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Non random DNA evolution 

C A R L O S Y V A L E N Z U E L A * 

D e p a r t a m e n t o de Bio log ia Celu la r y Genét ica , Facu l t ad de Medic ina , 
Univers idad de Chi le , San t iago , Chi le 

A model for testing random molecular evolution is proposed. Randomness of 
recurrent mutation is defined based on isotropy and zero covariance among 
nucleotide sites. Assuming an equal rate of mutation for the bases A, T, G, and 
C, in both DNA strands, a mutational matrix of transformation A, T, G, and C 
with 6 parameters is developed. Under this model the equilibrium proportions 
(F) of the bases are FA = Fr = (D+E)/[2(D+E+H+J)] and FG = Fc = (H+J)/ 
[2(D+ E+H+J)], D, E, H, J being 4 of the 6 matrix parameters. Thus the 
expected (FA+ FT)/(FG+FC) ratio can also be tested. If the average rate of 
mutation is 10~H per nucleotide site and cell replication, the equilibrium for 
every site, in most species, is reached in 10s years. Eight DNA segments from 
human, bacteria, fungus and insect genomes were chosen to test these 
proportions and their heterogeneity among coding and non coding 
subsegments. While FG was similar to Fc as expected, F'A was highly different 
from Fr Huge heterogeneities were found between coding and non coding 
segments and among non coding segments. These results are a strong evidence 
for non randomness of molecular evolution. 
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INTRODUCTION 

Is there suff ic ient t ime for aden ine (A) , 
t hymine (T) , guan ine (G) and cy tos ine (C) 
nuc leo t ides to have reached their equ i l ib 
r ium frequencies in D N A ? Let m = 10" 8 be 
the rate of recur ren t muta t ion in a nuc le 
o t ide site per cyc le of cell repl icat ion. If we 
cons ide r all k ind of muta t ion , in repl ica
t ion, due to radia t ion or chemica l agents , 
gene c o n v e r s i o n , e r ror in sex p r o c e s s e s , 
D N A rea r r angemen t s , etc, this seems a rel i
able f igure (Va lenzue la & Santos , 1996). 

The probabi l i ty of no muta t ion for a par
t icular site in a cell cycle should be (l-m). 
In n cycles this probability is ( l - m ) n , which 
tends to 0 as n increases . Sooner or later, 

every site should be muta ted . The quest ion 
turns out to be : Is there sufficient D N A 
(ce l l ) r e p l i c a t i o n s s ince the o r ig in of a 
D N A segment till now for its bases to have 
reached the equ i l ib r ium f requencies? In 10 8 

cell cycles ( I / m ) the probabi l i ty that a site 
r e m a i n s in t h e o r i g i n a l s t a t e is 1/e 1 = 
0 .3679 ( a s suming Poisson dis t r ibut ion with 
pa r ame te r 1, in this case ) . For 2/m, 3/m, 4/ 
m, 6/m and 10/m cell cyc les this probabi l 
ity should be 1/e 2 = 0 . 1 3 5 3 , 1/e 3 = 0 .0498 , 
1/e 4 = 0 .0183 , 1/e 6 = 0 .0025 and 1/e 1 0 = 
0 .000045 with pa rame te r s 2, 3 , 4 , 6, 10, 
respect ive ly . 

L e t ' s d en o t e the n u m b e r of cell cycles 
equal to 1/m as one r ep lacemen t cyc le (RC) 
in a si te. In 10 R C the probabi l i ty for a site 
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THE MATRIX MODEL 

The p ropor t i on of ba se s at equ i l ib r ium can 
be ob t a ined from the base f requency vec
tor F = ( F A , F T F G , F c ) and the muta t iona l 
mat r ix M : 

M A - A M T . A M G - A M C - A 
M = M A . T 

M T . T M G . T M C - T 
M A - G M T . G M G _ G M C -G 
M A _ C 

M T „ C M G _ C M c - c 

W h e r e M is the muta t ion rate from the 
base at the left into that at the right side of 
the subscr ipt , in one cell cyc le . M A _ A = 1-
M A . T - M A _ G - M A . C ; M X . T = 1 - M X _ A - M T _ G -
M T . C ; M G _ G = 1 - M G „ A - M G . T - M G . C ; M c . c = i-
M C . A - M C _ T - M C _ G ( 1 2 p a r a m e t e r s or 
muta t ion rates are necessary to define the 
sys tem) . T h e f requency vector in the cell 
cyc le t+1 is g iven by F t + ) = MF, . Thus , the 
e q u i l i b r i u m f r e q u e n c y for e ach base is 
r eached when F t + 1 = F t or F, = MF, (Nei . 
1987) . If all coeff icients are equal the ex
p e c t e d v e c t o r F is ( 1 / 4 , 1/4, 1/4, 1/4) 
(Va lenzue la & San tos , 1996) . 

