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Summary .  In this pape r  we present  a new m e t h o d  
for analysing molecu la r  evolut ion in homologous  
genes based on a general s ta t ionary M a r k o v  process. 
The  e laborate  statistical analysis  necessary to apply  
the m e t h o d  effectively has been  pe r fo rmed  using 
Monte  Carlo techniques.  We have  appl ied our  me th -  
od to the silent third posi t ion o f  the codon o f  the 
five mi tochondr ia l  genes coding for identified pro-  
teins o f  four  m a m m a l i a n  species (rat, mouse ,  cow 
and man) .  We found that  the m e t h o d  applies  sat- 
isfactorily to the three fo rmer  species, while the last 
appears  to be outs ide the scope o f  the present  ap-  
proach.  The  m e t h o d  allows one to calculate the ev-  
olut ionari ly effective silent subst i tut ion rate (v~) for 
mi tochondr ia l  genes, which in the species men-  
t ioned above  is 1.4 x 10 -8 nucleotide subst i tut ions 
per  site per  year. We have  also de te rmined  the di- 
vergence t ime  ratios between the couples  m o u s e -  
c o w / r a t - m o u s e  and  r a t - c o w / r a t - m o u s e .  In bo th  
cases this value is app rox ima te ly  1.4. 

Key words: Silent subst i tut ion - -  Molecular  evo-  
lution - -  Evolu t ion  o f  mi tochondr ia l  D N A  --  Sto- 
chastic M a r k o v  chain - -  M o n t e  Carlo s imula t ion  

Introduction 

Since the d e v e l o p m e n t  o f  techniques for sequencing 
a m i n o  acids in prote ins  there has  been a consider-  
able flourishing o f  studies on molecu la r  evolut ion.  
A n u m b e r  o f  interesting proper t ies  have  thus been 
revealed,  all clearly demons t ra t ing  that  prote ins  re- 
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lain in their  p r imary  structures the evolu t ionary  his- 
tory o f  the organisms to which they belong. This  in 
turn has al lowed the const ruct ion o f  phylogenetic  
trees based on molecular  da ta  (see Wilson et aT. 
1977). Wi th  the d iscovery  o f  the genetic code, these 
results could be extended to the genes themselves ,  
even though as far as the silent third codon posi t ions  
are concerned noth ing  could be established. N e w  
and powerful  tools for the s tudy o f  molecular  evo-  
lution have  b e c o m e  avai lable  recently via the direct  
sequencing o f  genes, which has uncovered  such 
propert ies  as the high rate o fnuc leo t ide  subst i tut ion 
at the silent sites (Grunste in  et al. 1976; Salser et 
al. 1976; K i m u r a  1977; Jukes  1980; Miya ta  et al. 
1980; Perler  et al. 1980). 

There  have  been several  a t t empts  to de te rmine  
f rom the n u m b e r  o f  nucleot ide changes the rates o f  
the silent subst i tut ions in var ious  genes. However ,  
reliable es t imates  o f  the evolut ionar i ly  effective sub- 
st i tution rates o f  the four  nucleotides strongly de- 
pend  bo th  on a t rus twor thy  de te rmina t ion  o f  the 
divergence t ime  and  a correct  calculat ion o f  the nu- 
cleotide subst i tut ion number .  Several me thods  have  
been suggested for the correct  es t imat ion  o f  the evo-  
lu t ionary distance be tween homologous  genes, and  
even though such methods  have  different bases, there 
is a wide consensus that  the subst i tut ion process is 
stochastic in nature  (Jukes and Can to r  1969; Ki-  
m u r a  1981; Takaha t a  and  K_imura 1981; Go jobor i  
et al. 1982). I t  thus appears  worthwhi le  to approach  
the p rob lem in the mos t  general terms,  by carrying 
out  an analysis o f  the process wi thout  any  a priori  
a s sumpt ions  abou t  ei ther  the evolu t ionary  t ime  
lengths invo lved  or the s tructure o f  the subst i tut ion 
rate  matr ix .  This  is what  we do in this paper.  

