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Summary. A molecular clock analysis was carried 
out on the nucleotide sequences of  parts of  the major 
noncoding region of  mitochondrial DNA (mtDNA) 
from the major geographic populations of  humans. 
Dates of  branchings in the mtDNA tree among hu- 
mans were estimated with an improved maximum 
likelihood method. Two species of chimpanzees were 
used as an outgroup, and the mtDNA clock was 
calibrated by assuming that the chimpanzee/human 
split occurred 4 million years ago, following our 
earlier works. A model of  homogeneous evolution 
among sites does not fit well with the data even 
within hypervariable segments, and hence an ad- 
ditional parameter that represents a proportion of  
variable sites was introduced. Taking account of this 
heterogeneity among sites, the date for the deepest 
root of  the mtDNA tree among humans was esti- 
mated to be 280,000 + 50,000 years old (_ 1 SE), 
although there remains uncertainty about the con- 
stancy of the evolutionary rate among lineages. The 
evolutionary rate of  the most rapidly evolving sites 
in mtDNA was estimated to be more than 100 times 
greater than that of  a nuclear pseudogene. 

Key words: Nucleotide sequences -- Major non- 
coding region -- Evolutionary rates -- Molecular 
clock -- Rate heterogeneity among sites -- Effective 
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Introduction 

From restriction enzyme analysis of mitochondrial 
DNA (mtDNA) from major human races, several 

authors suggested that the time of  the deepest root 
of  the mtDNA tree of  humans was about 200,000 
years ago (Brown 1980; Johnson et al. 1983; Horai 
et al. 1986; Cann et al. 1987). The restriction en- 
zyme analysis, however, is subject to several am- 
biguities in estimating genetic distances (Kocher et 
al. 1989). 

Recently, Vigilant et al. (1989) challenged the 
problem by directly sequencing 740 nucleotides in 
the major noncoding region (which they called the 
control region) of mtDNAs of 83 individuals from 
the major geographic populations. They estimated 
that the deepest root of  the mtDNA tree of  humans 
was about 238,000 years ago, consistent with the 
previous estimates from restriction enzyme analy- 
sis. The human/chimpanzee divergence was taken 
as a reference to calibrate the clock, which suggested 
that a large number of  multiple substitutions had 
taken place between these two species. How Vigilant 
,et al. (1989) corrected for multiple substitutions, 
however, is approximate and it seems to be worth- 
while to reanalyze their data by a more rigorous 
statistical method. 

Furthermore, Horai and Hayasaka (1990) se- 
quenced at least 482 nucleotides in the major non- 
coding region that partially overlaps with the region 
sequenced by Vigilant et al. (1989) from 95 indi- 
viduals of  major races. In the present work, by using 
a generalized least-squares method developed by 
Hasegawa et al. (1985) and  by Kishino and Hase- 
gawa (1990), we have analyzed the sequence data 
from these two papers in addition to those of  An- 
derson et al. (1981) who sequenced the complete 
mtDNA genome from a European, to those of  
Greenberg et al. (1983) who sequenced most of the 
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Fig. 1. Parts of  the major noncoding region used in this work. The numbering of nucleotides follows Foran et al. (1988), and 
Anderson et al.'s (1981) numbering is given in parentheses. 

T a b l e  1. Three data sets used in the analysis 

G e o -  
Data set 

graphic 
Individuals sequenced origin A B C 

Common chimpanzee ~ Africa + + + 
Pygmy chimpanzee ~ Africa + + + 
ANDER b Europe + + + 
DCK1 ~ Africa + + + 
CDK1 ~ Africa + 
CJK5 ~ Africa + 
lKung5 a Africa + 
!Kungl 1 a Africa + 
!Kung 12 a Africa + 
SB 17" Africa + 
MS 10 ~ Japan + 
M S  14 �9 J a p a n  + 
MS24 " Japan + 

Number of nucleotide sites f 921 449 475 

References for sequence data are as follows: ~ Foran et al. (1988), 
b Anderson et al. (1981), r Greenberg et al. (1983), ~ Vigilant et 
al. (1989), ~ Horai and Hayasaka (1990) 
f Sites that experienced deletion or insertion are excluded 

m a j o r  n o n c o d i n g  r e g i o n  o f  f ive  i n d i v i d u a l s  f r o m  

E u r o p e  a n d  A f r i c a ,  a n d  t o  t h o s e  f r o m  t h e  c o m m o n  

c h i m p a n z e e  a n d  p y g m y  c h i m p a n z e e  s e q u e n c e d  b y  

F o r a n  e t  al.  ( 1988 ) ,  a n d  w e  h a v e  e s t i m a t e d  t h e  t i m e  

o f  t h e  d e e p e s t  r o o t  o f  t h e  m t D N A  t r e e  o f  h u m a n s .  

