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Summary. In this paper we present a new method
for analysing molecular evolution in homologous
genes based on a general stationary Markov process.
The elaborate statistical analysis necessary to apply
the method effectively has been performed using
Monte Carlo techniques. We have applied our meth-
od to the silent third position of the codon of the
five mitochondrial genes coding for identified pro-
teins of four mammalian species (rat, mouse, cow
and man). We found that the method applies sat-
isfactorily to the three former species, while the last
appears to be outside the scope of the present ap-
proach. The method allows one to calculate the ev-
olutionarily effective silent substitution rate (v,) for
mitochondrial genes, which in the species men-
tioned above is 1.4 x 10~8 nucleotide substitutions
per site per year. We have also determined the di-
vergence time ratios between the couples mouse—
cow/rat-mouse and rat-cow/rat-mouse. In both
cases this value is approximately 1.4.

Key words: Silent substitution — Molecular evo-
lution — Evolution of mitochondrial DNA — Sto-
chastic Markov chain — Monte Carlo simulation

Introduction

Since the development of techniques for sequencing
amino acids in proteins there has been a consider-
able flourishing of studies on molecular evolution.
A number of interesting properties have thus been
revealed, all clearly demonstrating that proteins re-
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tain in their primary structures the evolutionary his-
tory of the organisms to which they belong. This in
turn has allowed the construction of phylogenetic
trees based on molecular data (see Wilson et al.
1977). With the discovery of the genetic code, these
results could be extended to the genes themselves,
even though as far as the silent third codon positions
are concerned nothing could be established. New
and powerful tools for the study of molecular evo-
lution have become available recently via the direct
sequencing of genes, which has uncovered such
properties as the high rate of nucleotide substitution
at the silent sites (Grunstein et al. 1976; Salser et
al. 1976; Kimura 1977; Jukes 1980; Miyata et al.
1980; Perler et al. 1980).

There have been several attempts to determine
from the number of nucleotide changes the rates of
the silent substitutions in various genes. However,
reliable estimates of the evolutionarily effective sub-
stitution rates of the four nucleotides strongly de-
pend both on a trustworthy determination of the
divergence time and a correct calculation of the nu-
cleotide substitution number. Several methods have
been suggested for the correct estimation of the evo-
lutionary distance between homologous genes, and
even though such methods have different bases, there
is a wide consensus that the substitution process is
stochastic in nature (Jukes and Cantor 1969; Ki-
mura 1981; Takahata and Kimura 1981; Gojobori
et al. 1982). It thus appears worthwhile to approach
the problem in the most general terms, by carrying
out an analysis of the process without any a priori
assumptions about either the evolutionary time
lengths involved or the structure of the substitution
rate matrix. This is what we do in this paper.

To carry out our programme we need a statistical
analysis whose results are more stringent the longer
the nucleotide sequences of the genes considered are.



A sufficient body of such data has begun to be avail-
able to permit a meaningful application of our ap-
proach. In the case of mammalian mitochondrial
(mt) genes we are in possession of the nucleotide
sequences of the entire or almost entire genomes for
various species, so that our method 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 substitution patterns of five mammalian
mt genes coding for identified products, namely the
three cytochrome oxidase subunits (Col, Coll, and
Colll), the 25-kilodalton ATPase subunit and the
cytochrome b (Cyt b) subunit of four mammalian
mt genomes [mouse (M), rat (R), cow (B) and human
(H)].! We shall only consider the silent third codon
positions, since all mutations in them should be
selectively neutral.

To determine the evolutionary distance between
mt genes a stationary Markov model is proposed,
the prerequisite for its applicability being that the
frequencies of each base at the silent positions (q;)
must be, within statistical error, constant both in
the species considered and in their common ances-
tor. We found that this condition is satisfied for the
mt genes of mouse, rat and cow. For the mt genome
of human cells, however, the values ¢; we obtained
turn out to be significantly different from those of
the other species, thus calling for a different math-
ematical model consistent with the observed diver-
gence.

The Stochastic Model

Let us consider two codon sequences of length L on
homologous genes (of the mt genome) of two dif-
ferent species originating from a common 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 time distance T from A. We denote the four
nucleotide bases A, C, G, and T as 1, 2, 3, and 4,
respectively, and concentrate our attention on the
silent positions of each homologous gene of A, B
and C.

