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I f  one has the amino acid sequences of  a set o f  homologous proteins as well as their 
phylogenetic relationships, one can easily determine the minimum number of  mutations 
(nucleotide replacements) which must have been f ixed  in each codon since their common 
ancestor. It  is found that for 29 species of  cytochrome c the data f i t  the assumption that 
there is a group of  approximately 32 invariant eodons and that the remainder compose 
two Poisson-distributed groups o f  size 65 and 16 codons, the latter smaller groupfixing 
mutations at about 3.2 times the rate o f  the larger. It is further found that the size o f  the 
invariant group increases as the range of  species is narrowed. Extrapolation suggests 
that less than 10% of  the codons in a given mammalian cytochrome c gene are capable 
o f  accepting a mutation. This is consistent with the view that at any one point in time 
only a very restricted number of  positions can f i x  mutations but that as mutations are 
f x e d  the positions capable o f  accepting mutations also change so that examination o f  a 
wide range of  species reveals a wide range of  altered positions. We define this restricted 
group as the concomitantly variable codons. Given this restriction, the fixation rates for  
mutations in concomitantly variable codons in cytochrome c and fibrinopeptide A 
are not very different, a result which should be the case i f  most o f  these mutations are 
in fact  selectively neutral as Kimura suggests. 

I N T R O D U C T I O N  

K i m u r a  (1968) has suggested tha t  dur ing  the evolut ion  of  cy tochromes  c, hemoglobins ,  
and  t r iosephospha te  dehydrogenase ,  the vast  major i ty  of  muta t ions  fixed were selec- 
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tively neutral mutations. King and Jukes (1969) agree but for different reasons. Corbin 
and Uzzell (1970) also agree and go on to calculate the absolute mutation rate on the 
assumption that all mutations are neutral in the codons for the most variable positions 
of fibrinopeptides A and B. The rate they found is approximately the same as the rate 
of mispairing of bases during replication as computed by Watson (1965). Maynard 
Smith (1968) takes issue with Kimura by choosing to dispute the validity of using 
Haldane's "cost of natural selection" (1957). Maynard Smith then devises a model 
which permits selection at many loci simultaneously and thereby escapes the dilemma. 
O'Donald (1969) agrees with Smith's conclusion regarding Haldane but also regards 
Maynard Smith's model as biologically unrealistic. O 'Donald then proposes his own 
model and comes to the same ultimate conclusion as Kimura regarding the cost. 

But regardless of how the cost is accounted, the conclusion that most of  the 
mutations fixed in the structural genes for these proteins were selectively neutral may 
nevertheless be correct. However, if the vast majority of those mutations fixed are 
selectively neutral, then in those positions where mutations may be fixed, they should 
be fixed with equal probability and therefore at equal rates, a This should be a strong 
consistency criterion for the validity of the neutrality of most fixed mutations. The 
difficulty lies in a proper estimate of  the number of those positions. This paper will 
first show how to calculate the number of codon positions capable of fixing nondeleter- 
ious mutations and then, using this number, show that mutations are indeed being 
fixed at approximately equal rates in different genes. 

D E T E R M I N A T I O N  OF C O D O N  VARIABILITY 

A previously published procedure (Fitch and Margoliash, 1967a) showed that, 
provided a few recognizable coding positions were excluded from the data, the 
remainder of the mutations found in cytochrome c distributed themselves as if there 
were a number of invariant positions and the rest were equally likely to be the position 
fixing the next mutation; that is, the number of mutations fixed in the variable 
positions followed a Poisson distribution. That procedure is improved upon here. 
First of all, no coding positions are arbitrarily excluded. Secondly, an iterative 
procedure obtains the maximum likelihood estimates for the parameters. This leads 
to an expected distribution which may be compared to the observed distribution by the 
Pearson chi-square test. The procedure examines three possible models. Model 1 
assumes that all positions are equally variable. Model 2 assumes that there are some 
invariant positions and that the rest are equally variable. Model 3 assumes that there 
are some invariant positions and that the rest constitute two classes of variability. 
Details are presented in the accompanying paper (Markowitz, 1970). 

