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Summary.  The  neutral  theory o f  molecular  evo-  
lution postulates that nucleotide substi tutions in- 
herently take place in D N A  as a result o f  point  mu- 
tations followed by random genetic drift. In the 
absence o f  selective constraints,  the substi tut ion rate 
reaches the m a x i m u m  value set by the muta t ion  
rate. The rate in globin pseudogenes is about  5 x 
10 -9 substitutions per site per year in mammals .  
Rates slower than this indicate the presence o f  con- 
straints imposed by negative (natural) selection, 
which rejects and discards deleterious mutat ions.  
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The  neutral theory o f  molecular  evolut ion is based 
on an inherent  evolut ionary property o f  DNA,  and 
on the nature o f  propert ies o f  species o f  living or- 
ganisms. During evolution,  mutat ions  involving nu- 
cleotide changes take place, some of  which become 
fixed by random genetic drift. This means that such 
changes resulting f rom point  muta t ions  spread 
through the species by a chance process. 

The  opposing ("selectionist") view states that 
mutat ional  changes accumulate in a species exclu- 
sively by the action of  positive Darwinian selection; 
that is, there has to be some selective advantage for 
the mutants  to become fixed. 

The  neutralist-selectionist  controversy has con- 
t inued for over  15 years, but  we believe that  the 
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neutral theory has gained much  strength by recent 
developments  in molecular  genetics. (See [1] for a 
comprehens ive  review.) Note  that both  sides accept 
that  negative selection is common ,  and that dele- 
terious mutat ions  are e l iminated f rom the popula-  
tion. What  is at issue is whether  those mutat ional  
changes that spread through the species are fixed by 
Darwinian selection acting on advantageous mu-  
tations (the "select ionist"  conclusion), or instead by 
random genetic drift  acting on selectively neutral 
(selectively equivalent) or nearly neutral mutat ions  
(the "neutra l is t"  conclusion). The two views are dia- 
metrically opposed.  For  a discussion o f  some o f  the 
misunderstandings on the meaning o f  the neutral 
theory, see Kimura  [1 ]. 

According to the neutral  theory,  the rate of  fix- 
ation is at a m a x i m u m  when there are no adaptive 
constraints on the D N A  sequences involved.  This  
is because the rate o f  evolut ion is equal to the mu- 
tat ion rate for selectively neutral muta t ions  [2], and 
is at a m a x i m u m  when all the mutat ions  are neutral, 
i.e., when none o f  them are selected against. Con- 
straints result f rom negative feedback that  elimi- 
nates deleterious changes by natural  selection. A 
familiar example o f  such constraints is the case of  
histone proteins 3 and 4 in cows and peas; these 
proteins have functions that are so essential and so 
similar in widely differing species that there are only 
6 differences in a total o f  237 amino  acid residues. 
But many  silent nucleotide substitutions occurring 
in codon third positions o f  histone genes are not  so 
constrained, and hence are not  discarded. In a com- 
parison o f  187 codons in sea urchin H3 and H4 
histone genes, 63 silent nucleotide substitutions oc- 
curred simultaneously with only 2 amino-acid-al-  



tering nucleotide substitutions (replacement substi- 
tutions [3]). Even more striking is a comparison of  
two nonallelic gene sets for H3 and H4 in yeast that 
Code identical H3 and H4 histone proteins [4]. The 
two pairs of  genes are translated in the same cell. 
There were 28 silent nucleotide substitutions in the 
135 codons of  the H3 gene and 4 in 102 codons of  
the H4 gene, without a single replacement substi- 
tution in either gene [4]. 

The fixation of  neutral nucleotide substitutions 
in mammalian evolution, as shown by comparisons 
of globin pseudogenes, occurs at the rate of  about 
5 • 10 -9 per nucleotide per year [5]. Fixation rates 
of amino acid replacements are usually much lower 
than this because of  constraints. Fibrinopeptides 
show high rates of  amino acid replacements and are 
a favorite example of  neutral changes [5], but in our 
opinion their sequences contain too many gaps to 
enable truly accurate comparisons, as pointed out 
previously [6]. Also, some positions in fibrinopep- 
tide A are notably less changeable than others [6]. 
Generally speaking, synonymous nucleotide substi- 
tutions show very similar rates among proteins that 
have widely different amino acid substitution rates [5]. 

