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Summary. The distribution among the three nucleotide positions of the codons of 
642 mutations fixed during the descent of 49 sequences of cytochrome c was examined. 
This was compared to the distribution expected if the number  of ways of getting a 
selectively acceptable amino acid alternative from a single nucleotide replacement at 
each coding position were random, i.e. proportional to the total number of ways of 
changing the encoded amino acid by a single nucleotide replacement at each coding 
position. I t  was found that  the observed distribution was significantly different from 
random, there being 40 % more mutations ill the first coding position than in the second 
whereas one would have expected 10% more in the second than in the first. The 
probability of the result occurring by chance is < 10 -6. 

The same test was made on the distribution of 347 mutations fixed ill the descent 
of 19 sequences of alpha hemoglobin and 286 mutations fixed in the descent of 16 beta 
and 4 delta hemoglobins. The result for the alpha hemoglobins was a similar non- 
randonmess but  the probability of its occurring by chance rose to 0.005. The result 
for the beta-delta hemoglobins was ill the same direction but  was not significant 
(p = 0.3). The degree of non-randomness among the three genes ill the distribution 
of fixations over the three nucleotide positions of their codons appears to be correlated 
(negatively) with their rates of evolution, the plasticity required of the molecule to 
adapt to new environments, and the recency of exploitation of opportunities for 
change in functional specificity provided by such processes as gene duplication. 

I~ey words: Nucleotide Substitutions - -  Evolution - -  Codons - -  Cytochromes c - -  
Hemoglobins - -  Fibrinopeptides A. 

P r e v i o u s  s tud ies  (F i t ch  a n d  Markowi tz ,  1970; F i t c h  a n d  Margol iash ,  

1967) h a v e  s h o w n  t h a t  the  d i s t r i b u t i o n  of o b s e r v a b l e  m u t a t i o n s  a m o n g  t he  

codons  of a gene  is n o n - r a n d o m  (i.e. n o t  a s imple  Po i s son  process) b u t  

r a the r ,  t h a t  some codons  are i n v a r i a b l e  a n d  t h a t  a m o n g  the  r e m a i n d e r ,  t he  

codons  do n o t  all  h a v e  the  same  degree of v a r i a b i l i t y .  Th i s  has  b e e n  s h o w n  

for c y t o c h r o m e  c (F i t ch  a n d  Markowi tz ,  t970) ,  f i b r i n o p e p t i d e  A (Margo- 

l iash  a n d  F i t c h ,  1970), ~ -hemog lob in  (Fi tch ,  t 9 7 2 a )  a n d  /%hemoglob in  

(F i tch ,  1972b).  A t  the  o the r  ex t r eme ,  t he re  has  b e e n  s h o w n  a n o n - r a n -  

d o m n e s s  in  the  c h a r a c t e r  (type) of n u c l e o t i d e  r e p l a c e m e n t s  (Fi tch ,  t 9 6 7 ;  

Vogel,  t 969) the re  be ing  a m u c h  e l e v a t e d  f r e q u e n c y  of G-->A r e p l a c e m e n t s  
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compared to that expected if each nucleotide type were equally subject to 
replacement and if each of the three replacing types were equally acceptable 
on the average. It has since been shown/Fitch,  t 972 a) that the distribution 
of nucleotide replacement type in both the first and second nucleotide 
positions are, however, broadly consistent with that expected if we assume 
that the nucleotide composition of the gene has approached an equilibrium 
condition. In the intermediate range, one may ask if the observable muta- 
tions are fixed in the three nucleotide positions of the codon in a random 
manner. I shall show that they are not, there being a greater than random 
fixation of mutations in the first nucleotide position and a smaller than 
random in the second, the effect being most marked in cytochrome c, 
intermediate in alpha hemoglobin and not detectable in beta hemoglobin. 

Methods 
To determine the expected rate of substitution in the various nucleotide positions 

of the codoll, one needs to know the codon composition of the gene iixing the mutat ion 
and the number of ways eacll codon can change. The substitutions being examlined 
are those fixed ill the evolution of the 49 cytochromes c shown in Fig. 1. For the 
purposes of this work, then, the most appropriate codon composition short of re- 
examining every ancestral sequence after each fixation, is to use the codon composition 
of the ultimate ancestral gene. This sequence is shown in Scheme I and its composition 
is shown in Table 1. The ancestral sequence was determined by the method of Fitch 
(1971) which Hartigan (1973) has provided a mathematical  proof of. 

A few caveats are in order. First of all, the observational data are counts by codon 
position of the nucleotide replacements necessary to account for the observed amino 