W e have shown that in the case transitions 
have different rate from transversions the ex
pec ted vec to r is a l so (1 /4 , 1/4, 1/4, 1/4) 
(Va lenzue la & San tos , 1996). However , if 
all the rates of muta t ion are different the 
e l e m e n t s of the vec to r should be c o n s e 
quent ly dif ferent . Fo r tuna t e ly , a real is t ic 
s impl i f icat ion c o m e s from the c o m p l e m e n 
tary na ture of D N A . 

L e t ' s a s s u m e that r a n d o m n e s s means : i) 
i s o t r o p y , tha t is, the o c c u r r e n c e of any 
event in each base is d is t r ibuted homoge 
neous ly a long with D N A ; ii) independence , 
that is, any event at a site occurs indepen
dent ly of the occur rence of events at any 
other site ( the cova r i ance is zero) . L e t ' s re-

in p r ima tes (Mar t in , 1990) and humans and 
m i c e d i v e r g e d 75 M Y ago (Ne i , 1987) . 
M o r e o v e r , s ince we c o n s i d e r D N A seg
m e n t s i n d e p e n d e n t f rom the s p e c i e s at 
which they be long , it wou ld be sufficient to 
deal wi th D N A s e g m e n t s m o r e than 10 s 

years old (any presen t gene) , to be sure that 
they have reached the state of site replace
ment and base f requency equi l ib r ium. 

to remain u n c h a n g e d is 45 in a mi l l ion. It 
can also be seen as, in average , 45 a m o n g 
1 0 6 sites remain unchanged in this g e n o m e . 

It is impor tant to remark that this con
c lus ion holds independent ly of the g e n o m e 
that carry the site or the popula t ion size 
where it is found. A bac te r ium can easily 
h a v e 1000 cel l c y c l e s a yea r . T h u s , in 
100,000 years , bacter ia have 10 8 cell cycles 
or 1 R C . In one mil l ion years (MY) the 
bac te r ia cou ld have 10 R C , thus , all the 
nuc leo t ide sites shall be changed , with the 
excep t ion of an average of 45 in a mil l ion 
si tes . A very s imilar s i tuat ion is valid for 
un ice l lu la r eukaryo tes . 

M u l t i c e l l u l a r e u k a r y o t e s h a v e severa l 
cell cyc les be tween the zygote s tage and 
the game te emiss ion . In genera l , the first 
gamete s tem cell or germ cell appears in 
e m b r y o s near the 1000 cell s tage , that is 10 
cell cyc les . Other 10 cell cyc les are needed 
to y ie ld 1000 (1024) g a m e t e s f rom one 
stem cell , and 20 cyc les yield 1 0 6 gametes 
(Va lenzue la & San tos , 1996). Thus , a min i 
mal of 20 to 30 cell cycles occur within a 
genera t ion per iod of mul t i ce l lu la r o rgan
isms. Severa l insects , as flies, and small 
an ima l s , as rats or mice , have a genera t ion 
per iod or life span of 20 to 40 days . For 
e x a m p l e , t h e l i f e s p a n of t h e w o r m 
Caenorhabditis elegans is 1 5 - 1 8 d a y s 
(Lakowsk i & Hek imi , 1996). The first ge rm 
cell appears at 7-8 cell d iv is ions from the 
egg (Watson et al, 1987). It needs 10 cell 
cyc les to yield 1000 spe rms . Thus the num
ber of cell cyc les per genera t ion is, at least, 
17 and the t ime for one genera t ional cell 
cyc le ( T G C C ) is approx imate ly 1 day . It is 
to be noted that mos t l iving be ings have a 
T G C C close to one or a few days . In one 
year , most o rgan i sms can have 300 genera
t iona l ce l l c y c l e s . O n l y b ig a n i m a l s or 
p l a n t s w i t h l o n g g e n e r a t i o n t i m e h a v e 
fewer cycles than that . Present human be
ings have a genera t ion per iod of 30 years 
and p roduce a round 10 9 gametes (30 cell 
cyc les ) . A d d i n g 10 cyc les to yield the first 
ge rm cel l , we have a T G C C near 270 days 
(0 .75 year ) . This is the present human situ
at ion, but , 20 M Y ago , the genera t ion t ime 
for " h u m a n ances to r s " could be more s imi
lar to small m a m m a l s than to present hu
mans . In fact, the genera t ion t ime increased 
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m e m b e r that a point muta t ion ar ises from a 
non repaired base change . 