The problem we want to solve is to determine
the rate of evolutionarily effective substitutions from
the rate of divergence between different coding se-
quences at the silent codon position. To achieve this

! The lengths in base pairs of the genes for R, M, B and H
are, respectively: Col: 1545, 1546, 1545, 1541; Coll: 684, 684,
684, 684; Colll: 784, 784, 784, 784; ATPase: 683, 680, 681,
679; Cyt b: 1143, 1144, 1130, 1141
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we construct a Markov chain in which the four bases
form the finite set of possible states.

For each member of the sequences we introduce
the matrix P, (T), which represents the probability
that the base k of A has undergone the mutation
into the base 1 of B or C. The argument T is the
evolutionary divergence time, defined above.

By definition we have:

4
EPik(T)=lforeachk=1,,,_,4 6}
i=1

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

(D = a(Me = 2 Pu(Mau(0) )

Furthermore, if the Markov process is assumed,
as we do in the following, to be stationary, we must
have

ai(0) = a(T)s = q(T)c (3)

This condition plays a fundamental role in our
analysis, and constitutes the necessary prerequisite
for the applicability of a stationary Markov model.
Thus, within the statistical fluctuations to be ana-
lysed in the following section, we will require that
the data obey condition (3).

Let us now indicate by R;, the time-independent
rate matrix which characterizes the stationary Mar-
kov process through the following Kolmogorov dif-
ferential equations:

d 4
ﬁmm=gﬂﬂmk )

with the initial conditions
Pi(0) = dix (5)
From Eqgs. (4) and (5) we get:

d
Ry = HPrk(T) fr=0 (6)
In matrix notation the solution of (4), with boundary

conditions (5), can be written as
P(T) = e™® )

To carry out our analysis it is necessary to de-
termine explicitly the individual transition proba-
bilities P, (T) obeying the differential equations (4).
These functions depend on the eigenvalues and ei-
genvectors of the rate matrix R in the manner we
shall now describe.

In the case under study R possesses four eigen-
values A\, {e =0, 1, 2, 3}, one of which is equal to
zero and the other three of which are real and non-
positive. Thus, we may write
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3
Ry = E AU v ), (8)
a=0

where u,@, v, are the left and right eigenvectors,
respectively, and satisfy the orthogonality relation:

2 uOVE =g, )

1

It is easy to see that for A = O the eigenvectors can
be determined explicitly and are given by

vi(O) = (ls 1: 1: 1)9

ui(O) = (qla QZﬁ a3, q4) (10)

Fora =71 =1, 2, 3, we introduce the vectors wi(r),
according to the definitions

Vi(r) =

o -
@ >
1

u® = (g)"w" (11)
It is easily verified that the orthogonality conditions
(9) are satisfied if

4
2 (@) w® =0, (12)
i=1

4

> wOw® =5

i=1

(13)

By making use of Egs. (10)—(13), we can rewrite
(8) as
3 L)
Ri= 2 Ar(i) wiOw 0 (14)
r=1 qk
and through Eq. (7) we can give the matrix Py (T)
the representation

Py(T) = uOv©®

3 173
+ eX;T(ﬁ) W, 0

(15)
r=1 Ak

Let us now consider the two sequences B and C
evolved from the common ancestor A after time T.
The probability that at a given site one finds the
nucleotide 1 in the sequence of B and the nucleotide
j in the sequence of C is given by

4
S;(T) = E Py (TP (T)ax (16)
k=1
where S;(T) is obviously symmetric.
On substituting (15) in (16) we obtain

3
Si(T) = aiq; + (q:9y)” 2 e’ Ow,0 - (17)
r=1

This expression suggests the introduction of a new
matrix

S(T)

M= G0y

3
= (qiq)"* + E 2Ty, (w0

r=1

(18)

Equation (18) relates the experimental data M;;
(see the next section) to the evolution time T and
to the structure of the rate matrix R through the
eigenvalues A, and the vectors w;,®,

Finally, defining the average substitution rate per
site for unit time

Vi = 2 Ry (19)
ik
i*k
we get easily
Ve = —2 SR AR A (20)

Data Analysis

The matrix S;(T) defined in Eq. (16) is obtained
from 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 of times that the nucleotide i in
the sequence of B has become the nucleotide j in
the sequence of C; this number shall be denoted by
N;j;. (3) Calling the length of the sequences L, com-
pute the matrix S;; as

N,

Si_j= L

(21)
This procedure is repeated by interchanging C and
B. Within the statistical fluctuations due to the fi-
niteness of L, one finds that N;; = Nj;, thus implying
that S;; is (approximately) symmetric, consistent with
the model discussed in the preceding section. This
check, together with the one on the constancy of the
frequencies g; of the single bases, is thus fundamen-
tal to the meaningfulness of our analysis.