C O D O N  VARIABILITY IN C Y T O C H R O M E  c 

Figure 1 shows the phylogeny of 29 species based upon their cytochrome c sequences 
using the method of Fitch and Margoliash (1967b). When this particular phylogeny is 

3 We recognize that there may exist more acceptable alternatives for some codons than for others at 
any one point in time. For the present study, we assume that this variability averages out when a 
collection of codons is examined over long periods of time. 
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Fig. 1. Cytochrome c derived phylogenetic tree. Figure depicts the best estimate of 
ancestral relationships of the species shown using only cytochrome c as the basis 
for that estimate. Numbers on segments are the actual number of nucleotide re- 
placements required to account for the descent of the present sequences. The 
following cytochromes c, in the order they appear in the figure, were used in 
constructing the tree: Neurospora crassa ; Debaromyces kloeckeri; Candida krusei; 
Saccharomyces cerevisiae iso-1; Saccharomyees Jso-2; wheat; Protogarce sexta; 
Sarnia cynthia moth;  Drosophila melanogaster; Haematobia irritans; Entosphenus 
tridentatus; Squalus sucklii; tuna; fro g; Cro talus adamanteus; Chelydra serpentina; 
pigeon; Anas platyrhyncos ; chicken; Aptenodytes patagonica; Macropus canguru ; 
Rachianectes glaucus; rabbit;  dog; pig; donkey; horse; Macacus mulatta; man. 
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assumed, the 29 present-day sequences may be accounted for by a minimum of 366 
fixations [i.e., nucleotide replacements; cf. Fitch (1970) for method]. Their distribution 
over the 113 codons is shown by group A in Table I, which gives the number of codons 
that were found to have fixed the number of nucleotide replacements indicated at the 
top of each column. Models 1, 2, and 3 immediately below group A are the best- 
fitting solutions according to the three possible models, respectively, outlined in the 
preceding paragraph. The Z 2 values are also shown in Table I for each of the three 
possible models. It can be seen that only the third model gives a reasonable fit to the 
data. For  this distribution, the number of invariant codons is estimated at 32, with the 
81 remaining variable codons being divided into two groups of size 65 and 16 with 
Poisson parameters of 3.2 and 10.1, respectively, which is to say that mutations, on a 
per codon basis, are being fixed in the latter small group at 3.2 times the rate of 
fixation in the former large group. 

This substantiates the earlier conclusion (Fitch and Margoliash, 1967a) that there is 
a small group of codons which, relative to the others, is hypervariable, 4 and contradicts 
the conclusion of King and Jukes (1969) that the "so-called 'hypermutable s i tes ' . . .  
are predictable in terms of [a single] Poisson distribution." Since we are using the same 
basic data, the discrepancy needs to be accounted for. King and Jukes found no need 
to postulate a second Poisson distribution because they used a less sensitive procedure 
in determining the number of mutations in each coding position. They simply examined 
all the amino acids in each position and determined the number of nucleotide replace- 
ments necessary to accomplish their interconversion [their method is more explicitly 
given in Jukes (1969)]. This fails to take proper account of the total number of 
replacements required as a consequence of the phylogeny. For  example, in position 
47 of cytochrome c of the 20 species examined in the earlier study (Fitch and Mar- 
goliash, 1968) there is an alanine in Neurospora, a threonine in the screw worm fly, 
the kangaroo, and the horse, and a serine in two fungi, one insect, one fish, two reptiles, 
four birds, and six other mammals. There is no reasonable explanation of these data 
other than to postulate that on three separate occasions, a mutation from a codon 
for serine to one for threonine has been fixed, and we would thus count it as three 
fixations rather than one. King and Jukes have not followed this practice. This is of 
some importance since, of the 230 mutations in that paper (Fitch and Margoliash, 
1968), there were 41 such parallel mutations as well as three back-mutations comprising 
2 0 ~  of the total mutations. These would not have been assessed by King and Jukes. 