To  carry out  our  p r o g r a m m e  we need a statistical 
analysis whose results are m o r e  stringent the longer 
the nucleotide sequences o f  the genes considered are. 
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A sufficient body o f  such data has begun to be avail- 
able to permit  a meaningful application o f  our  ap- 
proach. In the case of  mammal i an  mi tochondr ia l  
(mr) genes we are in possession o f  the nucleotide 
sequences o f  the entire or a lmost  entire genomes for 
various species, so that our  me thod  can fruitfully 
be applied (Sekiya et al. 1980; Anderson et al. 1981; 
Bibb et al. 1981; Grosskopf  and Feldman 1981; 
Kobayashi  et al. 1981; Saccone et al. 1981; Ander-  
son et al. 1982; Cantatore et al. 1982; Koike et al. 
1982; Pepe et al. 1983). In this paper  we analyse the 
nucleotide substi tut ion patterns of  five mammal i an  
mt genes coding for identified products,  namely the 
three cy tochrome oxidase subunits (CoI, ColI,  and 
CoIII), the 25-kilodalton ATPase  subunit  and the 
cy tochrome b (Cyt b) subunit  o f  four  mammal i an  
mt genomes [mouse (M), rat (R), cow (B) and human  
(H)].~ We shall only consider the silent third codon 
positions, since all muta t ions  in them should be 
selectively neutral.  

To  determine the evolut ionary distance between 
mt genes a s tat ionary Markov  model  is proposed,  
the prerequisite for its applicability being that the 
frequencies o f  each base at the silent posit ions (q3 
must be, within statistical error,  constant  both  in 
the species considered and in their  c o m m o n  ances- 
tor. We found that  this condi t ion is satisfied for the 
mt genes o f  mouse,  rat  and cow. For  the mt  genome 
of  huma n  cells, however,  the values qi we obta ined 
turn out  to be significantly different f rom those o f  
the other  species, thus calling for a different math-  
ematical model  consistent with the observed diver-  
gence. 

T he  S t o c h a s t i c  M o d e l  

we construct a Markov  chain in which the four bases 
form the finite set o f  possible states. 

For  each m em b er  of  the sequences we introduce 
the matr ix  Pik(T), which represents the probabil i ty 
that  the base k of  A has undergone the muta t ion  
into the base i o f  B or C. The  argument  T is the 
evolut ionary  divergence time, defined above.  

By definit ion we have: 
4 

Pik(T) = 1 for each k = 1 , . . . ,  4 (1) 
i = l  

I f  we denote  by q,(T)n.o i = 1 . . . . .  4, the fre- 
quencies o f  the nucleotide i in each of  the sequences 
o f  B and C, and by qi(0) the same quantities for the 
ancestor  A, we obviously  have 

qi(T)B = qi(T)c = ~ Pik(T)qk(0) (2) 
k 

Fur thermore ,  i f  the Markov  process is assumed, 
as we do in the following, to be stationary, we must  
have 

qi(0) = qi(T)B = qi(T)c (3) 

This  condi t ion plays a fundamenta l  role in our  
analysis, and consti tutes the necessary prerequisite 
for the applicability o f  a stat ionary Markov  model.  
Thus,  within the statistical fluctuations to be ana- 
lysed in the following section, we will require that 
the data obey condi t ion (3). 

Let  us now indicate by Rik the t ime- independent  
rate matr ix  which characterizes the stat ionary Mar- 
kov process through the following Kolmogorov  dif- 
ferential equations: 

d 4 
~--~P~k(T) = ~ P,r(T)Rrk (4) 

r ~ l  

with the initial condit ions 

Let us consider two codon sequences o f  length L on 
homologous genes (of  the mt  genome) o f  two dif- 
ferent species originating from a c o m m o n  ancestor. 
We will call the ancestor  A and the two species under  
study B and C, and let us suppose that  B and C are 
at a t ime distance T f rom A. We denote  the four 
nucleotide bases A, C, G, and T as 1, 2, 3, and 4, 
respectively, and concentrate  our  at tent ion on the 
silent posit ions o f  each homologous  gene o f  A, B 
and C. 

The problem we want to solve is to de termine  
the rate ofevolut ionar i ly  effective substitutions from 
the rate o f  divergence between different coding se- 
quences at the silent codon position. To  achieve this 

J The lengths in base pairs of the genes for R, M, B and H 
are, respectively: Col. 1545, 1546, 1545, 1541; Coil: 684, 684, 
684, 684; ColII: 784, 784, 784, 784; ATPase: 683, 680, 681, 
679; Cyt b: 1143, 1144, 1130, 1141 

Pik(0) = 6ik 

F rom Eqs. (4) and (5) we get: 

Rrk = d-~Prk(T) lT = 0 

(5) 

(6) 

In matr ix  nota t ion the solution of(4),  with boundary  
condit ions (5), can be writ ten as 

P(T) = e TR (7) 

To  carry out  our  analysis it is necessary to de- 
termine explicitly the individual  transit ion proba-  
bilities P~k(T) obeying the differential equations (4). 
These functions depend on the eigenvalues and ei- 
genvectors o f  the rate matr ix  R in the manner  we 
shall now describe. 