Having constructed, by the above procedure, S;;
and consequently M;; [Eq. (18)], one proceeds to the
diagonalization of the latter matrix and to the de-
termination of its eigenvalues A, = ¢>™ and eigen-
vectors w®, To determine the rate matrix R, ac-
cording to Eq. (14), we must then extract the
eigenvalues

1
A= —log A,
*T 3T 4
from the eigenvalues of M;. As remarked in the
Introduction, our method needs as input time T for
a pair of species, or if we have p pairs of species
we must get

(22)
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i Fig. 1. The frequencies of the
05 | four bases (left to right: A, C, G,

T) at the silent positions in the
¢ genes Col (1), Coll (2), ATPase

(3), Colll (4) and Cyt b (5) for
rat ((0), mouse (O), cow (2) and
human (@). The error bars give
the standard deviation

T T Y N B
1 2 3 4 5

1 1
A =— log A0 = — log A,®
T, 8 T, ¢
1
=_.. . .=—1log A®
77 o8 A (23)
for every pair. The A® {a=1, ..., p} being de-

termined from experimental data, Eq. (23) fixes all
other T,’s in terms of a single T, which can be taken
from the most trustworthy set of paleontological
data.

Excluding for the time being the presence of 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 understood
within these fluctuations.

Thus, to proceed to a sensible interpretation of
our experimental results it is necessary to evaluate
quantitatively the size of the statistical fluctuations
in the different sequence comparisons that we are
going to carry out.

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

a-2 Ta=1 (=1234
' 24)

The statistical fluctuations are determined by
generating, via a Monte Carlo method, a large num-
ber of sequences (~1000) of fixed length L by first
extracting in a random way a value of i and then
generating the populations N; (j * 1) according to a
Poisson law with parameter N; equal to the exper-
imentally observed value. For the generic sequence
we obviously have

=i

(25)

N;’s, as determined by Eq. (25) and by Poisson
distributions for N; (j # 1), are not a priori guar-

':?gh%: P T S S
4 5 4 5

anteed to be positive. We obviously reject those
sequences for which N; turns out to be negative. The
average values N, and the dispersions g, of the dis-
tributions of the N; thus obtained determine q; and
its statistical error &q; through the relations

N;
a=7. (26)
and
0'.
ba. = —
q; L 27

Our results are reported in Fig. 1, where we have
plotted the frequencies q; of the four bases A, C, G,
and T for the genes Col, Coll, ATPase, Colll and
Cyt b of 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
independently of the genes considered, for humans
the q;’s are again gene independent but differ from
those of the other three species (see aiso 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 of time separating hu-
mans from the other three mammals requires a more
sophisticated model in which transient phenomena
might play an important role. Thus, in the remain-
ing part of this paper, we shall focus our attention
on rat, mouse and cow only.

The observed gene independence of the g;’s sug-
gests the usefulness of 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 determination of the various quantities
relevant to the model, such as the qg;’s, the diver-
gence times T and the rate matrix R;;, in a more
precise fashion. From now on we shall consider only
the supergene. In Table 2 we report the q;’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 Col,

Coll, ATPase, Colll and Cyt b?

Gene Base
A C G T

Col 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

Coll 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

Colll 042 = 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

Cytb 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

2 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 041 002 043 =002 041 =003 0.34 +£0.02
C 033x002 027 001 0.32=x0.03 043 +0.02
G 003001 0.03 =001 0.06=0.03 0.060.01
T 022001 026 £0.01 0.21 =£0.03 0.17 £0.02

tained by analysing the supergene in the four mam-
malian species.

We next determine the statistical errors on the
matrix elements of the symmetric matrix S;. We
start from the matrix N;; experimentally determined
in the way outlined above. Let us fix the jth column
and extract randomly one value for the row i; we
will call this value k. For each j and i # k we Monte
Carlo generate the nonnegative numbers Nj; ac-
cording to a Poisson distribution with parameter Nij
coinciding with the experimentally observed value.
N,, is then determined by the relation

Ny =N, = 2 Ny (28)

i=k
We again reject those matrices for which one of their
N, is negative. By repeating this procedure a large
number of times (~1000) we can produce distri-
butions for each matrix element N;;, whose average

value (N;) is the matrix we seck and whose dis-
persion o;; is the statistical error affecting that matrix
element.