M a t e r i a l s  a n d  M e t h o d s  

Sequence Data. The data used in this study are nucleotide se- 
quences of the major noncoding region of  mtDNA. Data from 
the common chimpanzee and pygmy chimpanzee sequenced by 
Foran et al. (1988) are used as the outgroup. The regions covered 
by the three data sets used in this work are shown in Fig. 1. 
Designations of individual mtDNAs sampled in the three data 
sets are given in Table 1. 

Methods. A statistical method used in this paper was devel- 
oped by Hasegawa et al. (1985) and by Kishino and Hasegawa 
(1990). To calibrate the mtDNA molecular clock, the branching 

between humans and chimpanzees is taken as a reference. Under 
the  assumption that the orangutan diverged from the African 
apes--human clade 13 million years (Myr) ago, the mtDNA data 
of 896 nucleotides sequenced by Brown et al. (1982) gave a date 
of  3.9 + 0.7 Myr (_+ refers to 1 SE) for this branching (Hasegawa 
et  al. 1990), and the small rRNA genes of mtDNA sequenced by 
Hixson and Brown (1986) gave a date of  4.2 _+ 1.3 Myr (Hasegawa 
and Kishino 1990). In this work, therefore, the human/chim- 
panzee branching is assumed to be 4 Myr ago. 

As was discussed by Greenberg et al. (1983) and by Horai 
and Hayasaka (1990), it is apparent that not all the sites in the 
major noncoding region are equally variable. Actually there must 
be several different stages of  variability among nueleotide sites. 
But we simplify the problem by assuming that fraction f o r  nu- 
cleotide sites is equally variable and the remaining sites are in- 
variable in the time scale under consideration. Furthermore we 
assume that each variable site evolves independently from other 
sites according to a Markov process in which a nucleotide x (T, 
C, A, or G) is replaced by another nucleotide y in an infinitesi- 
mally short time interval, dt, with a probability of  

~a~rydt (for transition) 
Pxr(dt) = [fl~rydt (for transversion) (1) 

where ~ry is the frequency of nucleotide y, and a and ~ are pa- 
rameters that determine transition rate and transversion rate, 
respectively (Hasegawa et al. 1985). These parameters are as- 
sumed to be equal among different lineages. Another Markov 
model approach has been proposed by Lanave et al. (1984). 

We consider n homologous nucleotide sequences that consist 
of  r nucleotides. Between every possible pair among n sequences 
[n(n - 1)/2 pairs], we count numbers oftransversion differences, 
V~: (i = 1 . . . . .  n - 1;j  = i + 1 . . . . .  n), and those of transition 
differences, So, and construct a vector D = [V~2 . . . . .  Vj,, V2~, 
. . . .  v2 . . . . . .  v~._,., s,2 . . . . .  s , . ,  &~ . . . . .  & . . . . . .  s~._.~ 
The distribution of this vector can be approximated by a mul- 
tivariate normal distribution represented as follows, 

D ~ N ( f ) ,  n)  

where I ) =  [V1"---~ . . . . .  VI., V23 . . . . .  V2--~ . . . . .  V~._,~., S . . . . . . .  
S~., Sz3 . . . . .  $2--~ . . . . .  ~ . _ . . ]  and f~ is the variance--eovariance 
matrix (see Hasegawa et al. 1985). We can determine the max- 
imum likelihood estimates of  the parameters, that is, f a,/3, and 
tk's (date of the kth splitting; k § c, where the cth splitting is a 
reference point for the calibration of the clock) by minimizing 
(generalized least-squares method) 

R(D, 0) = [D - D(0)]rfl- '[D - D(O)], (2) 

where 0 = [tk's (k § c),f, a, ~]r(superscript Tdenotes a transposed 
vector) and ~2 is given by Kishino and Hasegawa's (1990) pro- 
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cedure. The variance of the estimates of the parameter O is given 
by Eq. (17) in Hasegawa et al. (1985). 