In the case under  study R possesses four eigen- 
values X, {a = 0, 1, 2, 3}, one o f  which is equal to 
zero and the other  three o f  which are real and non-  
positive. Thus,  we may  write 
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3 

Rik = ~ XaUi(~>Vk ("), (8) 
a~o 

where ui ("), Vk (") are the left and right eigenvectors, 
respectively, and satisfy the orthogonali ty relation: 

Ui(~)Vi (~/) = aao  ( 9 )  
i 

It is easy to see that for h = 0 the eigenvectors can 
be de termined  explicitly and are given by 

vi (~ -= (1, 1, 1, 1), 

ui (~ = (ql, q2, q3, q 4 )  (10) 

For  a = r = 1, 2, 3, we introduce the vectors wi(r), 
according to the definitions 

1 
vi ( r )  = (qi),/wi(~ " 

Hi (r) ---- (qi)'/~Wi (r) ( 1 1 )  

S0(T) 
Mij(T) - - -  

(qiqj)'a 
3 

= (qiqj)  'a + ~ e2Thrwi(r)wj (r) 
r=l  

(18) 

Equation (18) relates the experimental  data M 0 
(see the next section) to the evolut ion t ime T and 
to the structure o f  the rate matr ix  R through the 
eigenvalues X~ and the vectors w(r). 

Finally, defining the average substi tution rate per 
site for unit t ime 

v~ = ~ Rikqk (19) 
i,k 

i ~ k  

we get easily 

v~ = - ~ qiwi(r)wi(OX~ (20) 
i,r 

It is easily verified 
(9) are satisfied if  

4 

= 0, 
i=l 

By making use 
(8)  as  

that the orthogonali ty condit ions 

(12) 

4 

w (r)w  = G (13)  
i=l 

o f  Eqs. (10)-(13), we can rewrite 

2 Rik = ~k r wi(r)Wk (r) ( 1 4 )  
r~t \qk] 

and through Eq. (7) we can give the matr ix  P~k(T) 
the representat ion 

Pik(T) = ui(~ (~ 

q_ eX,V qi Wi(0wkCr ) ( 1 5 )  
~= 1 \ q k /  

Let us now consider the two sequences B and C 
evolved f rom the c o m m o n  ancestor  A after t ime T. 
The probabil i ty that at a given site one finds the 
nucleotide i in the sequence o f  B and the nucleotide 
j in the sequence o f  C is given by 

4 

Si)(T) = ~ P,k(T)Pjk(T)qk (16) 
k=l 

where S~j(T) is obviously symmetric .  
On substituting (15) in (16) we obtain 

3 
Si j (T)  = qiqj  q- (q iqj )  '/' ~ e2VX'wi(r)wj (r) ( 17 )  

r=l  

This expression suggests the in t roduct ion  o f  a new 
matr ix  

D a t a  Analys i s  

The matr ix  Sij(T) defined in Eq. (16) is obta ined 
f rom the data through the following procedure.  (1) 
Consider  in the codon sequences all silent positions 
relative to the compared  species (B, C) and record 
the nucleotides (i, j) that  occupy such positions. (2) 
Count  the number  o f  t imes that  the nucleotide i in 
the sequence of  B has become the nucleotide j in 
the sequence o f  C; this number  shall be denoted by 
N 0. (3) Calling the length o f  the sequences L, com- 
pute the matr ix  Sij as 

Sij - Ni j  (21) 
L 

This procedure is repeated by interchanging C and 
B. Within the statistical fluctuations due to the fi- 
niteness o f  L, one finds that  N 0 -~ N~i, thus implying 
that Sij is (approximately) symmetric,  consistent with 
the model  discussed in the preceding section. This 
check, together with the one on the constancy o f  the 
frequencies qi o f  the single bases, is thus fundamen-  
tal to the meaningfulness o f  our  analysis. 

Having constructed,  by the above procedure,  S~j 
and consequently M~j [Eq. (18)], one proceeds to the 
diagonalization o f  the latter matr ix  and to the de- 
terminat ion of  its eigenvalues Ar = e 2Tx' and eigen- 
vectors w (r). To  determine the rate matr ix Rik ac- 
cording to Eq. (14), we must  then extract the 
eigenvalues 

1 
~r = ~-~ log Ar (22) 

f rom the eigenvalues o f  Mij. As remarked in the 
Introduct ion,  our  m e th o d  needs as input  t ime T for 
a pair o f  species, or i f  we have p pairs o f  species 
we must  get 
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Fig. 1. The  frequencies of  the 
four bases (left to right: A, C, G, 
T) at  the silent posi t ions in the 
genes Col (1), Co i l  (2), ATPase  
(3), Col l I  (4) and  Cyt b (5) for 
rat (D), mouse  (�9 cow (~x) and  
h u m a n  (O). The  er ror  bars give 
the s tandard devia t ion  

1 1 
•r = ~ log A r  (1) = log -/~r (2) 

2T2 z i l  

1 
= . . . - log Ar ~p) (23) 

2Tp 

for every pair. The  Ar (a) {a = 1, . . . ,  p} being de- 
termined f rom exper imental  data, Eq. (23) fixes all 
other Ta's in terms o f  a single T, which can be taken 
from the most  t rustworthy set o f  paleontological 
data. 