Fig. 1. The phylogeny of the 49 species as it was assumed. Tile minimum number of 
mutations required to account for the descent from *heir ancestral cytochromes c is 
shown along each leg. Their sum is 642. The numbers are not integers due to distributing 
mutations over several legs where more than one possible most parsimonious solution 
exists. The sum of the numbers on the legs connecting two species then becomes the 
minimum phyletic distance. This may be considerably more than the minimum pairwise 
distance which takes no account of the phylogeny. For example, the pig-Euglena 
minimum phyletic and pairwise distances are 138.1 and 59 nucleotide replacements 
respectively. The following are the cytochromes c, in the order in which they appear 
in the figure: man, Matsubara and Smith (1963); Macaca mula#a, Rothfus and Smith 
(1965); rabbit, Needleman and Margoliash (1966); dog, McDowell and Smith (1965); 
Mirounga leonina, Augusteyn et al. (1972); horse, Margoliash et al. (t961); donkey, 
Walasek and Margoliash unpublished ; Camelus dromedarius, Sokolovsky and Moldovan 
(1972); pig, Stewart and Margoliash (1965); Rachianectes glaucus, Goldstone and Smith 
(1966); Macropus canguru, Nolan and Margoliash (t966); Dromaeus novaehollandia, 
Augusteyll (1973); Aptenodytes patagonica, Chan, Tulloss and Margoliash, unpublished; 
chicken, Chan and Margoliash (1966a); Arias platyrhyncos and pigeon, Chan, Tulloss, 
and Margoliash, unpublished; Chelydra sevpentina, Chane t  al. (t966); Crotalus ada- 
manteus, Bahl and Smith (1965); frog, Chan, ~vValasek, Barlow, and Margoliash, 
unpublished ; tuna, Kreil (t 963) ; Katsuwonus pelamis, Nakayama et al. (1972) ; Cyprinus 
carpio, Gurther and Horstman (1970); Squalus sucklii, Goldstone and Smith (1967); 
Entosphenus tridentatus, Nolan, Fitch, Uzzell, Weiss, and Margoliash, submitted for 
publication; Haematobia irritans, Chan, Tulloss, and Margoliash, unpublished; Droso- 
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phila melanogaster, Nolan, Weiss, Adams, and Margoliash, unpublished; Samia cynthia, 
Chan and Margoliash (1966b); Protogarce sexta, Chan (1970); Phaseolus aureus, 
Thompson et al. (1970a) ; Brassica oleracea, Thomson et al. (t97t b) ; Cucurbita maxima, 
Thompson et al. (1971a); Sesamum indicum, Thompson et al. (1970b); Gossypium 
barbadense and Abutilon theophrasti, Thompson et al. (t971c); Ricinus communis, 
Thompson et al. (t970b); Helianthus annus, Ramshaw et al. (1970); Fagopyrum 
esculentum, Thompson et al. (1971b); wheat, Stevens et al. (1967); Ginkgo biloba, 
Ramshaw et al. (t971); Saccharomyces cerevisiae/ovi/ormis iso-I, Narita and Titani 
(1969); Lederer et al. (t972); ibid, iso-II, Stewart, Putterman, and Margoliash, un- 
published; Candida kruzei, Narita and Titani (1968); Debaryomyces kloeckeri, Sugeno 
et al. (t971); Neurospora crassa, Heller and Smith (1966); Humicola lanuginosa, 
Morgan et al. (1972) ; Ustilago sphaerogena, Bitar et al. (t972) ; Physarum polycephalum, 
Lin, Niece, and Fitch, unpublished; Euglena gracilis, Pettigrew (1973), Lin, Niece, 

and Fitch (1973); Crithidia oncopelti, Pettigrew (t972) 



Scheme 1. Ances t r a l  euka ryo t i c  c y t o c h r o m e  c gene.  The  sequence  was d e t e r m i n e d  b y  
t h e  m e t h o d  of F i t c h  (1971) us ing  t h e  phy logeny  s h o w n  in  Fig. t .  Nue leo t ides  are 
r ep r e sen t ed  as follows : A = aden ine ;  B = n o t  aden ine  = C / G / U ;  C = cy tos ine ;  D = no t  
c y t o s i n e = A / G / U ;  G = g u a n i n e ;  H = n o t  g u a n i n e = A / C / U ;  U = u r a c i l ;  V = n o t  
u r a c i l = A / C / G ;  R = p u r i n e = A / G ;  Y = p y r i m i d i n e  = C / U ;  S = A / C ;  T = A / U ;  W =  
U/G; Z = C / G .  T h e  t e n  codons  whose  a m b i g u i t y  con ta ins  codons  for  more  t h a n  two 
a m i n o  acids are as follows: - -8  = L y s / A l a / T h r / G l u  (only Lys  a n d  Ala  k n o w n  in th i s  
posi t ion)  ; - -  5 ----- Glu/Asp/Ala; - -4  = P r o / G l y / S e r / A r g / A l a / T r p  (only Pro,  Gly,  Ser  
k n o w n  in  th i s  posi t ion)  ; 42 = T h r / P r o / S e r ;  50 = A s n / A s p / H i s ;  35 = L y s / A l a / T h r / G l u  
(only Lys  a n d  Ala  k n o w n  in  th i s  pos i t ion) ;  85 = Ile/Leu/Phe; 92 = L y s / G l u / A s n / A s p  
(Asp u n k n o w n  in th i s  posi t ion)  ; 100 = L y s / A s n / T h r ;  103 = L y s / A s n / G l u / A s p / T y r  (Tyr  
u n k n o w n  in th i s  posi t ion) .  U n d e r l i n e d  res idues  are  those  wh ich  are  u n v a r i e d  a m o n g  
t h e  euka ryo t i c  cy toch r om es  c. Pos i t ions  t4,  27, 67, 75, a n d  87, n o t  p rev ious ly  k n o w n  
to  h a v e  var ied ,  h a v e  b e e n  shown  to  be  va r i ed  a m o n g  some protozoa,  Crithidia (Pet t i -  
grew, 1972) a n d  Euglena (Pet t igrew,  1973; Lin, Niece, a n d  F i tch ,  1973). Pos i t ion  37 

appear s  to  be  lys ine  in Physarum (Lin, Niece, a n d  F i t ch ,  unpub l i shed) .  

