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Summary. In species where actin genes exist as 
single copies, analysis of their synonymous codon 
usage and of the substitutions occurring between the 
genes of  closely related species shows that there is 
a positive selection for codons that do not have 
highly mutable CpG dinucleotides in codon posi- 
tions 2 and 3 when the GC content of  these genes 
is less than 57%. 
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Introduction 

CpG dinucleotides occur at only about 20% of their 
expected frequency in vertebrate genomes (Russell 
et al. 1976). This CpG avoidance has been attributed 
to the propensity of 5-methylcytosine (5-mC) to be 
deaminated to thymine, and to the fact that 70-80% 
of the 5-mC present in vertebrate genomes is found 
in CpG dinucleotides (Bird 1986). The occurrence 
of  such nonrandom mutations has been reported in 
several instances (e.g., Savatier et al. 1985; Green 
et al. 1990), but previous studies found that they 
did not have a significant influence on the usage of  
synonymous codons of  several genes from the ge- 
nomes of Escherichia coli, Salmonella typhimu- 
rium, bacteriophage T7, yeast, and human (Li et al. 
1985; Hanai and Wada 1988). 

Here I report that the high mutation rate of  5-mC 
present in CpG dinucleotides does affect the syn- 
onymous codon usage of  single copy actin genes 
when the overall GC content of these genes is lower 
than 57%. 

Results 

The occurrence of  particular dinucleotides within a 
coding region can most easily be observed when it 
is scored relative to its codon position. A striking 
feature of  the dinucleotide distributions shown in 
Table 1 is the significant (P < 0.01) CpG deficiency 
when the cytosine occurs in position 2 of codons in 
the eight genes that have a GC content of  less than 
57%. There is also a significant CpG deficiency when 
cytosine occurs in position 1 of  codons in Tetra- 
hymena pyriformis and Tetrahymena thermophila. 
On the other hand, CpG frequency is not signifi- 
cantly different from random expectation in any of  
these 10 genes when cytosine occurs in position 3 
of  codons (with guanine following in position 1 of 
the next codon). 

A high mutability of  CpG, when compared with 
other nucleotides, can be observed when the actin 
sequences of  closely related species are compared. 
Comparing the genes of closely related species en- 
sures that the pattern of  substitutions observed will 
not be overly affected by multiple substitution events 
at the same sites. Table 2 shows the analysis of the 
distribution of  nucleotide substitutions among the 
16 classes of dinucleotides between the actin genes 
of  two Tetrahymena species, and the actin genes of 
three closely related Ascomycetes fungi (Drouin and 
Gilbert, unpublished). The observed distribution of  
single nucleotide substitutions among the 16 classes 
of  dinucleotides is compared to that expected from 
a random distribution of  nucleotide variation (Sa- 
vatier et al. 1985). Note that in order to assess the 
effect of  a neighboring .~ucleotide, only those sub- 
stitutions of  the sites where the 3' neighboring nu- 
cleotide was conserved were scored. All three com- 
parisons show the same substitution patterns: (1) 
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Table 1. Number of dinucleotides relative to codon position in single copy actin genes 

Dinucleo- f(1,2) f(2,3) 

tide Ca Sc KI Sp Tt Tp G1 An Pm T1 Ca Sc KI Sp 

AA 27 27 28 30 36 36 35 28 33 28 56+ 46+ 42+ 31+ 
AC 19 21 21 19 20 22 20 21 26 23 31 39 43 28 
AG 20 15 16 5 -  19 18 17 6 1 -  5 -  5 13 17 31 
AT 46 46 45 44+ 42 42 31 44+ 47+ 42+ 21-  14- 10- 29-  

CA 26+ 24 28 23 14 14 20 23 16 23 19 16 18 3 
CC 18 19 18 19 23+ 21 17 19 19 18 17 31 27 30 
CG 2 5 3 16 0 -  0 -  13 18 21+ 19 0 -  0 -  0 -  2 -  
CT 0 -  4 -  3 -  15 16 18 28 21 15 21 57 48 51+ 55 
GA 48 47 47 49 51 51 51 47 50 49 18 13 15 7 
GC 26 26 28 31 26 24 30 25 26 29 0 -  0 -  1 -  8 
GG 31 29 28 30 26 26 26 30 28 30 4 4 4 4 
GT 23 26 27 22 24 23 30 29 28 26 39 40+ 35+ 41 
TA 12- 14 14 17 19 18 14 14 14 14 6 -  4 -  6 -  2 
TC 30 29 29 21 24 26 15 25 19 22 19 40 48 26 
TG 8 8 8 9 12 12 12 8 10 8 35+ 35+ 37+ 28 
TT 40+ 35 37 25 24 24 16 17 22 18 49 32 21 50 
%GC 39 44 44 45 45 49 53 55 57 59 39 44 44 45 

