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Letter  to  the Editor 

The  Effect of Constraint on the  Rate of Evolution in Neutral  Models  With 
Biased  Mutation 

One of the  central axioms of the  neutral  theory of 
molecular evolution is that  the  rate of evolution of a 
sequence is inversely related  to its importance (KI- 
MURA and OHTA 1974; KIMURA 1983). The reason is 
simply that  important sequences have few potential 
neutral alleles. This prediction was made assuming 
that  the  pattern of mutation is uniform.  However, as 
I will show  below there  are biased mutation  patterns 
under which a  reduction in the  number of potential 
neutral alleles can lead to  an increase in the  rate of 
evolution. The approach  taken is to consider the  rate 
of evolution at single sites, comparing the rates at sites 
which have two, three  or  four  neutral alleles (with all 
other alleles being very deleterious).  Note that a site 
with one  neutral allele does  not undergo substitution. 

Following WRIGHT (1 969,  chapter 3) let us consider 
a single site in a DNA molecule at which n alleles can 
segregate. Normally n will have a maximum value of 
four corresponding to  the  four bases  which can occupy 
a site. Let the frequency of the  ith allele be J ,  the 
probability of a  mutation  from allele i to j be U, and 
the probability of fixing a newly arising j mutant in a 
population of i be P,. Let Kg = 2NUqP, where N is 
the population size of a diploid organism. If we assume 
NU, << 1,  then KG = U, (KIMURA 1968). Furthermore 
the population will generally be  monomorphic for  one 
of - the alleles and  the expected  frequency of allele i 
c f i )  (Le., the relative amount of time  for which the 
population is fixed for i )  can be  obtained  from  a 
consideration of the flux between the n alleles: i.e., by 
solving n - 1 simultaneous equations of the  form: 

A J = - J C K q + Z f F j , = O .  (1) 
j # i   j # i  

The average  rate of substitution at  the site is then 

R,  = C x  K,. (2) 

The equilibrium  frequencies for two, three  and  four 
allele systems are given by WRIGHT (1 969,  chapter 3). 
As one might expect the expressions for R3 and R4 
are complex and  do  not yield readily to  further analy- 
sis. However, there is an informative simplification 
that can be made. If we consider the mutation pattern 
symmetrical about allele 4 such that U12 = U21 = U13 

= US1 = U 2 3  = Us2 = U, U14 = U2, = Ug4 = U.4 and Uql 
= U42 = U43 = U4. the rates of evolution in the 

i j#i 
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following systems  of two, three  and  four  neutral alleles 
become: 

6U4.(U + U.4) 
3u4. + u.4 Rq = 

R3(*,*,4) = 
2U447.J + 2U.4) 

2u4. + U.4 (3b) 

R3(*,*,*) = 2U (34  

R2(*,*) = U (34 

where * refers  to  one of alleles 1, 2 or 3. Using the 
expressions in (3) it is simple to show that 

R3(*,*,*) > R4 when U > 3174. ( 4 4  

R2(*,*) > R4 when U > 6U4.U.4 
u.4 - 3u4. (4b) 

and U.4 - 3U4. > 0 
R2(*,*) > Rs(*,*,4)  when U > 4U4.. (4c) 

In  other words, there  are mutation  patterns under 
which a  reduction in the  number of potential  neutral 
alleles at a site leads to an increase in the  average rate 
of evolution.  Note, however, how biased the mutation 
patterns must be  for this to  occur. Essentially the 
elimination of allele 4 in each case leads to  an increase 
in the time for which the site is occupied by alleles 1, 
2 and  3. So if the mutation rate between alleles 1, 2 
and 3 is high, elimination of allele 4 increases the 
overall flux. As an  extreme example,  consider  a mu- 
tation pattern which is very biased so the site is almost 
permanently fixed for allele 4 .  Clearly there can be 
little substitution. Removal of allele 4 from  the system 
allows the  other alleles to occupy the site alternately 
thereby increasing the  rate of substitution at  the site. 
Of  course  eliminating  an allele from  a system also 
removes several mutation pathways (e.g., those be- 
tween alleles l and 4). This explains why the condi- 
tions under which three-allele systems evolve faster 
than four-allele systems are  rather less stringent  than 
those  for other comparisons. 

