is not statistically sig-
nificant. Using a different statistical test,
Holmquist et al. (1988), Li (1989), and
Holmes et al. (1989) also obtained a nonsig-
nificant result for the nuclear DNA sequence
data, although the data for Ig-e3 were not
used in these studies.

Recently, Williams and Goodman (1989)
claimed that they obtained a significant
clustering of human and chimpanzee from
the same data set used in the present stud
based on the maximum parsimony method.
Gaps (insertions and deletions) as well as
nucleotide substitutions were used in their
study, whereas gaps were not used in the
present study. Interestingly, all four charac-
ters involving gaps used in Williams and
Goodman’s study support the clustering of
human and chimpanzee. Thus the signifi-
cance of their result may disappear if these
four characters are excluded E'om the com-
parison. Because gaps are introduced when
nucleotide sequences are aligned, their ex-
istence or nonexistence is somewhat artifi-
cial. Furthermore, the nature of gap creation
is not clear compared with the well docu-
mented nature of nucleotide substitutions
(eﬁ., Nei, 1987). It should also be noted that
different phylogenetic tree-making methods
can yield different branching patterns for
the same data, as described in a previous
section. This indicates that the available
amount of sequence data is not enough to
determine the branching order of the trio.
Therefore, it may be said that the branching
order of human, chimpanzee, and gorilla is
not yet resolved at the DNA sequence level.

There is another important aspect for the
determination of the granchin pattern of
these three hominoid species. %n the pres-
ence of genetic polymothism, a phyloge-
netic tree reconstructed from a single gene
from each species (gene tree) may be differ-
ent from the true phylogenetic tree of species
(species tree), even if a large number of
nucleotides are used (Takahata and Nei,
1985; Saitou and Nei, 1986; Nei, 1987). This
is especially so when the two speciation
events occurred in a short period. Because
thereis a tight linkage between the mtDNA I
and mtDNg II fragments and between the
n-globin and 3-globin fragments, we can ob-
tain three different gene trees for mitochon-
dria, the B-globin gene family, and the im-
munoglobulin e region. Saitou and Nei

(1986) estimated the gene tree from the com-
bined data of the mtDNA I and mtDNA II
fragments, and human and chimpanzee
were clustered in their tree. It is clear that
we obtain the same clustering for the other
two gene trees, although none of them is
statistically significant. Recently, however,
chimpanzee and gorilla were found to be
closer to each other than to human for the
case of the involucrin gene (Djlan and Green,
1989). It has been shown that several gene
trees may be necessary for obtaining the
correct species tree in the case of human,
chimpanzee, and gorilla (Saitou and Nei,
19865 Therefore, examination of at least a
few more genes seem to be necessary to
establish the branching pattern of human,
chimpanzee, and gorilla.

Congruence between the mtDNA and
nuclear DNA data

It has been shown from the comparison of
evolutionary distances for human, chimpan-
zee, and gorilla that there was a good congru-
ence between the data for mitochondrial
DNA and those for nuclear DNA (see
Table 2). The range of this congruence can be
checked by making a similar comparison for
the data of another trio of species (chim-
panzee, pygmy chimpanzee, and human).

The proportion (P) of the branching point
for chimpanzee and pygmy chimpanzee to
that for human and tEe chimpanzee cluster
is given by P = 2 x D(chimpanzee-pygmy
chimpanzee)/[D(human — chimpanzee) +
D(human — pygmy chimpanzee)]. As for the
nuclear DNA, data from protein electro-
?horesis (Bruce and Ayala, 1979) and those

rom DNA-DNA hybridization (Sibley and
Ahlquist, 1987; Caccone and Powell, 1989)
give P values of 0.30, 0.42, and 0.49, respec-
tivelﬁ On the other hand, the P value for the
mtDNA II fragment data is 0.35 (see
Table 1b), and the restriction-site data of
Ferris et al. (1981) gives P = 0.32 [this P
value is obtained from the evolutionary dis-
tances given by Nei et al. (1985)]. Nucleotide
sequence data obtained for mitochondrial
DI%A by Foran et al. (1988) were not used
because they sample a noncoding region con-
taining a lot of insertions and deletions are
involved. There is a rough agreement be-
tween the P values for mtDNA data and
those for nuclear DNA.

Hasegawa et al. (1985) analyzed the nucle-
otide sequences for the mtDNA I fragment,
and their value of D(X — human)/D(Z —
orangutan) was 0.25 (from their Fig. 2).
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Compared with our value of 0.49 (Table 2),
this 1s rather low. To explain this unusual
result, Hasegawa et al. (1985, 1987, 1989)
suggested tﬁe possibility of interspecies
transfer (introgression) of mtDNA during
the speciation process of human and chim-
panzee. However, we did not find a consider-
able difference between the evolutionary
distances involving human, chimpanzee,
pygmy chimpanzee, and orangutan for the
mitoci’xondrial DNA and those for the nu-
clear DNA. Therefore, there seems to be no
need to postulate the introgression of
mtDNA between the human and chimpan-
zee lineages.