Compared to the conventional model of homogeneity among 
different sites, the inhomogeneity model that is specified by in- 
troducing an additional parameter f should always improve, or 
at least not make worse, the apparent fit of the model to the data, 
because the latter model has a greater degree of freedom. How- 
ever, we cannot accept a model with an unnecessarily large num- 
ber of parameters as an appropriate model. A penalty should be 
imposed for increasing the number of parameters. Based on the- 
oretical information, Akaike (1974) showed that, in comparing 
the goodness of the approximation of models with different num- 
bers of parameters, AIC (Akaike Information Criterion) de- 
fined by 

AIC = -2(maximum log-likelihood) 
+ 2 (number of parameters) (3) 

provides a good criterion of model selection. The better the fit 
of the model to the data, the lower is the first term. On the other 
hand, the more complex the model, the higher is the second term. 
A model that minimizes AIC is considered to be the most ap- 
propriate model (Akaike 1974; Hasegawa et al. 1990; K_ishino 
and Hasegawa 1990). By using AIC, we can determine whether 
or not we should introduce an additional parameterf 
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Branching Order of Individual 
Human mtDNAs 

Branch ing  o r d e r s  a re  i n f e r r e d  at  first b y  the  m a x i -  
m u m  l i k e l i h o o d  m e t h o d  o f  F e l s e n s t e i n  (1981)  
( D N A M L  in  F e l s e n s t e i n ' s  p r o g r a m  p a c k a g e  P H Y -  
L I P  ver .  3.1). W h e n  t h e r e  a re  a l t e r n a t i v e  t rees  w h o s e  
l i k e l i h o o d s  a re  n e a r l y  t he  s a m e  as  t h a t  o f  t he  m a x -  
i m u m  l i k e l i h o o d  t ree ,  as  is  m o s t l y  the  case  for  t he se  
da ta ,  A I C  u n d e r  t he  c o n s t a n t  ra te  m o d e l  g iven  b y  
K i s h i n o  a n d  H a s e g a w a  (1990)  is  u sed  in  se lec t ing  a 
t ree a m o n g  the  a l t e r n a t i v e s .  W h e n  b r a n c h i n g  o r d e r  
s eems  to  be  a m b i g u o u s ,  t r i f u r c a t i o n  o r  q u a d r i f u r -  
c a t i on  m o d e l s  a re  c o m p a r e d  w i th  b i f u r c a t i o n  ones  
b y  us ing  A I C .  T h e  t rees  i n f e r r e d  b y  these  p r o c e d u r e s  
a re  s h o w n  in  Fig .  2. 

V ig i l an t  e t  al.  (1989)  r o o t e d  the  m t D N A  t ree  o f  
h u m a n s  b y  us ing  the  p a r s i m o n y  m e t h o d  a n d  b y  
us ing  the  c o m m o n  c h i m p a n z e e  as  an  o u t g r o u p .  T h e  
p a r s i m o n y  m e t h o d  as  wel l  as  t he  m a x i m u m  l ike l i -  
h o o d  m e t h o d  o f  F e l s e n s t e i n  (1981)  c a n n o t  de t e r -  
m i n e  p l a c e m e n t  o f  t he  r o o t  un less  a p r o p e r  o u t g r o u p  
is p r o v i d e d .  F r o m  the  d a t a  for  a s h o r t  s t r e tch  o f  
sequences ,  c h i m p a n z e e s  m i g h t  b e  t o o  r e m o t e l y  re-  
l a ted  to  h u m a n s  to  b e  u s e d  as  a n  o u t g r o u p  for  r o o t -  
ing the  h u m a n  t ree  ( the  h u m a n / c h i m p a n z e e  d i v e r -  
gence is m o r e  t h a n  10 t i m e s  the  d i v e r g e n c e  w i t h i n  
h u m a n s ) .  I n  th i s  s i t u a t i o n ,  t he  b r a n c h i n g  o r d e r  such  
as  ((((A, B), C), D) ,  O) (O: o u t g r o u p )  can  be  r o u g h l y  
e q u i v a l e n t  to  ((((D, C), B), A) ,  O) b y  these  m e t h o d s ,  
even  t h o u g h  these  t w o  t r ees  d i f fer  d r a s t i c a l l y  f r o m  
the  b i o log i ca l  p o i n t  o f  v iew.  T h e r e f o r e  c o n f i d e n c e  
l imi t s  fo r  t he  i n f e r r e d  t ree  m u s t  be  e v a l u a t e d .  W h e n  
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Fig. 2. 
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0.18 4- 0 . 0 7 ~  DCK1 