It  turns  out  that some of the relationships can be 
applied to mutation  patterns in general,  not just those 
in  which U12 = U21 . . ., etc., by using average  mutation 
rates. Thus if we define 
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u.4 = 
u14 + u24 + u34 

3 

u4. = 
u41 + u42 u43 

3 I 

the relationships 4a and 4c almost always hold. This 
was demonstrated by sampling mutation  rates at  ran- 
dom from  a  uniform  distribution. In less than  2% of 
the 50,000  mutation  patterns sampled was either 
Rs(*,*,*) > R4 and U < 3U4., or R2(*,*) > R3(*,*,4) and 
U < 4U4.. However, in 20-30% of the cases where the 
mutation pattern inequality held (ie., U > 3U4. or U 
> 4U4.) the  rate inequality did  not  hold. 

A general expression for  the case when a two-allele 
system  evolves faster  than  a four-allele system alluded 
this investigator. Suffice it to say that  the  conditions 
under which a two-allele  system will evolve faster  than 
a four-allele system are likely to be rather  more strin- 
gent than the conditions under which a  three-allele 
system  evolves faster  than  a four-allele system. This is 
because in reducing  a four-allele site to a two-allele 
site one loses  five  of the six  possible mutation  path- 
ways, compared to  the  three  that  are lost in the 
reduction to a three-allele site. 

So far  the analysis has dealt with only single sites. 
Although it is evident  that  a  sequence with fewer 
potential alleles can evolve faster  than one with more 
potential  neutral alleles, the conditions under which 
this occurs are more  restricted  for  a  number of rea- 
sons. First, a  reduction in the  number of potential 
alleles may be  brought  about by an increase in the 
number of one allele sites, not  a  reduction, say  of 
four-allele sites to three-allele sites. Second, the ine- 
qualities 4a and 4c are partially exclusive. For  a  three- 
allele site to evolve faster  than  a four-allele site re- 
quires  that allele 4 is removed  to  form the three-allele 
site. However, a three-allele site must contain allele 4 
if a two-allele site is to evolve faster  than it. Finally 
different alleles may be  removed  from  different sites: 
e.g. ,  at  one three-allele site allele 4 may be removed, 
whereas at  another, allele 3 may have been  eliminated. 
However, it is worth  appreciating  that  a  sequence of 
say three-allele sites, with alleles removed at  random, 
can evolve faster  than  a  sequence of four-allele sites. 
T o  see this, consider the  rate  at  four-  and three-allele 
sites under  the symmetrical mutation pattern used 

above, when U4. = 0. The rate of evolution at  three- 
and four-allele sites containing allele 4 is zero  (3a, 3b), 
whereas it is nonzero  at  the three-allele site missing 
allele 4 (3c). Therefore,  the average rate of evolution 
over  a set of three-allele sites is greater  than  that  at  a 
four-allele site. Of  course the mutation  patterns must 
be very  biased for this to occur;  although if such 
patterns  did exist they would overcome the partial 
exclusivity  of inequalities 4a and 4c. 

Hence in both sequences and sites, a  reduction in 
the  number of potential  neutral alleles can increase 
the  rate of evolution.  However, this does  depend  on 
there being extreme bias  in the  mutation  pattern. 
Although it is unclear what mutation  patterns one 
might  expect to find in the  natural world, the very 
limited data available suggest that  the  patterns  are not 
very biased (GOJOBORI, LI and GRAUR 1982; LI, WU 
and Luo 1984). 

The present findings suggest some caution should 
be exercised in deducing  the action of  positive natural 
selection when the  rate of substitution at nonsilent 
sites exceeds that  at silent sites, especially when few 
sites are involved or  there is extreme  codon bias; 
codon bias being  an  indicator of  biased mutation. 
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