- -9  - - t  
ZCX R S R  R C R  Y G Y  G S X  B Z R  U U Y  ZCR CCX 
Pro  --  8 T h r  Arg  --  5 --  4 P h e  Pro  Pro  
Ala  Ala  Cys Ala  

t 0  
G G X  G A Y  GCA R A R  A A R  G G X  G A R  A A R  C U H  U U Y  
Gly Asp Ala  Lys  Lys  Gly Glu Lys  Leu  Phe  

Glu 
20 

A A R  R C G  A G R  U G Y  G C R  C A R  U G Y  CAY ACY G Y A  
T h r  Arg  Cys Ala  Gln  Cys His  T h r  Lys Ala  
Ala  Val  

30 
G A R  A A R  G G Y  G G R  Z C R SAY A A R  G U A  G G X  CCX 
Glu Lys  Gly  Gly Pro  Ash  Lys  Val  Gly Pro  

Ala His  
40 

A A Y  C U X  Y A Y  G G X  S U Y  U U Y  G G Y  C G X  A A R  U C X  
Ash  Leu  His  Gly Ile P h e  Gly  Arg  Lys  Ser 

T y r  Leu  
50 

G G X  H C R  G Y X  CCR G G X  U A Y  W C X  U A Y  ACX V A Y  
Gly 42 Ala  P ro  Gly T y r  Ala  T y r  T h r  50 

Val  Ser  
60 

GCX A A Y  A A A  A A Y  R S G  G G Y  A U A  ACA U G G  G A R  
Ala  Asn  Lys  Ash  55 Gly I le  T h r  T rp  Glu 

7O 
G A R  G A R  ACY C U B  U U Y  G A A  U A Y  C U X  G A R  A A Y  
Glu Glu T h r  Leu  P h e  Glu T y r  Leu  Glu Asn  

80 
CCX A A R  A A R  U A Y  A U H  CCX G G R  A C X  A A R  A U G  
Pro  Lys  Lys  T y r  I le  P ro  Gly  T h r  Lys Met  

9O 
GCH U U Y  G C X  G G X  H U Y  A A R  A S R  GCR A A R  G A R  
Ala P h e  Ala  Gly 85 Lys  Lys  Ala  Lys  Glu 

T h r  
t00  

C G X  R A X  G A Y  C U H  A U H  G C X  U A Y  C U G  A A R  A S X  
Arg  92 Asp  Leu  Ile Ala  T y r  Leu  Lys  100 

G Y R  A C X  D A X  G A R  
Ala  T h r  103 Glu 
Val  
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Tab le  1. F r e q u e n c y  of codons  in a n c e s t r a l  c y t o c h r o m e  c 

F i r s t  Second T h i r d  

A G C U 

7.98 0.50 2.67 I le  1.67 A 
Lys  Arg  2.42 Met  1.00 G A 7.22 0.50 T h r  

2.77 - -  1.88 1.08 C 
Asn  Ser  I le  

2.77 - -  1.88 1 .o8 U 

5.72 2.59 5.30 1.88 A 
4.22 0.38 G Glu 4.98 2.59 Ala  Va l  

G 1.52 Gly 3.50 1.58 0 . t 2  C 
Asp  t .52  3.50 t .58  0 . t 2  U 

o.50 0.59 2.38 1.17 A 
Gln  

0.50 0.59 2.38 t .83 G 
C 1.17 Arg  0.75 Pro  Len  His  t . t 2  1.92 C 

1. t7  0.75 t .12  t .92  U 

- -  E n d  - -  0.63 - -  A 
E n d  __ T r p  t .09  0.63 Leu  __ G 

U Ser  
2.85 1.25 0.38 2.67 C 

T y r  2.85 Cys 1.25 0.38 P h e  2.67 U 

acid differences.  As such,  t h e y  are  m i n i m a l  e s t i m a t e s  of t he  t o t a l  n u m b e r  f ixed.  Our  
ana lys i s  invo lves  re la t ive  compar i sons  a m o n g  t he  t h r e e  codon  posi t ions .  There fore  a 
m i n i m a l  e s t i m a t e  is no  p r o b l e m  in the  absence  of a n y  bias  t h a t  would  m a k e  t h e  frac- 
t i on  of t he  t o t a l  of t he  a m i n o  acid c h a n g i n g  r e p l a c e m e n t s  c o u n t e d  differ  a m o n g  t h e  
n u d e o t i d e  posi t ions .  