If we cons ide r the base pair A - T any 
muta t ion of A impl ies , in the next round of 
r e p l i c a t i o n or r epa i r , a m u t a t i o n in its 
comp lemen ta ry T. Any muta t ion of T im
plies a muta t ion in its complemen ta ry A. 
For example , if A muta tes into G, this im
plies a muta t ion of the complemen ta ry T 
into C. This change could be p roduced by 
the p rev ious muta t ion from T into C and 
then the implied change of the c o m p l e m e n 
tary A to G. Thus , under the assumpt ion of 
isotropy (the rate of mutat ion is equal in 
both D N A st rands) , and cons ider ing both 
s t rands , the overall rate of muta t ion of A 
(in the left s t rand) into G is the addit ion of 
M A . G + M T _ C which is equal to M T . C + M A . G , 
that occurs in another nucleot ide site, with 
T in the left s trand. This is equivalent to 
imagine that there are two matr ices M , one 
for the left strand and the other for the r ight 
s t rand. 

S e v e r a l a t t e m p t s h a v e been m a d e to 
deal with r a n d o m n e s s vs n o n - r a n d o m n e s s 
D N A evo lu t ion by e x a m i n i n g nuc l eo t ide 
subs t i tu t ions (Li et al, 1984; A y a l a et al, 
1996) . H o w e v e r , subs t i tu t ions invo lve the 
m e c h a n i s m of f ixat ion and they are a few 
nuc l eo t ides in a D N A segmen t . O u r ap
proach dea l s wi th all the nuc leo t ides in a 
D N A s e g m e n t and, m o r e genera l , in ge
n o m e s i ndependen t l y of spec ies or p o p u l a 
t i o n s . T h i s a p p r o a c h is s imi la r to those 
sea rch ing for a cor re la t ion a m o n g bases in 
long s e g m e n t s of D N A (Peng et al, 1992; 
P a n d e et al, 1994). 

Ev idence for the equal i ty of nucleot ide 
subst i tu t ion rates in both s t rands has been 
found with point muta t ions in pseudogenes 
(Li et al, 1984). It is impor tant to remark 
that A and T co-muta te , as well as G and C 
do. T h u s , the matr ix M ' ( the fused two M s 
for both s t rands) can be wri t ten: 

W e have only 6 different muta t ion rates 
in M ' . The muta t ional behav iou r of A is 
ident ica l to that of T, and the muta t ion 
rates are equal be tween G and C. The con
version of (A or T) into (G or C) with the 
muta t ion rate 2H + 2J and the reverse con
vers ion (G or C) to (A or T) with rate 
2 D + 2 E could be different. The equi l ibr ium 
frequencies should be : F A = F T = (D+E) / 
[ 2 ( D + E + H + J ) j a n d F G = F c = ( H + J ) / 
[ 2 ( D + E + H + J ) ] . 