Excluding for the t ime being the presence o f  sys- 
tematic errors, our  analysis, as we have emphasized,  
is subject to statistical fluctuations in such a way 
that chain equalities like (23) must  be unders tood 
within these fluctuations. 

Thus,  to proceed to a sensible interpretat ion o f  
our experimental  results it is necessary to evaluate 
quanti tat ively the size o f  the statistical fluctuations 
in the different sequence comparisons that we are 
going to carry out. 

We analyse first the effects o f  fluctuations on the 
frequencies q~. Given a sequence o f  length L and the 
number  o f  times, N~, that the base i appears in this 
sequence, we obviously have 

Ni q i = - ~ - , ~  q~= I ( i =  1,2, 3, 4) 
- 7  

(24) 

statistical fluctuations are de termined by The 
generating, via a Monte  Carlo method,  a large num-  
ber o f  sequences ( -  1000) o f  fixed length L by first 
extracting in a r andom way a value o f  i and then 
generating the populat ions Nj (j ~ i) according to a 
Poisson law with parameter  Iqj equal to the exper- 
imentally observed value. For  the generic sequence 
we obviously have 

N ,  = L - N j  (25) 
j~i 

N~'s, as de te rmined  by Eq. (25) and by Poisson 
distributions for Nj (j v~ i), are not  a priori  guar- 

anteed to be positive. We obviously reject those 
sequences for which Ni turns out to be negative. The  
average values lq~ and the dispersions a~ o f  the dis- 
tr ibutions o f  the Ni thus obta ined determine q~ and 
its statistical error  fiqi through the relations 

and 

q i -  L '  (26) 

O" i 
aq, = (27) 

Our results are repor ted in Fig. 1, where we have 
plotted the frequencies qi o f  the four bases A, C, G, 
and T for the genes Col,  Coi l ,  ATPase,  ColII  and 
Cyt b o f  rat, mouse,  cow and man. We observe that 
whereas for  the triplet rat, mouse, cow the q~'s co- 
incide, within the statistical fluctuations, roughly 
independent ly  o f  the genes considered, for humans  
the qi's are again gene independent  but  differ f rom 
those o f  the other  three species (see also Table 1 and 
Table  2). This obviously means  that our  model  can- 
not  be applied to humans.  

Although we find it rather  surprising that  our  de- 
scription works so well for  the triplet of  mammals  
considered and not  for humans,  it is conceivable 
that the considerable length o f  t ime separating hu- 
mans from the other  three mammals  requires a more 
sophisticated model  in which transient phenomena  
might play an impor tan t  role. Thus,  in the remain-  
ing part  o f  this paper, we shall focus our  at tention 
on rat, mouse and cow only. 

The  observed gene independence o f  the q~'s sug- 
gests the usefulness o f  considering a "supergene" 
obtained by considering the genes as linked one after 
the other.  In this way we can substantially reduce 
the statistical errors affecting our  analysis, thus pro- 
ducing a de terminat ion  o f  the various quantit ies 
relevant  to the model,  such as the qi's, the diver-  
gence t imes T and the rate matr ix Rij, in a more  
precise fashion. F rom now on we shall consider only 
the supergene. In Table 2 we report  the qi's we ob- 
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Table 1. The frequencies (q~) and standard deviations of the frequencies of the four bases at the silent position in the genes CoI, 
Coil, ATPase, ColII and Cyt b a 

Gene Base 

A C G T 

CoI 0.40 + 0.03 0.29 • 0.03 0.04 _+ 0.02 0.26 _+ 0.03 
0.42 + 0.03 0.25 • 0.03 0.04 _+ 0.02 0.28 _+ 0.03 
0.39 • 0.03 0.31 + 0.03 0.04 • 0.02 0.25 + 0.03 
0.35 • 0.03 0.43 _+ 0.03 0.05 • 0.02 0.16 _+ 0.03 