Second,  w h e r e v e r  t h e r e  is a m b i g u i t y  in  t h e  n a t u r e  of t h e  ances t r a l  codon,  t h e  
a s s i g n m e n t  is d i s t r i b u t e d  equa l ly  a m o n g  all  possible  codons  (exc luding  t e r m i n a t o r s  if 
t he re  h a d  b e e n  any)  c o n s i s t e n t  w i t h  t h e  a m b i g u i t y .  I f  t hen ,  one codon  for  a n  a m i n o  
acid were p re fe ren t i a l ly  used  over  a n o t h e r  t h r o u g h o u t  t he  sequence  a n d  could give rise 
to  codons  for  o t h e r  a m i n o  acids in  a d i f fe ren t  n u m b e r  of ways,  t h a t  could i n t r o d u c e  
a smal l  bias.  Fo r  exam p l e  G G G  glycine ha s  one less f i rs t  nuc leo t ide  a l t e r n a t i v e  t h a n  
o t h e r  glycine codons  because  U G G  is a t e r m i n a t o r .  The  on ly  a m i n o  acids for  w h i c h  
th i s  is even  po t en t i a l l y  a p r o b l e m  are arginine ,  glyeine,  l e u d n e  a n d  serine.  

A s imi la r  ( third) c a v e a t  would  a p p l y  to  cases such  as t h e  a m b i g u o u s  h i s t id ine -  
ty ros ine  choice a t  ances t r a l  cy tochrome-33  where  t h e r e  are no  t h i r d  nuc leo t ide  op t ions  
open  to  t h e  t y ros ine  codon  since t h e y  would  lead to  t e r m i n a t o r s .  However ,  t h i s  pa r t i c -  
u la r  s i t u a t i o n  does n o t  r e p e a t  i tself  e lsewhere  in t h e  sequence  a n d  t he  t o t a l  n u m b e r  
of such  codons  where  a n  u n k n o w n  bias  could opera te ,  if t h e r e  is a n y  bias  a t  all, 
r ep resen t s  on ly  a b o u t  10 % of t he  t o t a l  pos i t ions .  Moreover ,  even  if i t  exis ted ,  t he  
bias,  to  be  i m p o r t a n t ,  would  h a v e  to work  in  t he  s ame  d i rec t ion  a m o n g  d i f fe ren t  pa i rs  
of a m i n o  acids.  

F o u r t h ,  in  those  cases i nvo lv ing  a m i n o  acids w i t h  six-fold degene racy  of cod ing  
(arginine,  leucine and  serine) t h e  p rocedure  requi res  a n  a pr ior i  choice as t he  p rocedu re  
could c o u n t  too  few f ixa t ions  if a n  e x t a n t  codon were  g iven  a m b i g u i t y  in  more  t h a n  
one nuc leo t ide  pos i t ion  des t ined  to m u t a t e .  However ,  t h e r e  m a y  be  no  i n f o r m a t i o n  
a t  a p a r t i c u l a r  pos i t ion  to  d e t e r m i n e  h o w  one should  r e s t r i c t  t h e  encoding.  F o r  
example ,  Arg-38, Leu-68, a n d  Arg-91 are  u n v a r i e d  ove r  all  c y t o c h r o m e  species 
examined .  I n  such  cases, t h e  four-fold a m b i g u o u s  coding  is a u t o m a t i c a l l y  ass igned  
i.e. C G X  for Arg,  C U X  for Leu,  a n d  U C X  for Ser. Clear ly t h i s  wil l  i n t r o d u c e  a smM1 
bias  i n to  t he  compos i t ion  of t he  ances t r a l  codons  in  t he  fol lowing sense.  The  Arg in ine  
codons  A G A  a n d  A G G  (AGR)  can  m u t a t e  to  o t h e r  a m i n o  acids in  s ix  and  seven  ways  
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Tab le  2. W a y s  in  wh ich  a single nuc leo t ide  r e p l a c e m e n t  can  change  
t he  amino  acid encoded  

A m i n o  acids (codons) P a t t e r n  No. of F i r s t  Second T h i r d  To ta l  
codons  

Met  3/3/3 l 3 3 3 9 
Asn,  Asp,  His,  Phe ,  Ser  1 3/3/2 10 30 30 20 80 

Cys, l ie  3/3/1 5 15 15 5 35 
Ala, Arg  2, Gly 8, Leu  4, Pro,  

Ser s, Thr ,  Tyr ,  Val  3/3/0 27 81 81 - -  162 

T rp  3/2/2 1 3 2 2 7 

Ser (UCG) 3/2/0 1 3 2 - -  5 

Ser (UCA) 3/1/0 1 3 t - -  4 

Arg  6, Gln,  Glu, Lys  2/3/2 7 14 2t 14 49 
Arg  ~, Leu  8, Gly  9 2/3/0 4 8 12 - -  20 

Leu  (UUG)  2/2/2 1 2 2 2 6 

Leu  (UUA) 2/1/2 1 2 1 2 5 

Arg (AGA) t / 3 /2  1 1 3 2 6 

Arg  (CGA) 1/3/0 1 1 3 - -  4 

To ta l  61 t 66 176 50 392 

1 A G Y ;  2 C G Y ;  3 exc lud ing  G G A ;  4 C U Y ;  5 UCY;  " A G G ;  ~ C G G ;  s C U R ;  g GGA. 
The  l e t t e r s  Y a n d  R i m p l y  p y r i m i d i n e  a n d  pu r ine  respect ively .  The  p a t t e r n  (i/]/k) 
ind ica tes  t he  n u m b e r  of nuc leot ides ,  i, ] or k, t h a t  can  replace  t he  ex is t ing  nuc leo t ide  
in  t he  first ,  second or t h i r d  coding  pos i t ions  respec t ive ly  so as to  change  t he  amino  
acid encoded.  