T h e demons t ra t ion is s t ra ightforward ei
ther by the matr ix method (Nei , 1987) or by 
s imple a lgebra . S ince the muta t ion coeffi
c ients for A are equal to those for T, at 
e q u i l i b r i u m , the m a t r i x v e c t o r p r o d u c t 
should be equal for both bases , thus F A 

should be equal to F T and by the same rea
son F G shou ld be equa l to F c . Let p = 
F A + F T , q = F G + F C , (p+q = 1), u = 2 (H+J) , 
v = 2 ( D + E ) . T h e n t h e e q u i l i b r i u m is 
reached when u p E = v q E or u p B = v ( l - p K ) . 
Thus at equ i l ib r ium p F = v / (u+v) , qE = ul 
(u+v) . Since F A = F T , F G = F c , p = F A + F T 

and q = F G + F C , F A = v / [2(u+v)] and F G = ul 
[ 2 ( u + v ) ] . It mus t be r e m a r k e d that this 
should occur in a s ingle strand of D N A ; 
then , it can be tes ted with pub l i shed or 
b a n k da t a . F o r any D N A s e g m e n t with 
more than 10 R C , independen t of its func
tion and spec ies , F A = F T , F G = F c and 
( F A + F T ) / ( F G + F c ) should be expec ted to be 
defined p ropor t ions ( r andom var iables) . 

SAMPLES AND MODEL TESTING 

D N A segments of h u m a n growth ho rmone 
( G H , from data bank) , M O Z gene ( M O Z ) 
(Bor row et al, 1996) and [3-globin (Nei . 
1987), of Drosophila gene torso (Torso) 
(Sprenger et al, 1989), of fungus Crypto-
coccus neoformans Mt l - I gene (Perfect et 
al, 1996), of bac ter ia Pseudo/nonas putida 

M ' = 

R 

M A „ T + M T . A 

M A _ G + M T _ C 

M A _ c + M T . G 

M T . A + M A . T 

R 

M T - G + M A „ C 

M T _ c + M A _ G 

M G „ A + M C _ T 

M G „ T + M C . A 

S 
M r , r + M C-G 

M C - A + M G _ T 

M C - T + M G „ A 

M C . G + M G _ C 

S 

R B D E 
B R E D 
H J S K 
J H K S 

W h e r e R = 1-B-H-J; S = 1-D-E-K. 



120 Biol Res 30: 117-123 (1 y'J7 I 

b e d D g e n e ( F o n g et al, 1 9 9 6 ) , Vibrio 
anguillarum flaC gene ( M c G e e et al, 1996) 
and Thermotoga marítima dr rA and hpkA 
genes (Lee & Stock, 1996) were chosen to 
t es t t h e s e e x p e c t e d p r o p o r t i o n s . T h e s e 
D N A segment s were taken from those that 
s o m e c o l l e a g u e s w e r e s t udy ing or from 
jou rna l s given to pos tgraduate s tudents to 
p repare academic events . It is assumed that 
any D N A segment must be a r andom col
l e c t i o n of n u c l e o t i d e s u n d e r a r a n d o m 
model of evolu t ion . 

Tab le I shows the dis tr ibut ion of bases 
and their pe rcen tages a m o n g the human and 
Drosophila D N A segments accord ing to the 
conven t iona l and functional (protein syn
thesis) d iv i s ions . Here , cod ing regions are 
those involved in a m i n o acid specif icat ion. 
Stat is t ical s ignif icance for depar ture from 
the expec ted propor t ions or for he te rogene
ity was s tudied by the x 2 test . Degrees of 
f reedom are deno ted as subscript . 

T h e four D N A segment s presented F G / 
F c rat ios very near 1. The F A / F X ratio devi
a t ed ve ry s ign i f i can t ly f rom 1 in M O Z 

( 1 . 2 5 , x 2 i = 52 .0 , p « 10- 6 ) , P G l o b m 
(0 .78 , x2i = 19, p < 1.3xl0- 5 ) and Torso 
(1 .12, X 2 , = 8 .1 , p < 0 .0046) ; it was very 
c lose to 1 in G H . 

S ign i f ican t h e t e r o g e n e i t i e s a m o n g con
v e n t i o n a l c o d i n g - n o n c o d i n g D N A s e g 
men t s w e r e found for the A / T rat io in: Gi l 
( z

2

3 _ J 8 m l % p < 0 . 0 0 0 3 3 ) due to the very-
low f requency of T (and high f requency of 
A) in non c o d i n g init ial s e g m e n t ; M O Z 
(X 2 2 = 4 3 . 7 , p < 10" 6) ma in ly due to the 
high f requency of T found in non cod ing 
r eg ions ; T o r s o (% 2

5 = 21 .7 , p < 0 . 0 0 0 6 \ ) 
due to the high p ropor t i on of T found in 
In t rons . T h e only s igni f icant he te rogene i ty 
for the G/C rat io was found in GH ( x 2 i = 
8.3, p < 0 .0412) due to the high p ropor t ion 
of T in E x o n s . 