A modelwithprecisely two classes of variable codons is not as biologically attractive 
as a model with only one. If  the variable positions are not all equally variable, and this 
is clear from the data, then it is more reasonable to assume that there is a range of 
variability. Our using only two classes of variability is a simplification that merely 
reflects a combination of the limited sensitivity of the method, the limited amount of  
sequence data, and the generally well-behaved nature of the property we are measuring. 
A model that predicted how the range of variability was distributed could be tested, 

* "Hypervariable" refers to the fact that, relative to the majority of the codons fixing mutations, this 
group is fixing them more rapidly. Since one cannot assume that these codons are more mutable, 
the term "hypermutable" (Fitch and Margoliash, 1967a) has been replaced by "hypervariable" 
(Fitch and Margoliash, 1968). 
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but for the present the limited approximation of only two degrees of variability will 
suffice. 

CONCOMITANTLY VARIABLE C O D O N S  

In what was to have been an attempt to show that the same distribution of variability 
among the codons is obtained regardless of the range of organisms examined, the 
fungi were omitted from group A to form group B and the computations repeated. As 
a result, the number of invariant codons increased from 32 to 51. The computation was 
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Fig. 2. Concomitant ly variable codons. The percent of  the gene found to be invariant (y) 
is plotted as a function of  the range of  species examined (i.e., peak height in Fig. 1). 
A least-squares fit to the results is extrapolated to the ordinate, which estimates the 
fraction of  the gene for which all mutat ions are lethal or  malefic. The r ightmost  and 
leftmost values plot ted are for the groups A and J, respectively, of  Table I. Each vertical 
line extends one estimated standard deviation above and below its y value. 
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successively repeated, each time using a new group which was formed by omitting the 
most remote members of the previous group. These groups are shown in Fig. 1 by a 
letter at the appropriate apex, the members of a particular group being all descendants 
from the apex bearing that group's letter designation. The reduction in range of species 
continued until, for group J, only nonprimate mammals  remained. The 17 mutations 
required to account for their differences were distributed as shown in Table I by 
Group J. Also shown are the best-fitting distributions for models 1 and 2 (there are too 
few degrees of  freedom to fit model 3). For  model 2, the estimate of the number of 
invariant codons is 95, a sharp contrast to the 32 calculated for trial group A. The 
percentage of the gene which is estimated to be invariant increases as the range of  
species narrows. That  range may be represented by the height of  the apex of the group 
shown in Fig. 1. Figure 2 shows that the inverse relationship between the range of 
species examined and the percentage of the gene that is invariant is linear in the region 
for which we have data. 5 The line shown is a weighted least-squares fit; each point's 
weight is the reciprocal of  its approximate variance. It  is vital to recognize that the 
invariant codons are only a subset of the codons that have not varied. As the range 
of species narrows, the number of codons that have not varied necessarily increases 
but the same is not necessarily true for the invariant codons. 

The line in Fig. 2 may be extrapolated upward to the y axis. We interpret this 
intercept to mean that when the range of species being examined is reduced to zero 
(i.e., when only one species' cytochrome c gene is considered), over 90% of the codons 
in the mammalian cytochrome c gene are invariant. Although this appears to contra- 
dict our experience that, if a broad enough range of species is examined, most  of the 
codons will have varied, there is a rational biological explanation available. This 
explanation asserts that because of the structural restraints imposed by functional 
requirements, mutations that will not be selected against are available only for a very 
limited number of  positions. We shall use the term acceptable for such mutations. 
However, as such acceptable mutations are fixed they alter the positions in which 
other acceptable mutations may be fixed. Thus, only about 10 codons, on the average, 
in any cytochrome e may have acceptable mutations available to them but the 
particular codons will vary from one species to another. We shall term those codons 
at any one instant in time and in any given gene for which an acceptable mutation is 
available as the concomitantly variable codons. 6 

King and Jukes (1969) state that "74 to 81 residues are variable" and that "there 
is very little restriction on the type of amino acid that can be accommodated at most 
of the variable sites." We would interpret our results as indicating that, contrariwise, 
there is much restriction in the cytochrome c gene most of  the time with very few of the 
codons having acceptable mutations available and we see no reason to assume other- 

5 Although the curve is linear in this region, we would assume that it must, as the range of species 
increases, eventually approach, as a lower limit, an asymptote parallel to the x axis at a height 
indicative of the truly invariant positions. If prokaryotic cytochromes c of Pseudornonas fluorescens 
(Ambler, 1963) and Rhodospirilum rubrum (Dus et al., 1968) are considered to be homologous to 
the eukaryotic horse cytochrome c as shown in Table II, there are only seven of the 75 common 
positions identical so that we may put an upper limit for the asymptote at 9.4~. 