SB17 
0.32• 

- -  MS14 

MS24 

0.20:k0.07 -- MS10 
4 

0.13+0.1~ _ ANDER 

Three mtDNA trees inferred from data sets A, B, and 
C. Branching dates were estimated from molecular clocks cali- 
brated by assuming human/chimpanzee splitting to be 4 Myr ago 
(_+ refers to 1 SE). The 68% confidence intervals of the estimates 
are shown by I I. Abbreviations: c. chimp, common chim- 
panzee; p. chimp, pygmy chimpanzee. 

t he  s ign i f icance  leve l  d i s c r i m i n a t i n g  b e t w e e n  these  
t rees  is  low,  i t  s e e m s  j u s t i f i ab l e  to  se lec t  a t r ee  b y  
us ing  A I C  b a s e d  o n  the  c o n s t a n t  r a t e  m o d e l  p re -  
s en t ed  in  the  M e t h o d s  sec t ion .  

Proportion of Variable Sites 

G e n e r a l i z e d  l e a s t - s q u a r e s  f i t t ings  a r e  s h o w n  in  Fig.  
3 for  d a t a  set  A.  T h e o r e t i c a l  c u r v e s  o f  t he  b e s t  f i t t ing 

f a s  wel l  as  t h o s e  f o r f  = 1 ( h o m o g e n e o u s  e v o l u t i o n  
a m o n g  d i f fe ren t  s i tes)  a r e  s h o w n .  I t  is a p p a r e n t  t h a t  
for  f = 1 t he  d i f fe rence  p o i n t s  (V0./r, So~r) b e t w e e n  
h u m a n s  a n d  c h i m p a n z e e s  l oca t e  o n  the  l o w e r - r i g h t  
s ide  o f  t he  t h e o r e t i c a l  c u r v e  ( e x p e c t e d  f r o m  the  
m o d e l )  a n d  t h o s e  a m o n g  h u m a n s  l oca t e  o n  the  up -  
pe r - l e f t  s ide ,  t ha t  is, t he  n u m b e r s  o f  t r a n s v e r s i o n  
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Table 2. Divergence times and rates of change in parts of the major noncoding region 

Para- Estimates based on three data sets 

meters A B C 

f 0.27 1 0.31 1 0.27 1 
AIC 86.05 91.12 63.91 71.79 60.09 62.20 
/'L (Myr) 1.70 _+ 0.35 2.61 _+ 0.27 1.89 • 0.61 3.18 • 0.42 2.45 • 0.63 3.15 _ 0,40 
t'2 (Myr) 0.29 • 0.07 0.60 • 0.12 0.23 • 0.09 0.74 • 0.17 0.32 + 0.10 0.67 • 0.17 
fs (Myr-0 0.157 + 0.036 0.016 • 0.001 0.265 • 0.116 0.020 • 0.002 0.158 • 0.052 0.016 + 0.002 
iv (Myr -~) 0.019 + 0.003 0.004 • 0.001 0.021 + 0.005 0.003 _+ 0.001 0.024 • 0.005 0.005 -+ 0.001 
r -~) 0.177 • 0.036 0.020 • 0.002 0.286 • 0.119 0.023 _.+ 0.003 0.182 + 0.055 0.020 • 0.002 
&/fl 17.1 • 3.9 9.1 • 1.8 27.0 • 10.6 12.3 • 3.9 14.5 + 4.6 7.3 • 1.8 

These and other estimates are given for the models with variablef(best fit f)  and with fixed f =  1. For all three data sets, a model 
with variable fwas  selected from AIC. tt is the branching date between common and pygmy chimpanzees, and t2 is the date of the 
deepest node within humans in the respective trees of Fig. 2. Vs, Vv, and v are transition rate, transversion rate, and total substitution 
rate per variable site given by 

vs = 2(Trrlrc + 7raTr~)ot, 
vv = 2(rr  + 7rc)(vra + ra)fl, 

V = Vs + Vv 

o.3s.~ f = 1 

D.3D. 