C o m p a r i s o n s b e t w e e n c o d i n g ( e x o n s ) 
and non c o d i n g s e g m e n t s were s ignif icant 
for the A / T ra t io in M O Z ( x 2 i = 4 3 . 0 , p « 
1 0 6 ) and T o r s o ( x 2 , = 9 . 1 , p < 0 . 0 0 2 5 ) : 
and for the G /C ra t io only in GH (y} \ -
6.0, p < 0 . 0 1 4 7 ) . A n a l y s e s of non cod ing 
s e g m e n t s w e r e p e r fo rmed to find he te ro-

T a b l e I 

A, T, G, C nucleotide bases distribution in 3 human 
and a Drosophila DNA segments (N and %) 

A T G C Tot A T G C Tot 

HUMAN GROWTH HORMONE HUMAN MOZ 

Non coding initial 66(30) 32(14) 65(29) 61(27) 224 96(24) 113(29) 101(26) 82(21) 392 

Coding exons 150(23) 137(21) 160(24) 207(32) 654 1787(30) 1259(21) 1502(25) 1464(24) 6012 

Non coding introns 178(22) 175(21) 246(30) 215(27) 814 

Non coding terminal 100(20) 139(27) 129(25) 140(28) 508 439(30) 484(33) 254(17) 288(20) 1465 

Total 494(22) 483(22) 600(27) 623(28) 2200 2322(29) 1856(24) 1857(24) 1834(23) 7869 

A/T, G/C and (A+T)/(G+C) ratios 1.023 0.963 0.799 1.251 1.103 1.132 

HUMAN 6 GLOBIN Drosophila GENE Torso 

Non coding(flanking) initial 24(23) 17(17) 34(33) 28(27) 103 208(29) 201(29) 145(21) 147(21) 701 

cDNA non codingt protein) initial 16(32) 12(24) 6(12) 16(32) 50 74(38) 49(25) 39(20) 33(17) 195 

Coding exons 86(19) 105(24) 136(31) 114(26) 441 770(28) 615(22) 712(26) 675(24) 2772 

Non coding introns 271(28) 385(39) 160(16) 163(17) 979 266(31) 322(37) 141(16) 143(16) 872 

cDNA non coding(protein) terminal 35(26) 49(36) 23(17) 28(21) 135 32(33) 28(29) 16(17) 20(21) 96 

Non coding!flanking) terminal 100(29) 116(34) 62(18) 65(19) 343 46(43) 35(32) 12(11) 15(14) 108 

Total 532(26) 684(33) 421(21) 414(20) 2051 1396(29) 1250(26) 1065(22) 1033(22) 4744 

A/T, G/C and (A+T)/(G+C) ratios 0.778 1.017 1.456 1.117 1.031 1.261 



Biol Res 30: 117-123 (1997) 121 

g e n e i t y a m o n g t h e s e a s s u m e d h o m o g e 
neous funct ional r eg ions . S igni f ican t het
e rogene i ty for A / T rat io was found in G H 
( X 2

2 = 18.2, p < 0 .00012) due to low fre
quency of T in the non c o d i n g init ial seg
m e n t ; a n d in T o r s o (% 2

4 = 1 2 . 2 , p < 
0 .0158) main ly due to the high f requency 
of A in initial non cod ing c D N A and its 
low propor t ion in E x o n s . For G/C ra t io , 
t he re was not s igni f icant he t e rogene i ty . 

