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Summary. Periodic appearances of specific trinu- 
cleotides along the DNA sequence have been re- 
ported in the chicken core DNA, and the phenom- 
enon has been suggested to be related to the 
supercoiling of  DNA around nucleosomes. A pop- 
ulation genetic model is constructed in which selec- 
tion is operating to maintain specific trinucleotides 
at a specific location on the DNA sequence. Assum- 
ing low mutation rates, equilibrium probabilities of  
the appearances of  respective trinucleotides were 
computed. Vague patterns appeared if the product 
of the effective size and the selection coefficient was 
0.1-2.0. The genetic load and substitution rates in 
the equilibrium state were also computed. When the 
model was applied to the chicken DNA data, the 
product of  the effective size and the selection coef- 
ficient was estimated to be 0.1-0.2. With this in- 
tensity of  selection, the substitution rate was hardly 
different from that in the case without selection. 
However, the genetic load became fairly large. Con- 
sidering the large number of times that DNA coils 
about nucleosomes, the number oftrinucleotide sites 
must be very large, and thus the total load might be 
too large. Epistasis among these sites to reduce the 
total load is suggested to exist if selection is respon- 
sible for this periodic pattern observed in the chick- 
en core DNA. 
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Introduction 

Thanks to the development of rapid sequencing 
techniques, large amounts of DNA sequence data 
have been accumulated in the past 10 years. We are 
now in a position to look directly at the genes them- 
selves, which are products of the evolutionary pro- 
cess. This has allowed study of  the processes of  evo- 
lution where it occurs, i.e., at the gene level, and 
new insights into the processes of  evolution have 
been obtained in recent years (Nei 1987). We can 
observe properties of  DNA sequences such as re- 
lationships among species and patterns and hypoth- 
esize how these properties have arisen during the 
evolutionary process. A guiding principle in this 
pursuit is the neutral theory (Kimura 1983), which 
asserts that the great majority of evolutionary 
changes at the molecular level are caused not by 
Darwinian selection but by random drift of  selec- 
tively neutral or nearly neutral mutations. When 
data are compared with the neutral expectation and 
if  any discrepancy is found, then action of agents 
other than random drift may be suspected. 

One of the interesting properties of  DNA se- 
quences, which has been found in recent studies, is 
the periodic appearance of  specific di- or trinucleo- 
tides in relation to the nucleosome structure. This 
was first shown by a correlation analysis of  DNA 
sequences (Trifonov and Sussman 1980). Later more 
clear-cut demonstrations were made using a tech- 
nique called statistical sequencing (Drew and Trav- 
ers 1985) and by direct sequencing (Satchwell et al. 
1986) using populations of core DNA molecules 
isolated from chicken erythrocyte core particles. 
Here, core DNAs are defined as the regions of DNA 



left bound to nucleosomes following removal of  his- 
tone HI .  In these latter studies, inflation of  the fre- 
quencies of  trinucleotides such as AAA/TTT and 
AAT/ATT was observed with a periodicity of  about 
10 bp along the DNA sequences. Minor grooves 
within these points of  inflation in the DNA se- 
quences face predominantly toward the historic oc- 
tamer. Because (A+T)-rich sequences are known to 
have bendability in a specific direction and they 
appear in intervals of  10 bp, which may ease the 
DNA into coils around histone octamers, the peri- 
odic appearance of  these multiplets is considered to 
be responsible for the positioning of  histone octa- 
mers along the DNA sequences (Travers and Klug 
1987). 