Various authors have proffered evidence of  evo- 
lutionary constraints as disproof of  the neutral the- 
ory. Some examples are the nonrandom use of  syn- 
Onymous codons; the high evolutionary rate at early 
Stages of  evolution, which contradicts the "molec- 
ular evolutionary clock"; and conservation of  he- 
lical regions in mRNA molecules. 

l~laisdell [7] concluded that "bias in the choice 
of the occupant of  site 3 in codons makes it unlikely 
that mutations in site 3 are selectively neutral." This 
WOuld apply only to site 3 positions for which bias 
in the choice has been shown. If  the magnitude of  
Selective advantage or disadvantage of  a mutant al- 
lele is very small, its behavior in the population is 
essentially the same as that of  a strictly neutral allele. 
More precisely, if the absolute value of  the selection 
Coefficient (s) of  the mutant allele is much smaller 
than the reciprocal of  2Ne, where Ne is the "effec- 
tive', (or breeding) size of the population [i.e., if 
Isl << 1/(2Ne)], then the behavior of  the allele is 
mainly controlled by random genetic drift rather 
than by natural selection. Therefore, there is no need 
for mutations to be selectively neutral in the strict 
sense to validate the neutralist position. It is only 
necessary that I sl ~ 1/(2Ne). 

Returning to the problem of  nonrandom usage 
of Synonymous codons, the real issue from our 
.standpoint is whether the observed nonrandomness 
is Caused by positive selection or by negative selec- 
tion. The selectionist interpretation is that among 
synonymous codons produced by mutation, those 
better fitted to the environment are predominantly 
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chosen to replace those less fit, thus leading to a 
nonrandom pattern. Neutralists, on the other hand, 
assume that such nonrandomness reflects the fact 
that not all synonymous changes are selectively 
equivalent and therefore not all of  them have equal 
probability of  becoming fixed by random drift. 

Kimura [5] pointed out that nonrandom use of  
synonymous codons occurs because of  differences 
in the availabilities of  synonymous tRNA species 
in the cell resulting from stabilizing selection [5, 8]. 
It was long ago suggested that differences in the 
amounts of  synonymous tRNAs that paired with 
different codons might affect translation rates in pro- 
tein synthesis [9, 10]. Experimental evidence show- 
ing that differences in the levels of  various tRNAs 
for the same amino acid actually occur, and that 
differences exist in the usage of  synonymous codons, 
was not then available, but has appeared subse- 
quently, as discussed in [5]. Zuckerkandl and Pau- 
ling [10] cited an earlier expression of  the same idea 
by Itano [11]. They wrote that "one can therefore 
not say, without resorting to an auxiliary hypothesis, 
that the apparent slower rate of  HbS synthesis as 
compared to HbA synthesis in HbA/HbS hetero- 
zygotes is perhaps due to the appearance o f a  codon 
whose corresponding transfer-RNA is present in 
limiting amounts" [ 10]. 

This seemed to say that in the case of  HbS and 
HbA, tRNA differences would not affect translation 
rates, unless an auxiliary hypothesis was valid. This 
hypothesis was that the identity of  the degenerate 
(third) base of  the codon might influence the rate of  
polypeptide synthesis. The authors then noted that, 
after all, the rate of  synthesis of  HbS might be not 
lower than that of  HbA, but they also said that the 
possibility of  "isosemantic substitutions as a sig- 
nificant factor in the regulation of  polypeptide syn- 
thesis is not ruled out." 

The conclusion by Kimura [5] cited above is based 
on experimental results, especially those of  Ikemura 
[12-14], who measured the relative abundances of  
many tRNAs in Escherichia coli and Saccharo- 
myces cerevisiae. He correlated these measurements 
with codon usage in these organisms and reviewed 
earlier work by other investigators. Ikemura found 
that codon choices in yeast genes "were constrained 
by a combination of  tRNA availability and nature 
of  its codon recognition [13]." In E. coli, the cor- 
relation between tRNA abundance and codon fre- 
quency was strongest for genes that coded the most 
abundant proteins. This is the reverse of  what one 
would expect from the "selectionist" argument that 
if nonrandom usage is the result of  positive Dar- 
winian selection, then increased usage should cause 
more rapid evolution. By positively selecting among 
mutational changes, those changes that best fit a 
specific tRNA species will speed up evolution as 



92 

c o m p a r e d  w i th  a s i t u a t i o n  in w h i c h  t h e r e  is  n o  p a r -  
t i cu l a r  cho ice .  (Th i s  l a t t e r  case  w o u l d  o c c u r  w h e n  
al l  m u t a t i o n a l  changes  a r e  e q u a l l y  a c c e p t e d  a n d  be -  
c o m e  f ixed b y  r a n d o m  dr i f t ,  w i t h o u t  p o s i t i v e  se lec-  
t ion . )  But  the  o b s e r v a t i o n  is in  the  o p p o s i t e  d i r ec -  
t ion:  A s t ronger  b i a s  s lows e v o l u t i o n a r y  change,  and ,  
as  M i y a t a  [15] has  s t a t ed ,  " t h e  e v o l u t i o n a r y  ra te  o f  
s y n o n y m o u s  s u b s t i t u t i o n  is n e g a t i v e l y  c o r r e l a t e d  
w i t h  t he  degree  o f  b i a s  in  c o d o n  u t i l i za t ion . ' "  