The ratio ( F A + F T ) / ( F G + F C ) was 0 .7989, 
1.1319, 1.4563 and 1.2612 in G H , M O Z , 
/j-globin and Torso , respect ively . A signifi
cant he te rogene i ty for this rat io, a m o n g the 
different D N A segment was found in M O Z 
(X22 = 72 .0 , p « 10" 6) mainly due to an 
e x t r e m e def ic iency of ( G + C ) in the non 
cod ing terminal segment (and an excess of 
A + T ) , (3-globin ( x 2

5 = 89.6 , p < 10"6) due to 
an excess of (G+C) in Exons , and in Torso 
(125 = ' 10.0, p « 10" 6) due to equal pro
por t ions ( A + T = 5 0 % ) and ( G + C = 50%) in 
Exons and a very low propor t ion (32%) of 
(G+C) in In t rons . Heterogenei ty in this ra
tio was also found a m o n g non cod ing seg
ments in M O Z (x2i = 12.2, p < 0 .0005) due 
to a high (G+C) propor t ion in the non cod
ing initial segment ; [3-globin (% 2

4 = 31 .5 , 

p < 0.000003) a n d T o r s o (% 2

4 = 2 0 . 0 , 
p < 0.0005), both, a lso due to a high (G+C) 
p r o p o r t i o n in t h e n o n c o d i n g i n i t i a l 
segment . 

H e t e r o g e n e i t y w a s s e a r c h e d for b e 
tween E x o n s and non c o d i n g s egmen t s . It 
was s igni f icant in M O Z (%2, = 60 .4 , p « 
10~6) due to a low ( G + C ) p ropor t ion (a 
h igh f r e q u e n c y of A + T ) in non c o d i n g 
s e g m e n t s ; in [3-globin (%2, = 59.4, p « 
I O 6 ) due to a h igh p ropor t ion of (G+C) in 
E x o n s ; and in Torso (%2\ = 9 1 . 3 , p « 10~6) 
due to a low p ropor t i on of ( G + C ) in non 
cod ing D N A . T h e r e was he te rogene i ty for 
( A + T ) / ( G + C ) rat io a m o n g the three human 
D N A s e g m e n t s (% 2

2 = 96.8. p « 10" 6). 
T h e h e t e r o g e n e i t y in the d i s t r i bu t ion of 
the four ba se s a m o n g all the s e g m e n t s was 
h ighly s ign i f ican t : G H ( x 2

y = 29 .2 , p < 
0 .00061) ; M O Z (%2b = 123.6, p < 1.2xl()- 6); 
(3-globin ( x 2 | 5 = 105.4, p < 2 x l 0 " 6 ) ; To r so 
( X 2 , 5 = 136.0, p < 1.2x1o 6 ) . A l so , there 
was he t e rogene i ty of the A, T, G, C distr i 
bu t ion a m o n g the th ree h u m a n D N A seg
m e n t s ( x 2

6 = 156.8, p « I O 6 ) . 
Table II shows the bases dis t r ibut ion in 

the fungus Cryptococcus neoformans and 
b a c t e r i a Pseudomonas putida, Vibrio 

T a b l e I I 

A, T, G, C nucleotide bases distribution in a fungus and 3 bacteria 
DNA segments (N and %) 

Tot Tot 

C neoformans FUNGUS Mtl-1 GENE P putida bedD GENE 

Non coding initial 

Coding segment 

Non coding terminal 

Total 

A/T, G/C and (A+T)/(G+C) ratios 

94(28) 76(23) 75(23) 87(26) 332 

303(29) 241(23) 223(22) 274(26) 1041 

117(30) 123(32) 79(20) 72(18) 391 

514(29) 440(25) 377(21) 433(25) 1764 

1.168 0.871 1.178 

45(30) 34(23) 32(21) 39(26) 150 

197(18) 176(16) 363(33) 362(33) 1098 

121(17) 155(22) 224(31) 214(30) 714 

363(18) 365(19) 619(32) 615(31) 1962 

0.995 1.007 0.590 

Non coding initial 

Coding segment 

Non coding terminal 

Total 

A/T, G/C and (A+T)/(G+C) ratios 

V anguillarum flaC GENE T marítima drrA AND hpicA GENES 

67(26) 84(33) 47(19) 57(22) 255 74(24) 108(34) 71(23) 60(19) 313 

355(31) 270(24) 258(23) 248(22) 1131 753(32) 514(22) 645(27) 466(19) 2378 

111(32) 100(28) 75(21) 67(19) 353 

533(31) 454(26) 380(22) 372(21) 1739 827(31) 622(23) 716(27) 526(19) 2691 

1.174 1.022 1.313 1.330 1.361 1.167 
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anguillarum and Thermotoga marítima. 
Since the analys is is the same as in Tab le I 
the x2 value will be omit ted . 