From an evolutionary standpoint, I am interested 
in how this periodicity has occurred and how it is 
maintained. Obviously, random genetic drift with 
a uniform mutation rate alone cannot create this 
kind of  regularity, and additional mechanisms such 
as selection or multiplication of  a sequence are nec- 
essary to explain such periodic appearances of  spe- 
cific sequences. Although multiplication in ancient 
times and later divergence may have created peri- 
odicity, the actual data show that sequences between 
these A/T triplets are not as periodic as expected 
from this mechanism. On the other hand, the bend- 
ability of  these sequences and the 10-bp period, 
which corresponds to one turn of a DNA helix, sug- 
gest some selective force actively maintaining this 
Periodicity. Hence, here I build a simple selection 
model that will maintain such a periodicity as a 
candidate mechanism to explain the observed pat- 
tern, and I investigate the consequences of  this mod- 
el. How this pattern was initially created is not con- 
sidered. Instead, focus is placed on how this pattern 
is maintained. Because the appearance of  AAA/TTT 
or AAT/TAA at specific positions is by no means 
perfect, selection must be very weak and interaction 
with random drift due to the finite size of  the pop- 
ulation is likely to exist. This is modeled by assum- 
ing that selection is operating to maintain A/T trip- 
lets at specific positions of  the DNA sequence in a 
finite population. The questions I address are (1) 
what are the proportions of triplets at this position 
in the equilibrium state, given mutation rates, the 
population size, and the magnitude of  selection; (2) 
what is the expected reduction of  the population 
fitness; and (3) what is the substitution rate of  DNA 
at this position for this model? 

Model 

First, how many nucleotides are under selection 
pressure needs to be considered. Inflation o f  the 
frequency of  a specific triplet would occur by infla- 
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Fig. 1. Mutation rates in a, the full model and b, the three-type 
model. A, T, G, C, and N represent adenine, thymine, guanine, 
cytosine, and guanine--cytosine combined, respectively. Muta- 
tion rates are indicated near the arrows that represent the types 
of mutation. The relationship between mutation rates in the full 
model and those in the three-type model are shown in b. 

tion of  the doublet frequency. For example, the fre- 
quency of  AAA will be increased by increasing the 
frequency of  AA at a position. However, this was 
not the case in the chicken data, as an increase in 
the frequency of  AAG or AAC was not observed 
(Satchwell et al. 1986). Thus, the force responsible 
for this pattern should be working on more than two 
consecutive nucleotides, and selection needs to be 
considered to work on at least three consecutive 
nucleotides. Here, a set of  three consecutive nu- 
cleotide sites at a specific location within a DNA 
sequence is considered and this is called a locus. 
Because we are interested in A/T triplets, G and C 
are grouped and denoted by N. Mutations are as- 
sumed to occur in the same manner and indepen- 
dently at each site. Because of  the base pairing, there 
are three mutation rates u, v~, and v2 to be specified 
in this three-nucleotide type model in the equilib- 
rium state compared to six in the complete speci- 
fication (Fig. 1). For a locus there are 33 = 27 alleles 
with this grouping. However, taking into account 
the symmetry of  A and T and neglecting the 5' to 
3' direction, some alleles can be grouped, and the 
number of  alleles can be reduced to 10 (Table 1). 
For simplicity, we assume no dominance and assign 
fitness values of  1, 1 - s~, and 1 - s~ - s2 to the 
first allele, the second allele, and the rest, respec- 
tively. The effective population size is Are, and the 
population is undergoing random mating with dis- 
crete generation. 

The dynamics of  the allele frequencies can be 
approximated by a multidimensional diffusion pro- 
cess (Kimura 1964). However, because this system 
contains 10 alleles and the mutation pattern is not 
as simple as that considered by Wright (I 949), it is 
very difficult to solve the diffusion equation asso- 
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Table  1. T e n  a l l e l i c  s t a t e s  a n d  t h e i r  f i tness  

A l l e l e  T r i p l e t s  F i t n e s s  

1 A A A ,  T T T  1 

2 A A T ,  T A A ,  T T A ,  A T T  1 - s~ 

3 A A N ,  N A A ,  T T N ,  N T T  1 - sj - s~ 

4 A T A ,  T A T  1 - st - s2 

5 A N A ,  T N T  1 - s~ - s2 
6 A N T ,  T N A  1 - s] - sz 

7 N A T ,  N T A ,  A T N ,  T A N  1 - s~ - s2 

8 N A N ,  N T N  1 - Sl - sz 
9 N N A ,  A N N ,  N N T ,  T N N  1 - sj - s2 

i 0  N N N  1 - s j  - s 2  

ciated with the process directly. Therefore,  we seek 
an app rox ima t ion  to this process taking advantage  
o f  the low muta t ion  rate at a nucleotide site. 