T h e  m a t h e m a t i c a l  t h e o r y  o f  K i m u r a  [8], w h i c h  
s h o w s  t ha t  I k e m u r a ' s  f ind ing  can  be  i n c o r p o r a t e d  
i n to  the  f r a m e w o r k  o f  t he  n e u t r a l  t heo ry ,  m a k e s  use  
o f  t he  c o n c e p t  o f  r a n d o m  d r i f t  u n d e r  s t ab i l i z ing  o r  
c e n t r i p e t a l  se lec t ion .  A c t u a l l y ,  th i s  t h e o r y  is m o r e  
genera l ,  a n d  shows  t h a t  u n d e r  s t ab i l i z i ng  p h e n o t y p i c  
se lec t ion ,  e x t e n s i v e  n e u t r a l  e v o l u t i o n  can  occu r  at  
the  m o l e c u l a r  level .  M i l k m a n  [16], w h o  a r r i v e d  a t  
e s sen t i a l ly  the  s a m e  i d e a  i n d e p e n d e n t l y ,  ca l l ed  th is  
" a  un i f i ed  se l ec t ion  t h e o r y . "  M o r e  recen t ly ,  M i l k -  
m a n  [17] has  w r i t t e n  tha t ,  w i th  K i m u r a ' s  t h e o r y  [8], 
the  n e u t r a l i s t - s e l e c t i o n i s t  conf l ic t  ha s  f inal ly  b e e n  
r e s o l v e d  (see p p  3 2 8 - 3 3 4  o f  [17]). 

T h e  p r o p o s a l  t ha t  a n  e v o l u t i o n  was  p a r t i c u l a r l y  
r a p i d  at  i t s  ea r ly  s tages  is  b a s e d  on  e r ro r s  o f  geo logic  
d a t i n g  [5], a n d  in  a n y  case,  p e r t u r b a t i o n s  o f  ra te  d o  
n o t  v i t i a t e  the  m o l e c u l a r  e v o l u t i o n a r y  c l o c k  [3]. T h e  
t h i r d  p r o p o s e d  p i ece  o f  e v i d e n c e  aga in s t  the  n e u t r a l  
t h e o r y  is c o n s e r v a t i o n  o f  he l i ca l  r eg ions  in  m R N A  
molecu l e s .  Th i s  is  an  e x a m p l e  o f  a c o n s t r a i n t  t h a t  
s lows the  s u b s t i t u t i o n  ra te .  

T o  re i te ra te ,  t he  ex i s t ence  o f  b ias  in  the  cho ice  
o f  s y n o n y m o u s  si te  3 n u c l e o t i d e s  in  ce r t a in  c o d o n s  
w o u l d  be  e v i d e n c e  for  a s e l ec t ive  c o n s t r a i n t  r a t h e r  
t h a n  a c o n t r a d i c t i o n  o f  the  neu t r a l  t heory .  T h e  neu -  
t ra l  t h e o r y  is c o n c e r n e d  w i th  the  m e c h a n i s m  b y  
w h i c h  a m u t a t e d  change  s p r e a d s  t h r o u g h  the  species .  
I t  c l a i m s  t ha t  the  m a j o r i t y  o f  e v o l u t i o n a r y  change  
is c aused  b y  r a n d o m  gene t i c  d r i f t  in  the  spec ies ,  
u n d e r  c o n t i n u e d  m u t a t i o n a l  p re s su re .  I t  does  n o t  
c l a i m  t h a t  al l  the  m u t a t i o n a l  changes  a t  t he  t i m e  o f  
o c c u r r e n c e  in  i n d i v i d u a l s  a re  se l ec t ive ly  neu t ra l .  

In  sum,  t he  n e u t r a l  t h e o r y  o f  m o l e c u l a r  e v o l u t i o n  
has  b e e n  s u b s t a n t i a t e d  a n d  s t r e n g t h e n e d  b y  n u m e r -  
ous  r ecen t  o b s e r v a t i o n s  b a s e d  o n  D N A  sequenc ing .  
T h e s e  s h o w  tha t  the  ra te  o f  n u c l e o t i d e  s u b s t i t u t i o n  
in  e v o l u t i o n  t e n d s  t o w a r d  a m a x i m u m  ra te  in  the  
a b s e n c e  o f  cons t r a in t s ,  a n d  t ha t  d i m i n u t i o n  b e l o w  
the  m a x i m u m  ra te  is  e v i d e n c e  for  the  ex i s t ence  o f  
c o n s t r a i n t s  (nega t ive  se lec t ion) .  T h e  m a x i m u m  ra te  
so far  f o u n d  in  m a m m a l s ,  as  o b s e r v e d  in  e v o l u -  

t i o n a r y  n u c l e o t i d e  s u b s t i t u t i o n  o f  g l o b i n  p s e u d o -  
genes,  a p p e a r s  to  be  a b o u t  5 • 10 -9 s u b s t i t u t i o n s  
p e r  n u c l e o t i d e  s i te  p e r  year .  
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