Having checked that within the statistical errors
(N;;» = (N;;) (see Table 3) we determine the matrix

S; by the equation
- 1
Sij = i[(Nu) + (Nji>] (29)

attributing to it the statistical error §5; = o;;/L.

A large number (~1000) of M matrices is then
generated by Monte Carlo methods according to a
normal distribution of mean value S;; and dispersion
6Sij. Each matrix of this sample is then diagonalized,
producing the eigenvalues A, and the eigenvectors
w;. From the obtained distributions we extract the
average eigenvalues A, and eigenvectors W, togeth-
er with their dispersions.

In Table 4 we report, together with their statistical
errors, the eigenvalues A, for the comparisons rat—
mouse, cow—mouse and cow-rat. Note that the errors
reported are only a representation of the uncertain-
ties affecting our determination, due to the non--
normality of our distribution. We observe that,
within the errors, the A.’s for the comparisons cow—
rat and cow—mouse coincide. This fact corroborates
the phylogenetic tree shown in Figure 2.

The high degree of consistency between our data
and the predictions of our stochastic model allows
us to calculate, given one divergence time T, the rate
matrix R; and the statistical error affecting it. By
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Table 3. The matrix N;; defined in Eq. (25) for the couple rat-mouse®

A C G T
A 478.48 x 18.8 51.23 = 13.03 31.21 = 11.12 50.11 = 12.43
C 76.83 = 12.79 227.24 + 14.73 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 £495 149.63 + 11.15

a Errors coincide with the standard deviations, through our Monte Carlo simulation

Table 4. Determination of the eigenvalues A, {A, < A; = Ay}
from the comparisons of the “supergenes”™ for the couples rat—
mouse (R-M), rat—cow (R-B) and mouse—cow (M-B)

A, Az Ay
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

TrM

Fig. 2. The phylogenctic tree for rat, mouse and cow. Truy is
the divergence time between rat and mouse while Tgy denotes
the divergence time between rodents and cow

Table 5. The rate matrix R, determined from the rat-mouse comparison by fixing Tgy = 35 MY®

A C G T
A —5.09 + 1.05 245 £ 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

2 All values should be multiplied by 10-°

making use of the paleontological data on the di-
vergence time Ty between rat and mouse we obtain
Trm = 35 million years (MY), which leads to the
rate matrix reported in Table 5.

It is worth noticing that, due to the low content
of G of the supergene (qs = 0.04 = 0.02), the sta-
tistical errors on the transitions from G are neces-
sarily quite large. However, from the data reported
in Table 5, it emerges quite clearly that the rates of
the transitions exceed those of transversions by at
least an order of magnitude.

We have also determined the average substitu-
tion rate v,, given by Eqs. (19) and (20), to be

v, = (13.6 = 7.1)-10~%site per year. (30)

Finally, we determine the divergence times for
the couples rat-cow (Tgp) and mouse—cow (Typ),
which, if the phylogenetic tree reported above is
correct, should coincide. In Figure 3 we report the
determinations (A) of the ratio Tys/Try and (B) of
the ratio Tre/Txrm, afforded by each of the three
eigenvalues A,. It is readily apparent that, within the

statistical errors, our expectations are completely
fulfilled. To obtain a more precise determination of
T/Trm {T' = Trs, Tun}, we combined the different
determinations (T'/T), and their errors, s., obtained
from each eigenvalue, with weights p, inversely pro-
portional to ¢,2. In this way we get

T
—RB — 145 +0.19 (31)
TRM
T
MB = 1.35 £ 0.16 (32)
TRM
which, keeping Tgy fixed at 35 MY, yield
Tgs = 50.7 = 6.6 MY (31)
and
Typ = 47.2 + 5.6 MY (32)

Introducing these values for Trs and Ty in
Eq. (23), and making use of Eq. (14), we obtain the
rate matrices R, for the rat-cow and the mouse-—
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cow comparisons, respectively, which we report in
Table 6.