In vertebrates,  the mu ta t i on  rate at a nucleotide 
site is es t imated  to be a round  10 -s  per  generat ion 
by  direct observa t ion  (Neel et al. 1986) and  f rom 
the subst i tut ion rates o fpseudogenes  (see Nei  1987). 
The  effective popula t ion  sizes are very difficult to 
es t imate  and  there are no good es t imates  avai lable  
for t hem at  present.  However ,  judging f rom the mag-  
ni tudes o f  the electrophoret ic  po lymorph i sms ,  they 
will be lower than 106 (see K i m u r a  1983, p. 255). 
Thus,  the produc t  o f  the effective popula t ion  size 
and  the mu ta t i on  rate at the locus is expected to be 
much  smal ler  than  one. In  this case, the locus be- 
comes  a lmos t  m o n o m o r p h i c ,  experiencing infre- 
quent  quick t ransi t ions f rom one fixed allele to 
another ,  and  this is uti l ized to der ive an approxi -  
mat ion .  

is 2Nurd'~j, as 2Nuoj-mutants occur  every  generat ion,  
and  a p ropor t ion  o f f j  is eventual ly  fixed. Recall  that  
we regard the t ime  o f  the occurrence o f  the mu tan t  
that  is to be fixed as the t ransi t ion t ime  in the Mar-  
k o v  chain, because the fixation process is considered 
to be instantaneous.  Thus,  

f - - ~  2NUik~i k, i f  j = i 

qij = I k*i (1) 
[ 2Nurf o, otherwise 

Let p~(t) be probabi l i ty  that  the state is i at  t and 
denote  the row vector  Lo,(t)] by  p(t). Then ,  the for- 
ward  equat ion  o f  the process is expressed as 

dp(t) 
dt - p(t)Q (2) 

Remain ing  tasks are to c o m p u t e r / a n d  u 0 for  this 
system. First, note  that  only  two alleles, the one that  
is present ly fixed and  the one that  is to be fixed, are 
necessary to consider  because the p roduc t  Nu is very  
small  and  frequencies o f  o ther  alleles are negligibly 
small  dur ing the course o f  fixation. Then,  a fo rmula  
is avai lable  to c o m p u t e  the fixation probabi l i ty  o f  
a single gene with t h e j t h  aUelic state in t roduced into 
a m o n o m o r p h i c  popula t ion  fixed with the ith allele 
(K imura  1964). In our  case, the 10 alleles are clas- 
sified into three classes, A, B, and C, according to 
their  fitnesses, 1, 1 - st, and  1 - Sl - s2, respec- 
tively. Designating the fixation probabil i ty  f rom class 
X to Y by  fxr, then  necessary probabi l i t ies  are cal- 
culated as 

- 2Ndt /N  
fan = 

1 - -  exp(4N~st) ' 

A Continuous Time Markov Chain 

Because the fixation process o f  alleles would be fast 
relat ive to the per iod o f  m o n o m o r p h i s m ,  the pro-  
cess is a p p r o x i m a t e d  by  a cont inuous  t ime  M a r k o v  
chain with 10 states and  considering each fixation 
process to be  instantaneous.  Thus,  i f  the popula t ion  
is fixed with the allele L then it is in the state i. Then,  
fixation o f  an allele in the popula t ion  is a t ransi t ion 
f rom one state to another .  In order  to describe this 
process,  it is necessary to com pu t e  transi t ion prob-  
abil i ty f rom one state to another.  

The  s tandard  procedure  for compu t ing  t ransi t ion 
probabi l i t ies  is to der ive  a set o f  differential equa-  
t ions for the t ransi t ion probabi l i t ies  (see, for ex- 
ample ,  Kar l in  and  Tay lo r  1981, chapter  14). The  
infinitesimal mat r ix  Q = IIq011 o f  the chain is cal- 
culated as follows: Let  f / b e  the fixation probabi l i ty  
o f  one m u t a n t  a l le le j  in an otherwise m o n o m o r p h i c  
popula t ion  with the allele i and  let u 0 be the mu-  
ta t ion  rate f rom the ith allele to the j t h  allele. The  
actual  popula t ion  size is designated by N. Then  the 
rate o f  t ransi t ion f rom the ith state to the j t h  state 

f A C  
-2Ne(s t  + s2)/N 

1 - exp[4Ne(st + s2)] '  

f . ~  = 
2N, s / N  

1 - e x p ( - 4 N ,  s 0  ' 

fBC = 
-- 2N~2/ N 

1 - exp(4N,~:) ' 