CoII 0.42 • 0.05 0.30 • 0.04 0.03 _+ 0.02 0.25 • 0.04 
0.41 _+ 0.04 0.29 _+ 0.04 0.03 _+ 0.02 0.26 • 0.04 
0.43 • 0.05 0.25 + 0.04 0.10 + 0.04 0.22 +_ 0.04 
0.32 + 0.05 0.39 • 0.05 0.09 -+ 0.04 0.19 • 0.04 

ATPase 0.43 _+ 0.05 0.28 + 0.04 0.05 • 0.03 0.24 + 0.03 
0.49 _+ 0.05 0.23 + 0.04 0.02 _+ 0.03 0.26 _+ 0.04 
0,44 _+ 0.21 0.21 + 0.20 0.15 _+ 0.21 0.20 • 0.20 
0.35 _+ 0.05 0.40 + 0.05 0,07 _+ 0.04 0.18 • 0.04 

CoIII 0.42 • 0.04 0.35 • 0.04 0.02 _+ 0.03 0.21 • 0.04 
0.43 • 0.04 0.25 _+ 0.04 0.02 + 0.03 0.30 + 0.04 
0.33 • 0.04 0.37 _+ 0.04 0.03 • 0.03 0.29 + 0.04 
0.33 +_ 0.04 0.40 • 0.04 0.07 • 0.04 0.19 • 0.04 

Cyt b 0.39 _+ 0.03 0.40 _+ 0.03 0.03 _+ 0.03 0.16 + 0.03 
0.43 _+ 0.04 0.35 • 0.04 0.02 + 0.02 0.20 _+ 0.03 
0.44 _+ 0.04 0.39 + 0.04 0.04 • 0.03 0.12 + 0.03 
0.33 • 0.04 0.49 _+ 0.04 0.05 --- 0.03 0.13 • 0.03 

* Values for rat, mouse, cow and human are listed from top to bottom within a gene 

Table 2. The base frequencies and their standard deviations at 
the silent positions in the "supergene" for four mammalian species 

Species 

Base Rat Mouse Cow Human 

A 0.41 ___ 0.02 0.43 _ 0.02 0.41 _ 0.03 0.34 .4- 0.02 
C 0.33 _ 0.02 0.27 +__ 0.01 0.32 + 0.03 0.43 ___ 0.02 
G 0.03 _ 0.01 0.03 • 0.01 0.06 • 0.03 0.06 + 0.01 
T 0.22 • 0.01 0.26 • 0.01 0.21 • 0.03 0.17 ___ 0.02 

t a ined  by  ana lys ing  the  supe rgene  in the  four  m a m -  

m a l i a n  species.  

W e  nex t  d e t e r m i n e  the  s ta t i s t ica l  e r rors  on  the 

m a t r i x  e l e m e n t s  o f  the  s y m m e t r i c  m a t r i x  S~r W e  

start  f r o m  the  m a t r i x  Nij e x p e r i m e n t a l l y  d e t e r m i n e d  

in the  way  o u t l i n e d  a b o v e .  Let  us fix the  j t h  c o l u m n  

and  ex t rac t  r a n d o m l y  one  va lue  for  the  r o w  i; we 

wil l  call  this  va lue  k. F o r  each  j a n d  i ~ k we  M o n t e  

Car lo  genera te  the  n o n n e g a t i v e  n u m b e r s  Nij ac- 

c o rd ing  to  a Po i s son  d i s t r i b u t i o n  wi th  p a r a m e t e r  iqlij 

c o i n c i d i n g  wi th  the  e x p e r i m e n t a l l y  o b s e r v e d  va lue .  

Nkj is t hen  d e t e r m i n e d  by  the  r e l a t ion  

Nkj = Nj -- ~ Nik (28) 
i ~ k  

W e  again  re jec t  those  m a t r i c e s  for  w h i c h  one  o f  the i r  

Nkj is nega t ive .  By r epea t ing  this  p r o c e d u r e  a large 

n u m b e r  o f  t i m e s  ( ~  1000) we  can  p r o d u c e  d is t r i -  

b u t i o n s  for  each  m a t r i x  e l e m e n t  No, w h o s e  ave rage  

v a l u e  (Nij) is the  m a t r i x  we  seek a n d  w h o s e  dis-  

pe r s i on  aij is the  s ta t i s t ica l  e r ro r  affect ing tha t  m a t r i x  

e l e m e n t .  

H a v i n g  c h e c k e d  tha t  w i t h i n  the  s ta t is t ical  e r rors  

(Nij) ~ (Nj~) (see T a b l e  3) we  d e t e r m i n e  the  m a t r i x  

S~i by the e q u a t i o n  

1 
S0 = ~-~[(N,j) + (Nji)] (29) 

a t t r i bu t ing  to  it the  s ta t is t ical  e r ro r  6S 0 = a0/L. 