0 , 2 5  

0 . 2 0 .  

0.15. 

human/chimp 
0.10. 

/ ;  c.ehimp/ " ~  

0 .05-  p.chimp f = 0.27 

within humans 

0 . 0 0  f 

v/r 
Fig. 3. Relationship between S / r  and V/r for data set A. The- 
oretical curves of the best fit f(=0.27) and o f f =  1 are shown. 
Vertical and horizontal lines indicate 1 SE of S J r  and V,,/r, 
respectively. The interval between neighboring small circles along 
the curves is 5 Myr. 

d i f fe rences  a m o n g  h u m a n s  a r e  s m a l l e r  t h a n  expec t -  
ed.  T h i s  s y s t e m a t i c  d e v i a t i o n  is a p p a r e n t  a l so  for  
d a t a  se ts  B a n d  C ( d a t a  n o t  shown)  a n d  s e e m s  to  
i n d i c a t e  t h a t  n o t  al l  t he  s i tes  a r e  e q u a l l y  v a r i a b l e  
a n d  t h a t  the  effect  o f  m u l t i p l e  s u b s t i t u t i o n s  is  n o t  
fu l ly  t a k e n  i n t o  a c c o u n t  in  t he  m o d e l  o f f  = 1. W h e n  

f is t a k e n  as  a v a r i a b l e  a n d  the  g e n e r a l i z e d  l eas t -  
squa re s  fit is  p e r f o r m e d  o n  th i s  v a r i a b l e ,  t he  d e v i -  
a t i o n  is r e d u c e d ,  a n d  the  e s t i m a t e d  v a l u e  o f  f t u r n s  
o u t  to  be  0 .27 ,  0 .31 ,  a n d  0 .27,  r e spec t i ve ly ,  for  d a t a  
sets  A ,  B, a n d  C. T h e  A I C  o f  t he  m o d e l  w i t h  v a r i a b l e  

f i s  s m a l l e r  t h a n  t ha t  w i t h  f ixed  f = 1 c o n s i s t e n t l y  
for  a l l  t he  d a t a  sets  ( T a b l e  2), a n d  t h e r e f o r e  a n  a d -  
d i t i o n a l  r a t i o n a l e  fo r  i n t r o d u c i n g  the  p a r a m e t e r  f i s  
p r o v i d e d .  

T h e  i m p o r t a n c e  o f  e s t i m a t i n g  the  p r o p o r t i o n  o f  
v a r i a b l e  s i tes  w h e n  e s t i m a t i n g  gene t i c  d i s t a n c e s  be -  
t w e e n  D N A  s e q u e n c e s  h a s  b e e n  s t r e s sed  b y  H a s e -  
g a w a  et  al.  (19 8 5), b y  F i t c h  (19 86), a n d  b y  H a s e g a w a  
a n d  K i s h i n o  (I  989).  O u r  ana lys i s  i n d i c a t e s  t h a t  e v e n  
the  r e g ions  t ha t  V i g i l a n t  e t  al .  (1989)  ca l l ed  h y p e r -  
v a r i a b l e  p a r t s  ( d a t a  set  B) d o  n o t  e v o l v e  h o m o g e -  
n e o u s l y  a m o n g  s i tes  a n d  c o n t a i n  r e l a t i v e l y  c onse r -  
v a t i v e  s i tes .  F r o m  the  n e u t r a l  t h e o r y  ( K i m u r a  1983),  
th i s  suggests  t h a t  s o m e  se l ec t ive  c o n s t r a i n t  is  o p -  
e r a t i ng  e v e n  in  these  h y p e r v a r i a b l e  reg ions .  A l -  
t h o u g h  t r a n s i t i o n s  in  the  t h i r d  c o d o n  p o s i t i o n s  o f  
p r o t e i n - c o d i n g  genes  a r e  a l w a y s  s y n o n y m o u s  in  
m a m m a l i a n  m i t o c h o n d r i a ,  t he  t r a n s i t i o n  ra te  p a -  
r a m e t e r  a in  t he  t h i r d  p o s i t i o n s  o f c o d o n s  (0.241 _ 
0.051 M y r  -1 e s t i m a t e d  b y  H a s e g a w a  et  al.  1990) is 
l o w e r  t h a n  t h a t  in  t he  v a r i a b l e  s i tes  o f  t he  m a j o r  
n o n c o d i n g  r eg ion  (0 .666  + 0 .153,  1.158 __+ 0 .509 ,  
a n d  0 .690  ___ 0 .229  M y r  -1 for  d a t a  sets  A ,  B, a n d  
C, w h e r e  + refers  to  1 SE). T h i s  suggests  t h a t  t he  
s e l ec t ive  c o n s t r a i n t ,  a l t h o u g h  weak ,  is  o p e r a t i n g  on  
s y n o n y m o u s  change  in  t he  t h i r d  c o d o n  p o s i t i o n s .  I t  
m i g h t  be  r e a s o n a b l e  to  a s s u m e  t h a t  t r a n s i t i o n  a n d  
t r a n s v e r s i o n  ra t e s  s h o w n  in  T a b l e  2 r e p r e s e n t  t he  
u p p e r  l i m i t s  o f  m t D N A  e v o l u t i o n a r y  ra tes  a n d  
t h e r e f o r e  t he  m u t a t i o n a l  ra tes .  