2Ne(& + Sz)/N 
fcA = 1 - exp[ -4Ne(s t  + sz)]' 

f c .  = 
2Nes2/ N 

1 -- exp(-4N~sz)  ' 

1 

f c c -  2N (3) 

neglecting higher order  te rms  o f  s. The  muta t ion  
rate u 0 can be c o m p u t e d  by  considering all six cases 
(muta t ion  to two other  nucleotide types at each o f  
the three sites) and  identifying the resulting alleles. 
For  example ,  A A A  can muta t e  to TAA,  NAA,  ATA,  
ANA,  AAT,  or A A N  with a muta t ion  rate o f  u, 2vt, 



al 2UfAB 4Vlfac Ufac 2Vlfac 0 0 0 0 0 
U/Ba a~ 2VlfBc UfBc 0 2VIfBc 2Vlfnc 0 0 0 
V2Yca V2YcB aa 0 0 0 2UYcc 2V~fcc 2Vlfcc 0 
U ft.4 2Ufco 0 a4 2Vlfcc 0 4Vl fcc  0 0 0 
VafcA 0 0 V~fcc as 2U f c c  0 0 4V1/cc 0 

q = 0 2V~fcB 0 0 ~Ufcc ~ 0 0 4V~Icc 0 
0 V~Ics 2U.fcc V~Icc 0 0 a7 2Vafcc 2V~fcc 0 
0 0 2V~/cc 0 0 0 2V~fcc a~ 0 2 V J c  c 
0 0 V~fcc 0 V~fcc VzJcc Vzfcc  0 aa 2V~fcc 
0 0 0 0 0 0 0 2V~fcc 4V~fcc a~o 
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0~ = - [ u (2 . t ' aB  + Ltc + 6v~.r ,,~ = - [ u ( . f ~ ,A  + .fBc) + 6v~.fBc] ,,~ = - [2V Ycc + 4v~.fcc + v,.(J'cc + fcB)] 
a,i = --[U(IcA + 2fcB) + 6VJcc] as : -[2U.fcc + 4Vlfcc + V2(fcA + fCC)] as = -(2U Icc + 4VIIcc + 2V2IcB) 
ar = - [2UIcc  + 4V~Icc + V2(fcs + fcc)]  as = - ( 2 V J c c  + 4V2fcc) a~ = - (2V l f cc  + 4V=fcc) 
alo = -6V~Ycc 

Fi~. 2. The infinitesimal matrix Q. U ~ 2Nu, t:1 = 2Nvt, and V= = 2Nv2. For[~.v's, see the text. 

u, 2v , ,  u, or 2v~, respectively, and the first and the 
fifth are the second allele. Therefore,  ulz = 2u. Using 

f / s ,  u~j's, and Eq. (1), we can compute  the infinites- 
imal matr ix  Q o f  the process, and this is shown in 
Fig. 2. 

E q u i l i b r i u m  F r e q u e n c i e s  

Let the equi l ibr ium frequencies be denoted  by at- 
taching ^ on  the respective frequencies. Then,  they 
can be obtained by solving the following two equa- 
tions: 

0 ----- pQ (4) 

tO 

:, = l (5) 

The first equat ion permits  a zero flow solution, that 
is, a Solution in which net  probabil i ty flow between 
any two states is zero. Therefore,  it can be solved 
without much difficulty, and, with the restriction 
imposed by the second equation,  the resulting so- 
lution is 

1 X3 /~t = 4D1 X a exp(4Nosr /52 = - ~  exp(4N:a) ,  

X2 h 3 _ X ~ 
'6a=1}7 D '  /94 4 D '  Ps= ,66  2D 

h 2X 1 
/5~= D /59= D '  /St0 D (6) 

where k = v2/vt ,  s, = s~ + sz, and D = 1/4 [exp(4Nes,) 
+ 2 exp(4N~sz) + 1]X3 + 3Xz + 3X + 1. Note  that 
h is a measure of  biased muta t ion  pressure (Muto 
and Osawa 198 7) and is the ratio o f  the AT-conten t  
to the GC-conten t  under  neutrality.  F r o m  this so- 
lution, we can see that  the equi l ibr ium frequencies 
are functions o f  Nest, Nd2, and X only and do not  

depend on u. As X increases, A /T  triplet frequencies 
such as A A A / T T T ,  T T A / T A A ,  and A A T / A T T  in- 
crease. Selection is decoupled f rom muta t ion  pres- 
sure, its effects being expressed as functions o f  the 
products  o f  the effective populat ion size and selec- 
tion coefficients. 