The  re l a t ive  p robab i l i t i e s  of a n  obse rvab le  f ixa t ion  in t he  first ,  second a n d  t h i r d  
nuc leo t ide  posi t ions ,  a s suming  all codons  equa l ly  f r equen t  and  all amino  acid changes  
equal ly  l ike ly  to  be  fixed, are 0.4235, 0.4490 a n d  0.1276 respect ively .  Fo r  the  comple te  
se t  of 401 ances t r a l  codons  e x a m i n e d  (1 t 3 c y t o e h r o m e  c, 142 m hemoglobin ,  146 be ta -  
de l t a  hemoglob ins )  t he  p robab i l i t i e s  are 0.4t  80, 0.4520, a n d  0. i 300. The  t o t a l  n u m b e r  
of ways  those  401 codons  could m u t a t e  w i t h  a change  of t he  encoded  amino  acid is 
2617.77 for  a n  ave rage  6.528 ways /codon .  If  all codons  were equ iprobab le ,  t he re  would 
be  392/61 = 6.426 ways /codon .  

r espec t ive ly  whereas ,  for t he  C G X  set, CGC a n d  CGU can  do so six ways,  b u t  CGG 
and  CGA can  do so in on ly  5 and  4 ways  respect ive ly .  Whi le  t he  ac tua l  n u m b e r  of 
m u t a t i o n s  found  in t h e  var ious  coding  pos i t ions  would n o t  be  af fec ted  b y  th i s  choice, 
t he  n u m b e r  expec t ed  would  be  s l ight ly  a l tered.  Th i s  m i g h t  be  expec t ed  to affect  t he  
t h i r d  coding  pos i t ion  m o s t  (by u n d e r e s t i m a t i n g  t h e i r  expec ted  number )  since t he  
a m i n o  acid encoded  b y  C G X  could no t  be  a l t e red  b y  a t h i r d  pos i t ion  change  whereas  
t h a t  encoded  b y  A G R  could be. To t he  e x t e n t  th i s  b ias  exists ,  i t  m a y  be  pa r t i a l ly  
ove rcome  b y  r e m o v i n g  u n v a r i e d  codons  w h e n  e s t i m a t i n g  t h e  expec t ed  d i s t r i b u t i o n  
of t he  obse rved  rep lacements .  

The  n u m b e r  of ways  t h a t  each  codon can  change  in each  nuc leo t ide  pos i t ion  a n d  
change  t he  a m i n o  acid encoded  is shown  ill T a b l e  2. Of t h e  61 × 9 = 549 ways  t h a t  t he  
n o n - t e r m i n a t o r  codons  can  m u t a t e ,  392 of those  ways  change  t he  a m i n o  acid encoded,  
132 are s i l en t  a n d  25 are to  t e rn l ina to r s .  Of t h e  392 m u t a t i o n s  t h a t  p roduce  a change  
in  t he  encoded  a m i n o  acid,  166 are in  t he  f i r s t  posi t ion,  ! 76 ill t h e  second, a n d  on ly  
50 are in  t h e  th i rd .  This  pa r t i t ion ,  d iv ided  b y  392, would  give t he  re la t ive  p robab i l i t i e s  
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Table  3. Dis t r ibut ion  of observed f ixat ions by  posi t ion of nucleot ide  in codons of 
cy tochrome c 

F i rs t  Second Thi rd  To ta l  

I W a y s  of changing the  codons 303.2 336.0 99.8 739.0 
I I  Rela t ive  probabi l i ty  0.4103 0.4547 0. t350 1.000 

I I I  Expec t ed  dis t r ibut ion (II X 642) 263.4 291.9 86.7 642 
IV Found  dis t r ibut ion 329.0 234.0 79.0 642 
V Chi square  (d[ =2) 16.3 t l . 5  0.7 28.5 

I '  Ways  of changing the  codons 232.2 258.0 80.8 571.0 
I I '  Re la t ive  probabi l i ty  0.4067 0.45t8 0.1415 1.000 

I I I '  Expec t ed  d is t r ibut ion  ( I I '  X 642) 261.1 290.1 90.8 642.0 
I V '  Found  dis t r ibut ion 329.0 234.0 79.0 642.0 
V '  Chi square ( d / = 2 )  17.7 10.8 1.5 30.0 

Da ta  are for cy tochrome c using the  comple te  ancestral  sequence shown in Fig. 2 
as the  basis for comput ing  the  values in row I. The  procedure  is expla ined in the  text ,  
The  values in the  lower half  of the  table  (shown wi th  primes) are s imilar  except  t h a t  
the  values in row I '  were computed  using the  ancestral  sequence minus  the  26 unvar ied  
codons underl ined in Fig. 2. The  probabi l i ty  that ,  by  chance,  the  f ixat ions would 
dis t r ibute  themselves  as found under  the  assumpt ions  made  is < t0 -~ in both  cases. 