It is possible that the unusual result of
Hasegawa et al. (1985) originated from the
use of their evolutionary model, which in-
volves the proportion (f) of the variable nu-
cleotide sites. Hasegawa et al. analyzed the
sequence data for mtDNA I fragment [Brown
et al.’s (1982) data and data for bovine and
mouse] and obtained the f values of 0.53 (the
average of the f values for the class I and
class II sites, weighted with the number of
nucleotides for each class), which is slightly
larger than the observed f value of 0.52.
However, if we use Hayasaka et al.’s (1988)
data, which contain nucleotide sequences of
seven more species than Hasegawa et al.
analyzed, the observed f value becomes 0.63.
Clearly, the proportion of variable sites has
increased because of the inclusion of more
sequence data. Unfortunately, the parame-
ter f in an evolutionary model has been
known to ?ive a large effect for the estima-
tion of evolutionary distances (Nei, 1987).

Congruence of molecular data

Without an assumption or calibration of a
molecular clock, molecular data alone can
give only the “relative” divergence time. This
is why we presented the proportions of
molecular distances, or D(X — human)/
D(Z — orangutan), in Table 2. These values
(average 0.44) are close to the corresponding
values of 0.45 and 0.47 obtained, respec-
tively, from the DNA-DNA hybridization
data of Sibley and Ahlquist (1987:Table 5)
and of Caccone and Powell (1989:Table 4).
Therefore, there is a good congruence be-
tween the nucleotide sequence data and the
DNA-DNA hybridization data. Nei (1985)
also showed that the estimates of the diver-
gence times of chimpanzee and gorilla from
the human lineage obtained from Brown
et al’s (1982) data were close to those of
Sibley and Ahlquist (1984).

However, there still exists an inconsis-
tency between these two kinds of molecular
data when the branch length estimates of
human, chimpanzee, and gorilla are consid-
ered. The proportion of D(X — human)/
D(Y — gorilla) for the tree of Figure 2 is 0.89
(= 0.00695/0.00783), whereas the corre-
sponding proportions for the DNA-DNA hy-
bridization data are 0.73 and 0.60 for the
data of Sibley and Ahlquist (1987) and Cac-
cone and Powell (1989), respectively. Let us
decrease D(X — human) by 1.5 times the
standard error and increase D(Y — gorilla)
by 1.5 times the standard error for the tree
of Figure 2. Then the new value of D(X —
human)/D(Y - gorilla) becomes 0.72[=
(0.00695 — 0.00081)/(0.00783 + 0.00075)],
which is now similar to that of Sibley and
Ahlquist (1987) but is still considerabl

eater than that of Caccone and Powell

1989). If we assume a normal distribu-
tion for branch length estimates and ignore
the correlation between the two estimates,
the probability of obtaining such a low
value of D(X — human)/D(Y - gorilla) be-
comes 0.0668% = 0.004. Therefore, the dif-
ference of the value of D(X — human)/
D(Y — gorilla) for the nucleotide sequence
data and that for DNA-DNA hybridization
data seem to be statistically significant.

It should also be noted that there is a
controversy on the data presented by Sibley
and Ahlquist (Marks et al., 1988, 1989; Brit-
ten, 1989). Reanalyzing a part of Sibley and
Ahlquist’s (1987) data, Marks et al.
(1988:Table 2) obtained similar evolutionary
distances between the pair of human and
chimpanzee (1.54) and that of human and

orilla (1.68). This makes the value of

(X — human)/D(Y — gorilla) equal to 0.92,
which is now close to that (0.89) for the
nucleotide sequence data. Therefore, we may
conclude that the problem of the determina-
tion of the branching order among human,
chimpanzee, and gorilla is yet to be solved at
this moment.
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NOTE ADDED IN PROOF

Recently Hasegawa (1990; Jpn. J. Genet
65:243-266) presented an analysis of Ha-
asaka et al.’s (1988) data, and D(X-human)/
(Z-orangutan) became 0.30 for mtDNA I,
which is larger than the value (0.25) ob-
tained by Hasegawa et al. (1985). However,
this new estimate is still considerably
smaller than our estimate (0.49). Because
the method we used in this study for estimat-
ing evolutionary distances does not take into
account the heterogeneity of evolutionary
rate at different nucleotide sites, which does
exist in real situation, it is possible that our
value of D(Z-orangutan) is slightly underes-
timated, resulting a relatively large value of
D(X-human)/D(Z-orangutan).