The number of dinueleotides relative to codon position for each gene. The genes are arranged by order of increasing GC content, 
which is indicated at the bottom of the table. The notation f(l,2) represents the first and second bases of codons, t"(2,3) the second 
and third bases ofcodons, and f(3,1) the last base ofa codon and the first base of the following codon. The significance ofdinucleotide 
distribution bias was assessed by a X ~, defined as (observed frequency - random expectation)Vrandom expectation. The random 
expectation was calculated by pX-pY.n, where pX and pY are the proportions, respectively, of base X and Y at a given codon position, 
and n is the number of codons in the coding region of the gene being analyzed. Values of 6.6 are significant at P < 0.01 and are 
indicated to the right of the dinucleotide numbers; " - "  indicates a significant deficiency; "+"  indicates a significant overrepresentation. 
Species abbreviations and references are: An, Aspergillus nidulans (Fidel et ai. 1988); Ca, Candida albicans (Losberger and Ernst 
1989); GI, Giardia lamblia (Drouin, unpublished); K1, Kluveromyces lactis (Deshler et al. 1989); Pro, Phytophthora megasperma 
(Dudler 1990); Sc, Saccharomyces cerevisiae (Gallwitz and Sures 1980); Sp, Schizosaccharornyces pombe (Mertins and Gallwitz 1987); 
T1, Thermomyces lanuginosus (Wildeman 1988); Tp, Tetrahymena pyriformis (Hirono et al. 1987); Tt, Tetrahymena thermophila 
(Cupples and Pearlman 1986). 

C p G  s u b s t i t u t i o n s  occur  s igni f icant ly  m o r e  of ten  

t h a n  expec ted  by  chance ;  (2) mos t ,  i f  no t  all, C p G  

s u b s t i t u t i o n s  f r o m  one  species  are f o u n d  as T p G  in  
the  o the r  species; (3) all s u b s t i t u t e d  C p G  d i n u c l e o -  
t ides  are in  p o s i t i o n  3,1 o f  c o d o n s  (no t  shown) .  

Discussion 

T h e  fact t ha t  mos t ,  i f  n o t  all, s u b s t i t u t i o n s  occu r r ing  
in  the  h igh ly  m u t a b l e  C p G  d i n u c l e o t i d e s  f o u n d  in  
p o s i t i o n  3,1 o f  one  species are f o u n d  as T p G  d i n u -  
c leo t ides  in  a c losely re la ted  species suggests tha t  

th is  m u t a t i o n a l  suscep t ib i l i ty  is due  to the  d e a m i -  
n a t i o n  o f  5 - m C  to t h y m i n e ,  a n d  tha t  5 - m C  prefer-  
en t i a l ly  occurs  i n  C p G  d inuc leo t ides .  

T h e  o b s e r v a t i o n  tha t  the  ac t in  genes  o f  species,  
wh ich  a v o i d  C p G  w h e n  cy tos ine  is i n  p o s i t i o n  1 
a n d / o r  2 o f  codons ,  also show high levels  o f  sub-  
s t i t u t i ons  f r o m  C p G  to T p G  in  p o s i t i o n  3,1 o f  co- 

dons ,  suggests tha t  the  absence  o f  C p G  in  p o s i t i o n  
2,3 o f c o d o n s  (and,  to a lesser ex ten t  i n  p o s i t i o n  1,2) 

is the  resu l t  o f  the  pos i t i ve  se lec t ion  for  c o d o n s  tha t  
do  n o t  h a v e  h ighly  m u t a b l e  C p G  d i n u c l e o t i d e s  in  

these pos i t ions .  In te res t ing ly ,  the  re la t ive ly  G C - r i c h  

ac t in  genes ofPhytophthora megasperma (5 7.4% GC)  
a n d  Therrnomyces  lanuginosus (59.5% G C )  do  n o t  

show C p G  a v o i d a n c e  in  a n y  c o d o n  pos i t ion .  T h i s  

o b s e r v a t i o n  suggests tha t  G C - r i c h  ac t in  genes  m i g h t  
be  u n d e r m e t h y l a t e d  c o m p a r e d  to ac t in  genes  wi th  
a lower  G C  c o n t e n t  a n d  tha t  th is  relaxes the  se- 

l ec t ion  for c o d o n s  tha t  do n o t  h a v e  C p G  d i n u c l e o -  
t ides  in  pos i t i ons  1,2 a n d  2,3. T h i s  sugges t ion  is 
c o n s i s t e n t  w i th  the  o b s e r v a t i o n  t ha t  C p G  d i s c r i m -  
i n a t i o n  is a t t e n u a t e d  at  h igh G C  c o n t e n t  i n  the  hu-  
m a n  g e n o m e  ( H a n a i  a n d  W a d a  1988). 