A large n u m b e r  ( ~  1000) o f  M~j m a t r i c e s  is then  

g e n e r a t e d  by M o n t e  Ca r lo  m e t h o d s  a c c o r d i n g  to  a 

n o r m a l  d i s t r i b u t i o n  o f  m e a n  v a l u e  S0 and  d i spe r s i on  

6S 0. E a c h  m a t r i x  o f  th is  s a m p l e  is t hen  d i agona l i zed ,  

p r o d u c i n g  the  e igenva lues  Ar a n d  the  e i g e n v e c t o r s  

wi(O. F r o m  the  o b t a i n e d  d i s t r i b u t i o n s  we ex t rac t  the 

ave rage  e igenva lues  . ~  a n d  e i g e n v e c t o r s  ~i(o toge th-  

er  w i th  the i r  d i spers ions .  

In  T a b l e  4 we repor t ,  t o g e t h e r  w i th  the i r  s ta t is t ical  

er rors ,  the  e igenva lues  Ar for  the  c o m p a r i s o n s  r a t -  

mouse ,  c o w - m o u s e  and  cow- ra t .  N o t e  tha t  the  errors  

r e p o r t e d  are  on ly  a r e p r e s e n t a t i o n  o f  the unce r t a in -  

t ies affect ing ou r  d e t e r m i n a t i o n ,  due  to the  non- -  

n o r m a l i t y  o f  o u r  d i s t r ibu t ion .  W e  o b s e r v e  that ,  

w i t h i n  the  errors ,  the  Ar'S for  the  c o m p a r i s o n s  c o w -  

ra t  a n d  c o w - m o u s e  co inc ide .  T h i s  fact  c o r r o b o r a t e s  

the  phy logene t i c  t ree s h o w n  in F igure  2. 

T h e  h igh  degree  o f  cons i s t ency  b e t w e e n  o u r  da ta  

a n d  the p r e d i c t i o n s  o f  ou r  s tochas t i c  m o d e l  a l lows 

us to calcula te ,  g i v e n  one  d i v e r g e n c e  t i m e  T,  the  rate  

m a t r i x  R~j a n d  the  s ta t is t ical  e r ro r  affect ing it. By 



Table 3. The matrix Nij defined in Eq. (25) for the couple rat-mouse" 

A C G T 

A 478.48 _+ 18.8 51.23 _+ 13.03 31.21 _+ 11.12 50.11 _ 12.43 
C 76.83 _ 12.79 227.24 _+ J4.73 7.23 ~_ 8.16 177.28 _+ 14.60 
G 28.18 • 4.69 6.42 _+ 3.39 8.27 _+ 3.63 7.98 _+ 3.72 
T 56.95 _+ 10.86 121.76 _+ 12.01 3.51 _+ 4.95 149.63 _+ ll.15 

a Errors coincide with the standard deviations, through our Monte Carlo simulation 
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Table 4. Determination of the eigenvalues Ar {A~ -< A2 -< 3-3} 
from the comparisons of the "supergenes" for the couples rat- 
mouse (R-M), rat--cow (R-B) and mouse-cow (M-B) 

A i A 2 Aa 

R-M 0.06 +-- 0.04 0.15 - 0.05 0.65 - 0.03 
R-B 0.01 - 0.04 0.10 - 0.04 0.50 • 0.04 
M-B 0.03 + 0.04 0.12 • 0.04 0.51 • 0.03 

I!ii 
R 

k •  
. . . . .  

M B 
Fig. 2. The phylogenetic tree for rat, mouse and cow. TRM is 
the divergence time between rat and mouse while TRB denotes 
the divergence time between rodents and cow 

Table 5. The rate matrix Rik determined from the rat-mouse comparison by fixing TRM = 35 MY" 

A C G T 

A -5.09 -+- 1.05 2.45 _ 1.24 22.17 _+ 9.61 2.61 -+ 1.55 
C 1.76 -+ 0.88 -17.25 - 5.08 2.36 -+ 10.49 18.34 -+ 5.81 
G 1.83 • 0.92 0.29 • 1.39 -28.04 _+ 10.49 0.49 • 1.76 
T 1.47 _+ 0.85 14.75 • 4.72 3.49 _+ 10.98 -21.42 + 6.04 

�9 All values should be multiplied by 10 -9 

m a k i n g  use o f  the  pa leon to log ica l  da ta  on  the  di-  
vergence  t i m e  TRM be tween  rat  a n d  m o u s e  we o b t a i n  

TR~ -~ 35 m i l l i o n  years  (MY),  wh ich  leads to the 
rate m a t r i x  r epor ted  in  Tab l e  5. 