R a t e  o f  t r a n s i t i o n  p lus  t r a n s v e r s i o n ,  v, is  es t i -  
m a t e d  to  be  0 .177  +__ 0 .036 ,  0 .286 _+ 0 .119 ,  a n d  



0.182 + 0.055 Myr -1 per variable site, respectively, 
for data sets A, B, and C. Kishino and Hasegawa 
(1990) estimated that this rate for the ~-globin pseu- 
dogene in nuclear DNA is (0.781 + 0.189) x 10 -3 
for humans and (1.212 + 0.104) x 10 -3 Myr -1 for 
the great apes, by assuming the human/orangutan 
divergence to be 13 Myr ago. Because the pseudo- 
gene is considered to be free from selective con- 
straints, the analysis was made under the assump- 
tion that all sites are equally variable. The rate for 
variable sites in the major noncoding region of  
mtDNA is thus larger by more than 100 times than 
that of  the pseudogene. Therefore the mutation rate 
of mtDNA is likely to be more than 100 times that 
of nuclear DNA, if  the evolutionary rate of  the n-glo- 
bin pseudogene represents the average mutation rate 
of nuclear DNA. The ratio a/[3 is estimated to be 
17.1 _+ 3.9, 27.0 + 10.6, and 14.5 _+ 4.6 for data 
sets A, B, and C. The ratio was estimated to be about 
5 for the ~-globin and for the intergenic spacer (Ha- 
segawa et al. 1989). Although both transition and 
transversion rates are much higher in mtDNA than 
in nuclear DNA, the amount of  elevation of  tran- 
sition rate in mtDNA is larger than that of  the trans- 
version rate. 

The introduction of  the parameter f suggests a 
large amount  of  multiple nucleotide substitutions in 
a site even between closely related species such as 
humans and chimpanzees. For example, the data set 
A, the expected number of  substitutions between 
the two species is 2 x 4 Myr x 0.177 Myr -1 = 1.42 
per variable site (Table 2) rather than 2 x 4 x 0.020 
= 0.16 per site, which is suggested by the homo- 
geneous model, or 0.14, which is suggested by a 
simple difference. Because of  its high evolutionary 
rate, mtDNA has been widely used in solving phy- 
logenetic problems of  mammalian evolution, par- 
ticularly regarding human evolution. Our present 
work indicates that evaluation of  the amount  of  
multiple substitutions based on a proper model of  
evolution is very important in solving these prob- 
lems. 