Discussion

The most relevant results of our work are contained
in Figure 1 and Tables 1-6. They show that at least
for some mammalian mt genes and in a time span
shorter than 80 MY (the presumable divergence time
between rodents and primates) the substitution pro-
cess of the nucleotides at the third codon position
follows a stationary Markov process. For divergence
times larger than 50 MY the definite differences
among q; values calls for a substantial modification
of the model, which would have to take into account
a possible time dependence of the rate matrices. To
this end we are studying a simple such model, which

(A} (8)
I 1
: ;
1 4 —a — -
| J
I |
| .
1 +
]
'; :
' "
| i
1 1
2 4 —a— —a—
i :
: !
1 |
: :
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| :
|
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Fig. 3. The values for the divergence time ratios T'/T for A
cow—-mouse, and B cow-rat, rat-mouse obtained using the three
different eigenvalues (1, 2, 3) taken in increasing order. The
average value for R and M is equal to 1.40.

will be reported on in a future paper. Thus our dis-
cussion here concentrates on the triplet mouse-rat—
cow.

As emphasized in the previous sections of this
paper, to obtain the substitution rate matrix for dif-
ferent couples of genes one needs as input the di-
vergence time for one couple. Taking 35 MY as the
divergence time between rat and mouse (Brown et
al. 1979), we obtained the results shown in Egs. (31')
and (32'). We emphasize that it is a nontrivial result
that there exists a Trg = Ty = 1.4 Ty Whose de-
termination is such that the rate matrices Ry and
Ry turn out, within the statistical fluctuations, to
be precisely the same (Table 6).

The high degree of consistency we find gives us
confidence that, at least within the time span spec-
ified above, our method gives a reliable and general
way to determine the evolutionary distance between
different species. In particular, our result that
Trs = 50 MY turns out to be somewhat smaller
than that generally accepted from paleontological
data (see Brown et al. 1979). On the other hand, we
should like to suggest that, in view of the consid-
erable uncertainties and difficulties involved in dat-
ing fossil records, our method might be of definite
help.

From Eq. (19) we calculated the average silent
substitution rate in mammalian mt genes to be v, =
1.4 X 10-% substitutions per site per year. This val-
ue is about four times higher than the one previously
calculated by some of us using the Kimura model
(Saccone et al. 1983). This should not be 100 sur-
prising, in view of the fact that the assumption upon
which the Kimura model rests (Kimura 1981) is in
fact not supported by our experimental determi-
nations. This same critique appears to apply to the
majority of models based on a priori assumptions
about the rate matrices.

To compare the evolutionary rate of mt DNA
with that of nuclear DNA it is necessary to perform
the same analysis on the structure of nuclear genes.
Even though the data on nuclear genes are unfor-

Table 6. The rate matrices R, obtained for the comparisons rat-cow (upper entry) and mouse—cow (lower entry)®

A C G T

A —5.39 = 1.41 2.73 £ 1.63 16.31 + 11.84 3.24 £ 2.62
—5.79 = 1.42 3.02 + 1.33 19.34 + 12.19 3.39 £ 1.66

c 2.10 £ 1.25 —11.17 = 4.58 1.88 = 12.05 12.35 = 6.76
2.09 = 0.92 —12.47 = 3.28 0.66 = 8.45 12.05 = 4.36

1.64 = 1.22 0.22 £ 1.61 —20.46 = 11.72 0.41 = 2.41

G 1.88 + 1.23 0.10 = 1.24 —23.08 = 12.03 0.53 £ 1.71
T 1.52 = 1.20 7.94 = 4.24 1.89 = 11.72 —16.34 £ 7.52
1.83 = 0.90 9.34 + 3.30 3.07 £ 9.07 —15.95 = 4.69

= All values should be multiplied by 10-°



tunately still too scanty, we have carried out a pre-
liminary study on the growth hormone genes of rat
and cow and we have found a v, approximately one
third the size of that for mt DNA genes.

We end this discussion by recalling the peculiar
facts, made evident by our measurements and in a
previous paper (Pepe et al. 1983) that the G content
in the silent third codon position of mt DNA is very
low and that the rate of replacement by G of bases
other than G is not significantly different from zero.
This property is shared not only by the mt genes of
man but also by mt genes from lower eukaryotes
(with the possible exception of plant mt genes). We
believe that the low G content of the majority of
the mt genes is a peculiar feature linked to the basic
structure and expression of the mitochondrial ge-
nome.
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