of a f ixat ion in the  three nucleot ide posit ions (cf. Table  2) assuming t h a t  all codons 
were equal ly  f requen t  and t h a t  all resul tant  changes were equal ly  l ikely to be fixed. 
We  can correct  for the  inaccuracy of the  first  assumption.  The  columns in Table  2 
labelled First ,  Second and Third  were obta ined  by  mul t ip ly ing  the  respect ive digits 
of the  Pa t t e rn  co lumn by  one for each different  codon of t h a t  pa t te rn .  If, instead, 
we mul t ip ly  the  digits of the  pa t t e rn  by the  number  codons of t h a t  pa t t e rn  in the  
ancestral  cy tochrome c gene as given in Table  1, we get  the  expected  dis t r ibut ion shown 
in the  top  row of Table  3. Thus  the to ta l  number  of ways  of a l ter ing the  ancestral  
amino acid sequence by  a single nucleot ide change is 739. If  the  to ta l  of 739 is d ivided 
into the  number  of ways of making  an amino acid change in each nucleot ide position, 
one obtains  the  probabi l i ty  (second row of Table  3) of an amino acid changing mu ta t i on  
in t h a t  position. The  evolu t ion  shown in Fig. 1 involves  a to ta l  of 642 fixations.  If  
t h a t  is mul t ip l ied  by  the  appropr ia te  probabi l i ty ,  one obta ins  an expected  dis t r ibut ion 
of those f ixat ions as shown in the  third row. This  is the  d is t r ibut ion  of f ixat ions to 
be expected  if all a l te rna t ives  are equal ly  acceptable  or, less s t r ingent ly,  if acceptable  
a l te rna t ives  are d is t r ibuted  in accordance wi th  those probabil i t ies.  

Results and Discussion 

The distribution of those mutations as actually found is shown in the 
fourth row of Table 3. The chi-square of 28.5 for 2 degrees of freedom shows 
that  the found distribution would have a probability of occurring by chance 
under these assumptions of < t0 -6. Therefore we can reject the assumption 
that  the mutations fixed are distributed randomly over the three nucleotide 
positions. Examining these data more closely, we see that  the fixations in 
the third positions are approximately in the number expected so that  the 
large chi-square value is associated with discrepancies in the first two 
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positions. There we see that whereas we expect more mutations to be fixed 
in the second nucleotide position than in the first (there being greater 
opportunities for such changes in the second), in fact there are considerably 
more mutations fixed in the first than in the second nucleotide position. 
This appears to have a reasonable biological basis. Mutations in the first 
position include most of those amino acid changes that  are considered as 
closely related including the hydrophobic residues with a second position U, 
methionine, valine, leucine, isoleucine and phenylalanine, the residues with 
a second position C, alanine, serine, threonine and proline, and the hydro- 
philic residues with a second position A, glutamate, aspartate, glutamine, 
asparagine, histidine and lysine. The non-randomness is thus viewable as 
the effect of selection restricting the nature of allowable amino acid replace- 
ments at the various sites of a functioning molecule, a conclusion consistent 
with all the other molecular evolutionary observations discussed in the 
introduction. King (1972) has pointed out that, according to Sneath's 
measures of chemical similarity (1966), first position replacements are 
somewhat more conservative than second position replacements. 

The potential bias in the codon assignments where there is insufficient 
information to restrict the choice on a parsimony principle was alluded to 
above. To test the extent of that  bias, the preceding calculations were 
repeated using the ancestral cytochrome c minus the 26 unvaried positions 
underlined in Scheme 1. The result, given in the lower half of Table 3, 
shows that the arbitrary nature of codon assignment to the unvaried codons 
has almost no effect on the expected distribution of fixations among the 
three nucleotide positions. If anything, the non-randomness is increased. It  
should be remarked that this test of bias does not cover every contingency 
relating to eodon assignment for the six-fold degenerate cases. The possible 
bias in calculating the expected distribution of nucleotide replacements was 
discussed earlier under the fourth caveat. There is one amino acid, serine, 
where the choice affects the nucleotide position to which the replacement is 
assigned. For example, codon 40 codes only for threonine (ACX, 30 taxa) 
and serine (t9 taxa). Now it is immaterial whether the serine is coded AGY 
or UCX so far as the phyletic location and the minimum number of fixations 
(two, as it turns out) are concerned. However, had serine been assigned the 
codons AGY instead of UCX, those two fixations would have been recorded 
in the second nucleotide position rather than in the first. On the other hand, 
an ancestral AGY assignment would also have led to a small, partially 
compensatory increase in the expectation for second position fixations. All 
in all, since there are few cases of the type not allowed for, and since the 
greatest effect of any such bias would be on the third nucleotide position 
where it should lead to an underestimation of the number of third position 
fixations but  doesn't, and whereas the probability of the result is already 
very low, I regard the result as clearly indicating that the observable fixa- 
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Table 4. Distr ibution of observed fixations by  position of nucleotide in codons of 
alpha hemoglobin 

Firs t  Second Third Total  

I Ways  of changing the codons 396.6 419.4 1t4.1 930.1 
I I  Relative probabi l i ty  0.4264 0.4509 0.1226 1.000 

I I I  Expected distr ibution (I i  X 347) 148.0 156.5 42.6 347.0 
IV Found distr ibution 177.0 138.0 32.0 347.0 
V Chi square (d] = 2) 5.7 2.2 2.6 t0.5 

Data  are for 19 alpha hemoglobins using the ancestor common to carp and higher 
vertebrates  for computing the values in row I. This is ancestor 13 in Fig. I of Fi tch 
(1972a) which gives the phylogeny and the references to the sequences used. The 
probabi l i ty  that ,  by  chance, the fixations would distr ibute themselves as found under 
the assumptions made is ~'~5 × t0 -~. Removal  of the unvaried codons would increase 
p to ~-.0.01. 