It  is wor th  no t i c ing  that ,  due  to the low c o n t e n t  

of  G o f  the supergene  (qo = 0 .04 • 0.02), the sta- 
t ist ical  errors  on  the t r a n s i t i o n s  f rom G are neces-  
sarily qu i te  large. Howeve r ,  f rom the da ta  r epor ted  
in Tab l e  5, it  emerges  qu i te  clearly tha t  the  rates o f  

the t r an s i t i ons  exceed those  o f  t r a n s v e r s i o n s  by  at  

least an  o rder  o f  m a g n i t u d e .  
We  have  also d e t e r m i n e d  the average subs t i tu -  

t ion  rate v~, g iven  by Eqs. (19) a n d  (20), to be 

v~ = (13.6 • 7.1)- 10-9/s i te  per  year.  (30) 

F ina l ly ,  we d e t e r m i n e  the d ive rgence  t imes  for 

the couples  rat--cow (TRD) a n d  mouse- -cow (TMB), 
which,  i f  the  phy logene t i c  tree r epor ted  a b o v e  is 
correct,  shou ld  co inc ide .  In  Figure  3 we repor t  the 

d e t e r m i n a t i o n s  (A) o f  the  ra t io  TuB/TRM a n d  (I3) o f  
the ra t io  TRB/TRM, afforded by  each o f  the  three  
e igenva lues  At. I t  is read i ly  a p p a r e n t  that ,  w i t h i n  the  

s tat is t ical  errors,  ou r  expec ta t ions  are comple t e ly  
fulfilled. T o  o b t a i n  a m o r e  precise d e t e r m i n a t i o n  of  

T'/TRM {T' = TRH, TMn}, we c o m b i n e d  the different 
d e t e r m i n a t i o n s  (T'/T)~ a n d  the i r  errors,  a~, o b t a i n e d  
f rom each e igenva lue ,  wi th  weights  Pr inverse ly  pro-  
p o r t i o n a l  to ar 2. In  this  way  we get 

TRB 
--  1 . 4 5  • 0 . 1 9  ( 3 1 )  

TRM 

TMB 
--  1 . 35  • 0 . 1 6  ( 3 2 )  

TRM 

which,  keeping  TRM fixed at 35 MY,  yield 

TRa = 50.7 • 6.6 M Y  (31')  

a n d  

TMB = 47.2 • 5.6 M Y  (32')  

I n t r o d u c i n g  these  va lues  for TRB a nd  TMB in  
Eq. (23), a n d  m a k i n g  use of  Eq. (14), we o b t a i n  the  
rate mat r i ces  Rik for the r a t - c o w  a n d  the  m o u s e -  



92 

cow compar i sons ,  respectively,  which we repor t  in 
Table  6. 

Discussion 

The mos t  re levant  results o f  our  work  are conta ined 
in Figure 1 and  Tables  1-6. They  show that  at least 
for some  m a m m a l i a n  m t  genes and in a t ime  span 
shorter  than 80 M Y  (the presumable  divergence t ime 
between rodents  and  pr imates)  the subst i tut ion pro-  
cess o f  the nucleotides at the third codon posi t ion 
follows a s ta t ionary  M a r k o v  process. For  divergence 
t imes larger than  50 M Y  the definite differences 
a m o n g  qi values calls for  a substant ial  modif ica t ion 
o f  the model ,  which would have  to take into account  
a possible t ime  dependence  o f  the rate matrices.  To  
this end we are s tudying a s imple  such model ,  which 

(A) (a) 

�9 I 

; = ,); 

i 
t 
I 
I 

I 

0 i 1"35 2 i t45 2 T' 
T 

B ~ M  B ~  R 

Fig. 3. The  values  for the  divergence t ime  ratios T ' / T  for A 
cow-mouse ,  and  B cow-ra t ,  r a t - m o u s e  obta ined  us ing  the  three  
different e igenvalues  (1, 2, 3) taken in increasing order.  The  
average value for R and  M is equal  to 1.40. 

will be repor ted on in a future paper.  Thus  our  dis- 
cussion here concentrates  on the triplet m o u s e - r a t -  
COW. 

As emphas ized  in the previous  sections o f  this 
paper,  to obtain the subst i tut ion rate matr ix  for dif- 
ferent couples o f  genes one needs as input  the di- 
vergence t ime  for one couple. Taking  35 M Y  as the 
divergence t ime  between rat  and  mouse  (Brown et 
al. 1979), we obta ined  the results shown in Eqs. (31 ') 
and (32'). We emphas ize  that  it is a nontr ivia l  result 
that  there exists a TRB = TMB = 1.4 TRM whose de- 
t e rmina t ion  is such that  the rate matr ices  RRB and 
RMn turn out, within the statistical fluctuations, to 
be precisely the same (Table 6). 