The  equi l ibr ium frequencies,/5t and/52, as func- 
t ions o f  N : ,  are presented with various values o f  X 
and ratios o f  sl to s, in Fig. 3. Three  values of•, %, 
1, and 3, which will yield GC-conten ts  of  0.7 5, 0.5, 
and 0.25 under  neutrality, are chosen for the cal- 
culations. Three  cases o f  selection schemes, repre- 
sented as the ratios, s l / s t  = 0 (Fig. 3a), 0.5 (Fig. 3b), 
and 1 (Fig. 3c), are considered. The  three cases cor- 
respond to those where the second alleles have the 
same, a half, and no selective advantage co m p a red  
to the first allele, respectively. The  frequency o f  
AAA/TTT, /5~ ,  stays at the value expected in the 
neutral  case until  Nes, becomes  0.1, then quickly 
increases as N : t  changes f rom 0.1 to 1, and reaches 
a plateau at Nest --- 2. In this transit ional parameter  
range, o ther  alleles are slightly deleterious (Ohta 
1974) and are el iminated,  though not  complete ly  
except for the second allele in the case o f  s , / s ,  --- O. 

When the ratio o f  st to s, is 0,/5t and/52 approach 
V3 and -'/3, respectively, as selection becomes  more  
intense. Otherwise /~t converges to l as N : ,  in- 
creases. For  0 < s / s , <  1, ,62 first increases and then 
decreases to zero as iV:, increases. The effect o f  
changing X is cubic when selection is weak, but  the 
effect decreases as selection becomes more  intense. 
F ro m  these calculations, it can be seen that AT:, must  
be in a narrow range, between 0.1 and  2, to have 
the vague pat tern observed in chicken DNA.  

F ro m  the equi l ibr ium frequencies, the expected 
load, L,  which is the reduct ion o f  the mean  fitness 
o f  the popula t ion f rom the op t imum,  can be cal- 
culated using 

L = 2[(1 - .6t - .62)(s, + sz) + / 5 : t ]  (7) 
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Fig. 3. Equil ibrium frequencies , /~ (straight lines) a n d / ~  
(dotted lines) as functions o f  N~s,. Three values o f  st/s, 0.0 (a), 
0.5 (b), ! .0 (e), are used. Three  Xs used are indicated on the 
graphs. 

As/~'s are functions of  Nd, and Nd2, N~L is also a 
function of  them. Their relationship is shown in Fig. 
4 with three values of  X when sl/s, is 0.5. As Nes, 
increases, N~L first increases, takes a maximum val- 
ue around NeS t = 0.6 tO ~ 1.0, and decreases to a 
very small value close to 0. In fact, L converges to 
6(u + 2vl) as noted by Haldane (1937) when the 
population size approaches infinity. In our calcu- 
lation, mutat ion rates are assumed to be very small 
and this mutation load was neglected. This increase 
of  the load in a finite population was first noted by 
Kimura et al. (1963). The effect of  mutation pressure 
represented by k is very large, and, as the GC pres- 
sure increases (~ decreases), the load becomes larger. 
This is because the GC pressure is countering the 
effect of  selection leading to an increase in the fre- 
quencies of  unfavorable alleles containing G and C. 
In any case, the equilibrium load becomes fairly 

large in the intermediate intensity of  selection due 
to the presence of  unfavorable alleles. 

Substitution Rate 

Our final concern is how the substitution rate is 
affected by this type of  selection pressure. The sub- 
stitution rate k in the equilibrium state is com- 
puted as 

10 
k = ~ K~, (8) 

where K, is the transition rate from state i to  the 
others. Here, some cautions are necessary to com- 
pute Ki, as G and C were combined as N, as were, 
for example, NNT and NNA in the same allele 9. 
So, the ith row of  Q except for the diagonal cannot 
simply be added to  obtain K~. Substitution of  G with 
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Fig. 4. Equil ibrium load 
multiplied by 2N~ as a func- 
tion of  N~s,. Parameters  used 
are s,/s, = 0.5 and h = 3.0 
(straight line), 1.0 (dotted 
line), 1/3 (broken line). 