Table 5. Distr ibution of observed fixations by  posit ion of nucleotide in codons of 
beta-del ta  hemoglobin 

Fi rs t  Second Third Total  

I Ways  of changing the codons 399.7 433.6 128.3 96t.5 
I I  Relat ive probabi l i ty  0.4t57 0.4509 0.t334 1.000 

I I I  Expected distr ibution (II X 286) 118.9 129.9 38.2 286.0 
IV Found distr ibution 131.0 t23.0 32.0 286.0 
V Chi square ( d / =  2) 1.2 0.3 1.0 2.5 

Data  are for 16 beta  and 4 delta hemoglobins using the ancestor common to frog 
and higher ver tebrates  (ancestral amniote) for computing the values in row I. This is 
ancestor 13 in Fig. 4 of F i tch  (t972b) which gives the phylogeny and the references to 
the sequences used. The probabi l i ty  that ,  by  chance, the fixations would distr ibute 
themselves as found under the assumptions made is ~-~0.3. Removal  of the unvaried 
codons in calculating the expected distr ibution would decrease p to ~--0.2. 

t i ons  a r e  n o t  d i s t r i b u t e d  r a n d o m l y  a m o n g  t h e  t h r e e  n u c l e o t i d e  p o s i t i o n s  of 

c o d o n s  for  c y t o c h r o m e  c. 

One  m a y  a s k  w h e t h e r  w h a t  is t r u e  for  t h e  c y t o c h r o m e  c gene  is t r u e  for  

o t h e r  genes .  I n  T a b l e  4 is s h o w n  a c o m p a r a b l e  c a l c u l a t i o n  for  a l p h a  h e m o -  

g lob in .  T h e  r e s u l t  is t h e  s a m e  e x c e p t  t h a t  o n e ' s  c o n f i d e n c e  in  t h e  n o n -  

r a n d o m n e s s  is m a r k e d l y  r e d u c e d  ( p r o b a b i l i t y  of o c c u r r i n g  b y  c h a n c e  is u p  

to  0.005).  G i v e n  t h e  r e s e r v a t i o n s  r e g a r d i n g  p o s s i b l e  b i a s  in  s o m e  c o d o n  

a s s i g n m e n t s ,  I w o u l d  t h i n k  i t  b e s t  to  r e g a r d  t h e  n o n - r a n d o m n e s s  c o n c l u s i o n  

as  s o m e w h a t  t e n t a t i v e .  

W h e n  t h e  s a m e  c o m p u t a t i o n  is p e r f o r m e d  for  b e t a  h e m o g l o b i n s  ( T a b l e  5) 

t h e  r e s u l t  is t h a t  no s i g n i f i c a n t  n o n - r a n d o m n e s s  is p r e s e n t  a l t h o u g h  in  e a c h  

p o s i t i o n  t h e  o b s e r v a t i o n s  l ie on  t h e  s a m e  s ide  of e x p e c t a t i o n  as  fo r  t h e  

o t h e r  t w o  genes .  
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Table 6. Distribution of observed fixations by position of nucleotide in codons of all 
genes examined 

First Second Third 

Expected 529.6 574.0 t71.4 
Found 637 495 143 
Chisquare 21.8 10.9 4.7 

Data are for the 1275 fixations observed in all genes presented in Tables 3-5 
except that expected values are determined only on those codons that have varied, 
i.e. tile unvaried positions have been removed. The probability of the chance occurrence 
of these results is 4 × 10 -8, 2 × 10 .3 and 0.03 for the first, second and third positions 
respectively. The overall probability for chi-square = 37.4 (d] = 2) is 5 × 10 -1°. 

The  da ta  for all three observat ions have been pooled (Table 6) for the 
cases where expecta t ions  are calculated with tile unvar ied  positions removed  
from consideration. Since the observat ions for any  one nueleotide position 
all lie on the same side of expected,  it is not  surprising tha t  the result  is 
even more significant. Indeed,  the observat ions are sufficiently numerous  
tha t  even the th i rd  position changes can be seen to be significantly (ib = 0.03) 
underrepresented  compared  to expectat ion.  Moreover, the one bias the 
direction of whose effect is known, is the probable slight overuti l izat ion of 
four-fold degenerate  codons relat ive to the two-fold degenerate  codons for 
arginine, leucine and serine. This means tha t  our expec ted  number  of th i rd  
position replacements  is itself, if anything,  underes t imated,  making p = 0.03 
a conservat ive est imate,  i.e. larger than  it is in fact. I t  should be note t  t ha t  
overall, the  found overall  f requency  of nucleotide replacements  is 0.4996, 
0.3882, and 0.1t22 for the first, second and th i rd  nucleotide positions 
respectively. These values are considerably different f rom those given in 
Table  2 as expected under  the assumption tha t  replacements  would be 
dis t r ibuted in propor t ion  to the opportuni t ies  presented.  