The  high degree o f  consistency we find gives us 
confidence that, at  least within the t ime  span spec- 
ified above,  our  me thod  gives a reliable and  general 
way to de te rmine  the evolu t ionary  distance between 
different species. In part icular,  our  result that  
TRD ~ 50 M Y  turns out  to be somewha t  smaller  
than that  generally accepted f rom paleontological  
data  (see Brown et al. 1979). On the other  hand,  we 
should like to suggest that,  in view o f  the consid- 
erable uncertaint ies  and  difficulties invo lved  in dat-  
ing fossil records,  our  me thod  might  be o f  definite 
help. 

F r o m  Eq. (19) we calculated the average silent 
subst i tut ion rate in m a m m a l i a n  m t  genes to be v s = 
1.4 • 10 s subst i tut ions per  site per  year. This  val-  
ue is abou t  four t imes higher than  the one previously  
calculated by some  o f  us using the K i m u r a  model  
(Saccone et al. 1983). This  should not  be too sur- 
prising, in view o f  the fact that  the a s sumpt ion  upon 
which the K i m u r a  mode l  rests (K imura  1981) is in 
fact not  suppor ted  by our  exper imenta l  de termi-  
nations.  This  same crit ique appears  to apply  to the 
major i ty  o f  models  based on a priori  a s sumpt ions  
abou t  the rate matrices.  

To  compare  the evolu t ionary  rate o f  m t  D N A  
with that  o f  nuclear  D N A  it is necessary to pe r fo rm 
the same analysis on the structure o f  nuclear  genes. 
Even though the data on nuclear  genes are unfor-  

Table 6. The  rate mat r ices  Rik ob ta ined  for the  compa r i sons  r a t - cow (upper  entry) and  m o u s e - c o w  (lower entry) ~ 

A C G T 

- 5 . 3 9  + 1.41 2.73 + 1.63 16.31 + 11.84 3.24 • 2.62 
A 

- 5 . 7 9  • 1.42 3.02 • 1.33 19.34 • 12.19 3.39 ___ 1.66 

2.10 _ 1.25 - 1 1 . 1 7  • 4.58 1.88 • 12.05 12.35 • 6.76 
C 

2.09 • 0.92 - 1 2 . 4 7  • 3.28 0.66 • 8.45 12.05 • 4.36 

1.64 • 1.22 0.22 • 1.61 - 2 0 . 4 6  + 11.72 0.41 ___ 2.41 
G 

1.88 • 1.23 0.10 • 1.24 - 2 3 . 0 8  • 12.03 0.53 • 1.71 

1.52 • 1.20 7.94 • 4.24 1.89 ___ 11.72 - 1 6 . 3 4  • 7.52 
T 

1.83 • 0.90 9.34 • 3.30 3.07 • 9.07 - 1 5 . 9 5  • 4.69 

i All va lues  shou ld  be mul t ip l ied  by 10 -9 
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tuna te ly  still too  scanty,  we h a v e  ca r r i ed  ou t  a pre-  

l i m i n a r y  s tudy  on  the g r o w t h  h o r m o n e  genes  o f  rat  

and  c o w  and  we h a v e  f o u n d  a v,  a p p r o x i m a t e l y  o n e  

th i rd  the  size o f  t ha t  for  m t  D N A  genes.  

W e  e n d  this  d i s cus s ion  by reca l l ing  the  pecu l i a r  

facts, m a d e  e v i d e n t  by  o u r  m e a s u r e m e n t s  a n d  in a 

p r e v i o u s  p a p e r  (Pepe  et al. 1983) tha t  the  G c o n t e n t  

in the s i lent  t h i rd  c o d o n  p o s i t i o n  o f m t  D N A  is v e r y  

low and  tha t  the  ra te  o f  r e p l a c e m e n t  by G o f  bases  

o the r  t han  G is no t  s ignif icant ly  d i f ferent  f r o m  zero.  

Th i s  p r o p e r t y  is shared  no t  on ly  by the m t  genes  o f  

m a n  bu t  also by m t  genes  f r o m  lower  euka ryo t e s  

(with the  poss ib le  e x c e p t i o n  o f  p lan t  m t  genes).  W e  

be l i eve  tha t  the  l ow G c o n t e n t  o f  the  m a j o r i t y  o f  

the m t  genes  is a pecu l i a r  fea ture  l i nked  to the  bas ic  

s t ruc ture  a n d  exp re s s ion  o f  the  m i t o c h o n d r i a l  ge- 

n o m e .  
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