As in h u m a n and Drosophila D N A seg
ments the G/C ratio was nearer 1 than the 
A/T ratio in the four species , with the ex
cept ion of T marítima where the G/C was 
largely over 1 (1 .36, p « 10" 6), as it was 
t h e A / T r a t i o ( 1 . 3 3 , p « IO" 6 ) . C 
neoformans showed a decreased G/C ratio 
in the l imi t of s i g n i f i c a n c e ( 0 . 8 7 , p = 
0 .0491) as well as an increased signif icant 
A/T ratio (1 .17 , p = 0 .0166) . It was remark
able the c lose ag reement to 1 of the A/T 
and G/C rat ios in P putida. Also , as in hu
man and Drosophila genes there was a s ig
nificant he terogenei ty of bases dis t r ibut ion 
among cod ing and non cod ing segments : p 
= 0 .0097 in C neoformans mainly due to an 
excess of T and a lack of C in the non cod
ing terminal segment ; p = 0 .000054 in P 
putida mainly due to an excess of A and a 
def iciency of G in non cod ing initial seg
ment , a lack of T in cod ing segment and an 
excess of T in the non cod ing terminal seg
ment ; p = 0 .054 in V anguillarum, which is 
at the l imit of s ignif icat ion, but with a sig
nificant excess of T in non coding initial 
segment ; p = 0 .0000038 in T marítima due 
to an excess of T and a deficiency of A in 
non cod ing initial segment . 

The A/T ratio was he te rogeneous a m o n g 
c o d i n g and non c o d i n g s e g m e n t s in P 
putida (p = 0 .0318) because a low propor
t i o n of A in n o n c o d i n g t e r m i n a l , V 
anguillarum (p = 0 .0205) because of a high 
propor t ion of T in non coding initial and T 
marítima (p = 0 .0000014) because a high 
propor t ion of T and a low one of A in non 
coding initial segment . N o significant het
e rogenei t ies a m o n g coding and non coding 
D N A segments were found for the G/C ra
tio. The rat io ( F A + F T ) / ( F G + F C ) was 1.7778, 
0 .5900, 1.3125 and 1.1667 in M t l - 1 , bedD, 
flaC and, d r rA and hpkA genes , r espec
t ively. This rat io was highly he te rogeneous 
a m o n g coding and non cod ing segments in 
P putida (p = 0 .000028) due to a high pro
por t ion of A + T and a low one of G + C in 
n o n c o d i n g i n i t i a l s e g m e n t , a n d C 
neoformans (p = 0 .0043) due to a low pro
port ion of G + C and a high one of A + T in 
non cod ing terminal segment . It was not 
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signif icant in the other two bacter ia . Sig
nificant he te rogene i t i e s in the dis tr ibut ion 
of the four bases be tween initial and termi
nal non c o d i n g segmen t s were found in C 
neoformans (p = 0 .0156) and P putida (p = 
0 . 0 0 1 1 7 ) . T h e tota l h e t e r o g e n e i t y of the 
four bases d is t r ibut ion a m o n g the D N A of 
the three bacter ia was enormous ly signifi
cant (p « < 10~6) mainly due to the inverse 
and large propor t ion of G + C in P putida. 

DISCUSSION 

T h e very s imi lar p ropor t ion of G and C 
ag rees r e m a r k a b l y wi th the m o d e l . Th i s 
agreement , the weak heterogenei ty of the 
G /C r a t i o f o u n d in G H and the so le ly 
highly signif icant devia t ion in T marítima 
m a k e t h e m o d e l r e l i a b l e . Thermatoga 
marítima be longs to the oldest branch of 
eubac te r ia (Prescot t et al, 1996) and has its 
op t ima l g r o w t h at 80° C ( L e e & Stock 
1 9 9 6 ) . I ts l a r g e d i s a g r e e m e n t w i th the 
model could be due to these two features. 
The p ropor t ions of A and T deviated from 
the expec ted equal rat io and were extraor
d inar i ly h e t e r o g e n e o u s in six out of the 
e ight D N A segmen t s . The A/T ratio was 
qu i te h e t e r o g e n e o u s b e t w e e n cod ing and 
non cod ing s e g m e n t s , and the G/C rat io 
only showed a mode ra t e s ignif icant he tero
gene i ty in t he se s e g m e n t s for G H . This 
analys is a l lows to conc lude that, whi le the 
behav iou r of G-C could be expla ined by 
r andom muta t ion (with the except ion of the 
he terogenei ty in G H ) , the A-T dis tr ibut ion 
can not be exp la ined by a s imple s tochast ic 
p r o c e s s . H o w e v e r , t h e l a r g e d e v i a t i o n s 
(several of them are beyond any compute r 
software p o w e r ) in ( A + T ) / ( G + C ) ratio or 
four base p ropor t ions found ei ther in total 
segments , be tween cod ing and non coding 
segments , or a m o n g non cod ing segments , 
a l low us to conc lude that molecu la r evolu
tion (as far as these e ight segments are con
cerned) could not occur at r andom. 