The distinctness of the results on the three genes is remarkable.  T h e y  
seem, however,  to be plausible when viewed from ei ther  of the two following 
perspectives. In one view, we can assume tha t  with the continuing f ixat ion 
of muta t ions  over long periods of time, we approach a point  where more and 
more of the possible muta t ions  prove  to be malefic i.e., too deleterious to 
survive. This m a y  result because no fur ther  deter iorat ion can be pe rmi t t ed  
or, perhaps more likely, because one has approached a l imit to the perfect-  
ibili ty of the protein given the envi ronment  and the s tar t ing material .  In  
an a l ternat ive  view, we can assume tha t  the extent  of the historic plast ic i ty  
of gene m a y  reflect the degree of dissimilarity among the environments  to 
which the gene produc t  has had to adapt .  

In explaining the cy tochrome c results, these two (not necessarily 
mutua l ly  exclusive) considerations suggest (view number  l) that ,  being an 
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ancient gene, cytochrome c is well perfected and only a narrow range of 
alternatives, if any is allowed in a given amino acid position. This narrow 
range is reflected in the preponderance of fixations involving first position 
mutations (val-leu, ala-thr, asp-asn, etc.). The pertinence of the "if  any"  
is reflected in the limited number of covarions in cytochrome c as shown by  
Fitch and Markowitz (1970). These considerations also suggest (view 
number 2) that, being encased in the mitochondrion, cytochrome c may 
well have had a more uniform environment and therefore less need to readapt 
than cytoplasmic proteins, particularly hemoglobin which, by  virtue of its 
localization, comes close to being extracellular. 

The basis for the alteration of a gene product 's sequence could involve 
not only a change in the environment, but  a change in function or specificity 
and it could well be that immediately following such a change the gene is 
more plastic until its new role is better  adapted. This process may initially 
require a gene duplication that permits specialization and the heine- 
containing globins may illustrate the case in a way that is consistent with 
the apparent distinctness in plasticity among the gene products examined. 
Such a view will be briefly outlined. 

Consider an ancient, oxygen-carrying, heine-containing globin that, 
with increasing organismal complexity, found it useful to have one form 
that worked optimally intracellularly, particularly in occasionally anoxic 
muscle tissue, and one extracellularly. Thus, via a gene duplication, that  
gene could give rise to myoglobin on the one hand and hemoglobin on the 
other. Later, the requirements of efficiency of oxygen transport selected for 
polymeric hemoglobins and cooperativity through tetramers composed of 
two distinct hemoglobins. Thus, again via gene duplication (or heterosis 
followed by  translocation) and shortly after the appearance of the verte- 
brates, there arose two hemoglobins, one to be called alpha hemoglobin and 
one that could interact with it. Following still further development of re- 
productive complexity, it became advantageous that the alpha interacting 
hemoglobin on the distal side of the placental barrier differ from that on the 
proximal side, and about the time of the appearance of the mammals, there 
arose two corresponding loci, which I shall call gamma and beta-delta 
respectively. The latter has since shown a further duplication into a beta 
and a delta locus, the advantage of which is obscure. The gamma locus is 
expressed in the fetal stages of development. If the views are correct, one 
might predict that  the embryonic epsilon hemoglobin, which is expressed 
in the earliest stages of embryonic development will prove to be more closely 
related to the gamma than to the other loci. 

The crucial point regarding this story is that, prior to the duplication 
of a locus, its product, designed to serve under differing conditions, was 
probably a compromise among the forms best designed for the individual 
conditions. On the other hand, duplication permitted a new plastic phase 
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to ensue during which more optimal forms were sought. Similar occurrences 
presumably took place as a primitive non-specific protease gave rise, through 
duplication, to trypsin, chymotrypsin and other specialist enzymes. 

Now I would suggest, although in principle all hemoglobin genes are 
equally old, and although there may be gene duplications about which we are 
unaware, and although the degree of plasticity conferred through a gene 
duplication must be enormously variable, that  the peculiarly mammalian 
development of separate fetal and adult hemoglobin forms could well have 
invested that  beta-delta hemoglobin line with a greater current plasticity 
than remains in the alpha hemoglobin line, particularly where the latter 
must interact effectively with all the other hemoglobins while they in turn 
need interact effectively only with alpha hemoglobin. 

If one is willing to consider the preceding view plus the likelihood that 
the myoglobin-hemoglobin gene duplication was more recent than the 
advent of eukaryotic cytochrome c, then the relative randomness among 
the three groups in the positions at which nucleotide replacements are 
observed is just what one would expect. This is only a view consistent with 
the data, not a conclusion from them but  there is other information con- 
sistent therewith. The relative rates of evolution (nucleotide replacements/ 
gene/unit time) are, in increasing order, cytochrome c, alpha hemoglobin 
and beta hemoglobin (Barnabas et al., 1971; Fitch, t972b;  Langley and 
Fitch, 1973) and among the hemoglobins, human variants that survive to 
time of sampling are significantly less frequent in the alpha than the beta 
chain (Vogel, 1972). Moreover the hemoglobins have more covarions than 
cytochrome c (Fitch, t972b). It  does appear, at least for the three genes 
examined, that the extent of non-randomness in the distribution of fixations 
among the three nucleotide positions of the codon is inversely related to the 
rate of evolution of the gene. Said another way, the more restricted the 
selectively acceptable opportunities for change are, the more non-random 
is the distribution of those mutations among the nucleotide positions of the 
codon. 
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