C and change f rom N N T  to N N A  are both  nucleo- 
tide substitutions, and these considerat ions have 
to be incorporated.  Let  w be the muta t ion  rate f rom 
G(C) to C(G) (Fig. 1). Then,  for example,  

K9 = 2N(u + 2vt + 4v2 + 2W)fcc 
= u q- 2Vl -b 4v 2 q- 2w (9) 

aSfcc--- 1/(2N). Other  K{s are computed  similarly, 
and, using Eq. (8), the substi tution rate in the equi- 
librium state can be computed.  A numerical  ex- 
ample is shown in Fig. 5. Mutat ion rates are as- 
SUmed to be equal, i.e., u = v~ = v2 = w. I f  the 
effective size is equal to the actual size, the substi- 
tution rate divided by u is a funct ion o f  the products  
of  the populat ion size and selection coefficients, and 
it is plotted against Nest in Fig. 5. Nest was changed 
from 0.1 to I0.0. Three  selection schemes adopted  
earlier are considered. Because a nucleotide can mu- 
tate to three others and there are three sites, k/u  is 
9 without  selection. It starts to decrease a round Nest 
-- 0.5 and quickly decreases to a plateau. Except for  
the case with st/s, = 0, virtually no substi tut ion is 
possible i f  Nes, is greater than 2. With s~/st = O, 
substitutions are still possible for Nest > 2, because, 
for example, an AAT or a TAA mutan t  can fix in 
the populat ion o f  AAA and vice versa. The  reason 
why frequent substi tutions are possible for inter- 
mediate Nest is that  the frequencies o f  the lower 

-i 

e ,d  

c-  

O 

"1 
m 

-! 
ql 

4- 

2'  

0 . . . . . . . .  i " .  m "  - ' 7 - -  , . . . . .  

. 1  1 1 0  

NeSt 
Fig. 5. Equil ibrium substitution rate divided by the mutat ion 
rate u as a function of  N~s,. N~ = N, and u = vt = v2 = w are 
assumed.  The values o f  the ratio, s,/s,, used are 0.0 (straight line), 
0.5 (dotted line), and 1.0 (broken line). 

fitness class (the alleles 3-10) are still high, and fix- 
ation among those alleles occurs frequently. 

Discussion 

In the present paper, a model  is developed in which 
selection is operating on three consecut ive nucleo- 
tide sites to mainta in  specific nucleotide sequences. 
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The  equi l ibr ium frequencies are computed  as func- 
tions of~, a measure o f  muta t ion  pressure, and prod-  
ucts o f  the effective populat ion size and selection 
coefficients, N~s~ and N e S 2  . N o w ,  how much  selection 
is operating on chicken D N A  to mainta in  the peri- 
odic pattern observed can be inferred. In Fig. 3 o f  
Satchwell et al. (1986), max ima  o f  the frequency o f  
A A A / T T T  appear  at posit ions 5, 16, 27, 36, 47, and 
56 in a coordinate  system in which posit ion 73 cor- 
responds to the symmetr ic  center  o f  the core D N A  
that  is 145 bp in length. The m a x i m u m  frequencies 
vary  from 23/177 = 0.130 to 13/177 = 0.073. The  
maxima o f  the frequencies o f  A A T / A T T  and TAA /  
T T A  appear  at similar places, and the sum o f  their  
frequencies is about  20/177 = 0.113. The  GC con- 
tent o f  total chicken D N A  is 57.3% (see Table 1 o f  
Satchwell et al. 1986). Thus,  X = v2/v~ is assumed 
to be 0.573/0.427 = 1.34. Solving the first two equa- 
tions in Eq. (6) with these values, we obtain N_~s, --- 
0.286, N~s 2 = 0.077 if  the A A A / T T T  frequency is 
0.130 and N~st = 0.125, N~s 2 = 0.059 i f  the AAA/  
T T T  frequency is 0.073. F rom these computat ions ,  
it is apparent  that  very weak selection can mainta in  
the pattern observed in the chicken core D N A  and 
also that  A A T / A T T  and T A A / T T A  have an ad- 
vantage over  the remaining eight alleles. 