T h e  fact tha t  p r e v i o u s  s tudies  d i d  n o t  f ind tha t  
n o n r a n d o m  C p G  m u t a t i o n s  ha d  a s ignif icant  inf lu-  

ence  o n  s y n o n y m o u s  c o d o n  usage cou ld  be  a con -  
s equence  o f  the fact tha t  they  a n a l y z e d  a co l lec t ion  
o f  sequences ,  a n d  tha t  these  sequences  d id  n o t  all 
represen t  h ighly  expressed genes. F u r t h e r m o r e ,  these 

sequences  m i g h t  no t  all h a v e  b e e n  u n d e r  a n o n r a n -  
d o m  m u t a t i o n  pressure  as s t rong  as the  one  ob-  
se rved  here.  Se lec t ion  is l ikely  to be  s t ronger  o n  the  

c o d o n s  o f  h igh ly  expressed  genes  as they  are used  
m o r e  of ten,  especia l ly  u n d e r  s t rong  n o n r a n d o m  m u -  
t a t i on  pressure .  
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t"(2,3) 

Tt Tp G1 An Pm TI Ca Sc 

f(3,1) 

K1 Sp Tt Tp G1 An Pm TI 

40+ 36+ 9 9 13 4 32 30 
35 44 36 41 51 3 7 -  14 12 
24 24 54+ 50+ 40 55+ 34 23 
2 1 -  15 -  21 12-  9 18 19 14 

0 -  2 -  24+ 4 8 1 27 27 
43 62+ 30 52 31 45 8 15 

1 -  0 -  9 -  5 -  37 25 20 40 
49+ 29 19 29 14 21 11 27 

17 18+ 9 2 6 2 14 20 
9 8 -  27 14-  35 20 3 3 
3 3 15 4 12 5 -  13 18 

28 27+ 17 42+ 7 35+ 14 11 

5 -  1 -  17 1 7 0 38 31 
49 61 29 67 32 63 21 22 
19 22 30 23 55 30 61 47 
33 23 29 20 18 14 46 34 

45 49 53 55 57 59 39 44 

32 11 21 18 16 4 5 2 
9 9 9 9 11 4 9 1 

27 16 19 17 25 1 19 4 
13 7 14 13 7 5 1 0 

28 24 41 54 36 47 49 42 
13 17 20 26 29 35 20 35 
45 25 38 54 34 56 47 54 
32 25 36 40 23 35 32 33 

19 22 19 20 31 28 43 38 
6 13 5 7 25 16 35 24 

18 18 15 14 35 25 38 31 
15 12 8 8 16 13 28 22 

30 40 35 25 19 19 9 15 
19 34 19 12 13 26 7 21 
40 73 56 38 43 47 28+ 45+ 
28 28 21 20 11 11 4 7 

44 45 45 49 53 55 57 59 

Table 2. Observed and expected distributions of  dinucleotide differences between actin genes 

Dinu- 
cleo- 
tide 

T. pyriform& (48.9%) C. albicans (38.9%) S. cerevisiae (43.9%) 
vS VS VS 

T. thermophila (45.5%) K. lactis (44.1%) K. lactis (44.1%) 

Nobs Sobs Sexp X 2 Nobs Sobs S~xp X 2 Nobs Sobs Seep X 2 

AA 9 0  1 5.6 3.7 115 6 12.9 3.7 103 1 8.8 6.9** 
AC 75 2 4.7 1.6 64 6 7,2 0,2 72 3 6.1 1.6 
AG 59 1 3.7 2.0 59 7 6.6 0.0 51 0 4.4 4.4* 
AT 70 2 4.4 1.3 86 12 9.6 0.6 71 5 6.1 0.2 

CA 70 13 4.4 16.8"* 72 4 8.1 1.9 67 9 5.7 1.9 
CC 109 6 6.8 0.1 43 2 4.8 1.6 65 3 5.5 1.1 
CG 54 21 (21) 3.4 91.1"* 22 4 (3) 2.5 0.9 45 14 (11) 3.8 27.4** 
CT 87 7 5.4 0.5 68 1 7.6 5.7* 79 9 6.7 0.8 

GA 89 I 5.5 3.7 80 2 9.0 5.4* 80 2 6.8 3.4 
GC 39 2 2.4 0.1 29 1 3.2 1.5 29 1 2.5 0.9 
GG 43 0 2.7 2.7 48 2 5.4 2.1 51 2 4.3 1.2 
GT 58 1 3.6 1.9 76 4 8.5 2.4 77 2 6.6 3.2 

TA 44 3 2.7 0.0 56 11 6.3 3.5 49 9 4.2 5.5* 
TC 99 2 6.2 2.8 70 11 7.8 1.3 91 5 7.7 0.9 
TG 72 3 (3) 4.5 0.5 104 29 (28) 11.6 26.1"* 90 18 (16) 7.7 13.8"* 
TT 67 5 4.2 0.2 135 24 15.1 5.2* 101 13 8.6 2.3 

Total 1125 70 70 1127 126 126 1125 96 96 

Nobs, the number of  observed dinucleotides in the first species; Sob~, the number of  dinucleotides substituted in the second species; 
Soxp, the expected distribution of substitutions in the second species assuming a random chance of substitution. Expected values were 
calculated by (total number of substitutions in the second species/total number ofdinucleotides in the first species) x observed number 
of a given dinucleotide in the first species. Observed and expected values were compared using a X 2 test. A value of 3.8 is significant 
at P < 0.05 (indicated by *) and a value of 6.6 is significant at P < 0.01 (indicated by **). The percentages in parentheses are the GC 
content of  each gene, and the numbers in parentheses indicate the number of times CpG was substituted for TpG and vice versa 
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