Our propos i t ion (Va lenzue la & Santos , 
1996) - t h a t r andom muta t ions searched for 
se l f -o rgan iz ing s t ruc tu res , and once they 
were found, they were most ly preserved or 
main ta ined mainly by adapt ive s e l e c t i o n -
finds suppor t from the present s tudy. It is 
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important to remark that this is a lso valid 
for non cod ing D N A segments and points 
out that they have a h idden functional p rop
erty that we canno t see at this momen t . A c 
cord ingly , long range corre la t ions in nuc le 
ot ide sequences have been found in several 
D N A segment s by s tudying nucleot ide dis
t r i b u t i o n s as a p r o c e s s of r a n d o m wa lk 
(Peng et al, 1992). These corre la t ions show 
different k inds of non r andom nucleot ide 
walk for in t ron-r ich , intron-less and bacte
r iophage gene sequences . Also , a s imilar 
analys is a l lowed Pande et al (1994) to find 
non r a n d o m n e s s in protein sequences . 

T h e p resen t a p p r o a c h is different f rom 
those s ea rch ing for dev ia t ions from ran
d o m n e s s t h r o u g h s t u d i e s of m o l e c u l a r 
c locks , gene t i c d i s t ances or s imi la r i t i es or 
r a t e s of r e p l a c e m e n t s (Li et al, 1 9 8 4 ; 
A y a l a et al, 1996) . Th i s s tudy test ran
d o m n e s s d i r e c t l y , p r o v i d e d t ha t w h o l e 
D N A s e g m e n t s have r eached their equ i l ib 
r ium ( V a l e n z u e l a & San tos , 1996) and is 
m o s t l y c o n c e r n e d w i t h e v o l u t i o n a r y 
' "modus" or speci f ic i ty , whi le those ones 
test r a n d o m n e s s a c c o r d i n g to d e v i a t i o n s 
from the e x p e c t e d Po i s son d i s t r ibu t ions or 
rate of r e p l a c e m e n t he te rogene i ty and are 
c o n c e r n e d r a t h e r w i t h e v o l u t i o n a r y 
" t e m p u s " or k ine t i c s of nuc l eo t i de subs t i 
tu t ions . H o w e v e r , s ince those s tudies c re 
ate and test m o d e l s wi th obse rved d is t r i 
b u t i o n s , they i n c l u d e a l a rge e p i s t e m i c 
c i r c u l a r r e s t r i c t i o n ( V a l e n z u e l a , 1994) , 
wh ich is not p resen t when obse rved dis t r i 
bu t ions are c o m p a r e d with theore t ica l ran
d o m e x p e c t e d d i s t r ibu t ions issued f rom all 
the p o s s i b l e a l t e rna t i ve s . T h u s , Li et al 
( 1 9 8 4 ) found non r a n d o m n e s s of p o i n t 
m u t a t i o n s by s tudy ing nuc leo t ide subs t i tu 
t ions in p s e u d o g e n e s . T rans i t i ons occur red 
w i t h a h i g h e r r a t e t h a n e x p e c t e d for 
t r a n s v e r s i o n s . T h i s s tudy c a n n o t be as 
s i m i l a t e d to t h e p r e s e n t o n e b e c a u s e it 
dea l t wi th subs t i tu t ions that occur in a few 
of all nuc l eo t ide s . L a r g e d i f fe rences in the 
p rop o r t i on of bases or subs t i tu t ion ra tes 
were not ana lyzed by those au thors . 
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