With this intensity o f  selection, the substi tution 
rate is not  affected much and substi tution occurs at 
a similar rate as in the neutral case. However ,  the 
load L becomes fairly large. For/~1 = 0.130, the 
load, L, is 0.480/Ne, and for /~  = 0.073 it is 0 .218/  
Are. These values are for one locus. Although how 
many  such loci there are in total chicken D N A  is 
not  known, a rough estimate can be obta ined by 
using the total genome size of  the chicken. The  hap- 
loid genome size o f  the chicken is est imated to be 
1.3 x 109 (see Table  1.1 o f  F incham 1983). Assum- 
ing tentat ively that D N A  coils a round histone oc- 
tamers  in about  a hal f  o f  its stretch and that  these 
loci appear  every  10 bp, the total number  o f  loci is 
es t imated to be 6.5 x 107. I f  selection is assumed 
to act independent ly  at respective loci, then the load, 

Lr ,  for all sites combined  is given by 1 - e x p ( ~  
i 

Lt) where Lt is the load at the ith site (see Crow and 
Kimura  1970). Even i r a  populat ion size o f  106 is 
assumed,  which is regarded as an overest imate  con- 
sidering the data o f  the protein po lymorph ism and 
the A A A / T T T  frequency o f  0.073 to obtain a lower 
bound,  the total load becomes 1 - e x p [ - 0 . 2 1 8  x 
6.5 x 107/(106)] = 1 - e -14.17 "~ 1 - -  7.0 x 10 -7. 
This  value is considered to be intolerably high for 
a species. I f  the populat ion size is smaller, the load 
becomes larger. Thus, either or both assumptions 
that  about  a half  o f  D N A  coils a round histone oc- 
tamers  and  that  selection is operating independent ly  
have to be discarded. K imura  and Maruyama  (1966) 

have shown that the total load is reduced with a 
reinforcing type epistatic selection in an infinite pop- 
ulation. This m ay  also be true in a finite populat ion.  
Fur thermore ,  the load at each site may  be reduced 
by increasing the selection coefficient (Fig. 4) in a 
finite population.  For  example,  a model  can be en- 
visaged in which fairly strong selection is operating 
to mainta in  a certain n u m b er  o f  , ~ A J T T T  sites, 
but, once this n u m b er  is achieved, any triplets can 
occupy the remaining loci. In this ease, selection 
coefficients are large at those loci where A A A / T T T  
are to be found,  and selection coefficients may  be 
very small in other  loci. Both factors reduce the load 
at respective loci. Alternatively,  a large total load 
may  be tolerated by  assuming that  selection is acting 
among germ line ceils and not  among individuals 
as suggested by Holmquis t  (1989). However ,  strong 
selection is possible only among sperm, and sperm 
DNAs  interact  with pro tamine  not  histories. There-  
fore, it is difficult to imagine that selection is acting 
among sperm in this case. F ro m  these consider- 
ations o f  the total load, it is suggested that  some 
kind o f  reinforcing type epistasis is likely to exist if  
selection is maintaining the periodic appearance o f  
A / T  multiplets. 

Alternatively,  one may  avoid  invoking selection 
for the explanat ion o f  this p h e n o m e n o n  and explain 
periodic appearances o f  specific multiplets by re- 
gionally biased muta t ion  pressure (Walsh, personal 
communicat ion) .  Once the D N A  molecule coils 
a round histone cores, structural heterogeneity with 
an approximate  periodici ty o f  10 bp is formed along 
the D N A  molecule,  and this may  be a cause of  dif- 
ferently biased muta t ion  pressures at various points 
in a period. In fact, such a model  with a likely mech- 
anism for biased muta t ion  pressure has been re- 
cently proposed (Filipski 1990). In this case, the 
problem o f  genetic load no longer exists. However ,  
i f  simple muta t ion  pressure at those sites is respon- 
sible for the pattern,  then an increase o f  the A T A /  
T A T  frequency should also be observed at those 
sites, but  this is not  the case (see Table 3 o f  Satchwell 
et al. 1986). Thus,  the simple regional muta t ion  
pressure hypothesis  does not  seem to explain the 
observed pattern. Nevertheless,  some type o f  mu-  
tation pressure that favors specific multiplets may  
be possible, and fur ther  pursuit  in this direction is 
worthwhile considering the genetic load problem in 
models  involving selection. 