Branching Dates 

The estimated dates of  the branchings are also shown 
in Fig. 2. The date of  the branching between the 
common chimpanzee and pygmy chimpanzee is es- 
timated to be 1.70 ___ 0.35, 1.89 ___ 0.61, and 2.45 
+ 0.63 Myr ago, respectively, from data sets A, B, 
and C. These estimates from the three data sets are 
mutually consistent if the standard errors are taken 
into account, and they are consistent with an esti- 
mate based on restriction analysis of  mtDNA (Wil- 
son et al. 1985). The dates of  the deepest branchings 
among humans in the respective mtDNA trees are 
0.29 ___ 0.07, 0.23 + 0.09, and 0.32 ___ 0.10 Myr 
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ago, respectively, for data sets A, B, and C. The 
weighted mean of  these estimates, where a weight 
is inversely proportional to the variance of  the es- 
timate, is 0.28 _+ 0.05 Myr ago. The deepest root 
for mtDNA polymorphisms in the human popula- 
tion is estimated to be some 280,000 years ago, 
although a large amount  of  error is still attached to 
this estimate. 

Based on restriction enzyme analysis of  mtDNA, 
Horai and Matsunaga (1986) suggested that the Jap- 
anese population consists of  two clusters (groups I 
and II). In data set C in this work, MS14 and MS24 
are members of  group I, whereas MS 10 is a member  
o f  group II. Our estimate of  the date for this sepa- 
ration is 200,000 _ 70,000 years. 

Root for Polymorphism in the 
Human Population 

The uncertainty in the branching order of  individual 
human mtDNA exists and we cannot determine 
which of  the individual mtDNAs diverged first from 
others, yet the available estimates indicate that the 
date of  the root for the human mtDNA tree is some 
280,000 years ago, which is roughly consistent with 
previous estimates from restriction analysis and with 
the data of  Vigilant et at. (1989) if the uncertainties 
of  this estimate mentioned below are taken into 
account. 

It should be noted that the estimates of  evolu- 
tionary rates and of  branching dates depend strongly 
o n f a s  shown in Table 2, but that the error in es- 
t imat ingfwas  not taken into account in evaluating 
the standard errors of  these estimates given in this 
paper. In order to obtain a more reliable estimate 
o f f  distantly related pairs of  sequence data, in which 
the number of  transition differences decreases as t 
increases, are needed (Hasegawa et al. 1985). In our 
case, orangutan and gibbon sequences can be useful 
for this purpose. 

Recently, S.H. and coworkers sequenced 4.9 kbp 
of  mtDNA from chimpanzee, gorilla, and orang- 
utan. A preliminary analysis of  the data suggests a 
slower rate of  transition in the chimpanzee than in 
humans. If  this is the case in the major noncoding 
region also, then branching dates among humans 
given in this paper are overestimates (biased toward 
old). In Fig. 3 it is evident that the common/pygmy 
chimpanzee point locates on the lower-fight side of  
the best fit curve, which assumes an equal rate be- 
tween humans and chimpanzees, and that the points 
among humans still locate on the upper-left side. 
This is also the case for data sets B and C (data not 
shown). These deviations are consistent with the 
suggestion that the transition rate is slower in chim- 
panzees than in humans. Additional sequence data 
are still highly desirable for evaluating the extent of  
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rate  v a r i a t i o n  quan t i t a t i ve ly .  W e  a s s u m e d  tha t  the  

split  be tween  h u m a n  a n d  c h i m p a n z e e  m t D N A s  took 
place 4 M y r  ago. T h i s  t i m e  cou ld  be  greater.  I f  it  
was  5 Myr ,  ou r  e s t ima tes  o f  b r a n c h i n g  dates  shou ld  
increase  by  a factor  o f  5/4,  b u t  the t i m e  is un l i ke ly  
to be m u c h  greater  t h a n  this  (Hasegawa a n d  K i s h i n o  
1990). I t  is also poss ib le  tha t  h u m a n  i n d i v i d u a l s  
wi th  m t D N A  m o r e  d ive rgen t  f r o m  o thers  t h a n  

k n o w n  to da te  m a y  be  f o u n d  in  the  future.  H o w e v e r ,  
we t h i n k  that ,  because  o f  the ex tens ive  co l lec t ion  o f  
the  da t a  for i n d i v i d u a l s  f r o m  d iverse  geographic  
a n d  racial  backg rounds ,  m o s t  o f  the  d ive rgence  o f  
m t D N A  in  the p resen t  h u m a n  p o p u l a t i o n s  is ac- 

c o u n t e d  for i n  this  work.  
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