In this study, I used a Markov  chain approxi-  
mat ion  to derive the equil ibr ium frequencies, uti- 
lizing the fact that  the product  o f  the muta t ion  rate 
and the populat ion size is much  smaller than unity. 
This approximat ion  is similar to the ones adopted  
by Gillespie (1983), Walsh (1985), Li (1987), and 
Zeng et al. (1989). It has been shown that  the ap- 
proximat ion  works fine for 4Nu < 0.01-0.1.  Thus,  



a l t h o u g h  t h e  v a l i d i t y  o f  t he  a p p r o x i m a t i o n  h a s  n o t  
been  c h e c k e d  b y  s i m u l a t i o n s ,  i t  is  e x p e c t e d  t ha t  t he  
a p p r o x i m a t e  s o l u t i o n  [Eq. (6)] is a p p r o p r i a t e  fo r  
the  p a r a m e t e r  range .  

In  the  W c h r o m o s o m e  o f  the  ch i cken ,  2 1 - b p  re-  
pea t ing  un i t s  that c o n t a i n  (A)3-5 a n d  (T)3_5 a re  f o u n d  
( K o d a m a  et  al. 1987). T h e s e  un i t s  a re  t a n d e m l y  
a r ranged ,  a n d  t hus  A m u l t i p l e t s  a n d  T m u l t i p l e t s  
a p p e a r  a l t e r n a t e l y  a p p r o x i m a t e l y  e v e r y  l 0  bp .  Be- 
cause  o t h e r  p a r t s  o f  un i t s  m a y  s h o w  less h o m o l o g y  
wi th  each  o the r ,  pa s t  m u l t i p l i c a t i o n  o f  a un i t  a n d  
s ubs equen t  d i v e r g e n c e  a m o n g  un i t s  is n o t  suff ic ient  
to exp l a in  th is  s equence  p a t t e r n .  T h i s  s t ruc tu re  is 
suggested to  be  c o n s e r v e d  b y  se lec t ion .  In  th i s  case,  
however ,  u n e q u a l  c ros s ing  o v e r  a n d  gene  c o n v e r -  
s ion s h o u l d  be  t a k e n  in to  accoun t ,  as  a h igh  deg ree  
o f  h o m o l o g y  ex is t s  a m o n g  r e p e a t i n g  uni t s .  T h u s ,  
th is  m o d e l  is n o t  d i r e c t l y  a p p l i c a b l e  to  th i s  case,  a n d  
the m o d e l  n e e d s  to  b e  e x p a n d e d  to  i n c l u d e  these  
factors .  

A t  p re sen t ,  a c l e a r - c u t  d e m o n s t r a t i o n  o f  the  ex-  
is tence o f  the  p e r i o d i c  a p p e a r a n c e s  o f  A A A / T T T  in 
c o n j u n c t i o n  w i th  h i s t o n e  o c t a m e r s  is  l i m i t e d  to  t he  
ch icken  core  D N A .  H o w e v e r ,  a p p e a r a n c e s  o f  spe-  
cific d i n u c l e o t i d e s  wi th  an  a p p r o x i m a t e  p e r i o d i c i t y  
o f  10 b p  is s h o w n  us ing  D N A s  f r o m  d i v e r s e  spec ies  
(Tr i fonov  a n d  S u s s m a n  1980). A l s o  in f la t ion  o f  s o m e  
d i n u c l e o t i d e  f r equenc i e s  is o b s e r v e d  in  G e n B a n k  
I ) N A  s e q u e n c e  d a t a  ( I k e m u r a ,  p e r s o n a l  c o m m u -  
n ica t ion) .  Because  h i s t o n e s  exis t  in  al l  e u k a r y o t i c  
Species, th is  s t r uc tu r e  m a y  be  p r e v a l e n t  in  a l l  eu -  
ka ryo t i c  species .  Thus ,  the  a p p l i c a b i l i t y  o f  the  p res -  
en t  m o d e l  is n o t  l i m i t e d  to  c h i c k e n  D N A ,  a n d  i ts  
i m p l i c a t i o n s  a re  c o n s i d e r e d  to  be  fa i r ly  genera l .  
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