6 The phrase concomitantly variable codons is awkward and we would suggest the term "covarions" 
to describe this particular set of codons. 
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Table II. Comparison of Prokaryotic and Eukaryotic Cytochromes c" 

Ps.fluor. GLU asp pro GLU val leu PHE 
Rh. rubrum glu GLY ASP ala ala ala GLY GLU LYS - - 
Horse GLY ASP val GLU lys GLY lys LYS ile PHE 

lys asn LYS gly CYS val ALA CYS HIS ala ile ASP 
VAL ser LYS lys CYS leu ALA CYS HIS THR phe ASP 
VAL gln LYS - CYS ala gin CYS HIS THR val glu 

- - - thr lys met VAL GLY PRO ala tyr lys 
gln GLY GLY ala asn LYS VAL GLY PRO ASN LEU phe 
lys GLY GLY lys his LYS thr  GLY PRO ASN LEU his 

asp VAL ala ala lys phe ALA GLY GLN ALA gly ala 
GLY VAL PHE glu ash thr ALA ala his lys asp asn 
GLY leu PHE gly arg lys thr  GLY GLN ALA pro gly 

tyr 
phe 

m 

LYS 
LYS 

arg 
TYR 
TYR 

ile 
s e r  

asn 

ala 

ala 
ILE 
ILE 

ala TYR ser glu ser tyr thr glu met LYS ala 
thr TYR thr asp ala asn - - - LYS asn 

. . . . .  G L U ALA glu LEU ALA gln 
GLY leu THR TRP thr GLU ALA ash LEU ALA ala 
GLY ile THR TRP lys G L U glu thr LEU met glu 

lie LYS ASN gly ser gln gly VAL trp GLY pro 
val LYS ASN PRO LYS ala phe VAL leu glu lys 
leu glu ASN PRO LYS lys tyr ile pro GLY - 

pro . . . . . . .  MET pro pro 
gly asp pro lys ala lys ser LYS MET thr PHE 
. . . . . .  thr LYS MET ile PHE 

ala val ser - ASP ASP GLU ala gln thr LEU 
lys leu thr LYS ASP ASP GLU ile GLU asn val 
gly ile Iys LYS lys thr  GLU arg GLU asp LEU 

lys trp val leu - - ser gin LYS 
ALA TYR LEU LYS - - THR leu LYS 
ALA TYR LEU LYS lys ala THR asn glu 

" A dash (-) indicates a gap inserted to maintain the homologous alignment. Underlining indicates 
those 7 positions which are still invariant. Except for the invariant asparagine (ASN), all of these 
residues interact with the heme or with residues which do in bovine cytochrome c (R. E. Dickerson, 
personal communication). Positions with a dot under them are invariant among the eukaryotic 
cytochromes c so far examined. 

wise  t h a n  t h a t  t he  r a n g e  o f  a c c e p t a b l e  m u t a t i o n s  in  t h o s e  c o d o n s  m a y  be  s imi la r ly  

l imi ted .  

S P A T I A L  C O R R E L A T I O N S  I N  A M I N O  A C I D  R E P L A C E M E N T S  

T h e  i m p l i c a t i o n  t h a t  even t s  in  o n e  c o d i n g  p o s i t i o n  m a y  be  d e p e n d e n t  u p o n  e v e n t s  in  

o t h e r  p o s i t i o n s  m a y  b e  r e l a t e d  to  t h e  i n t e r e s t i n g  o b s e r v a t i o n s  o f  W y c k o f f  (1968)  

w h o  n o t e d  a spa t i a l  r e l a t i o n s h i p  b e t w e e n  m a n y  pa i r s  o f  t he  s u b s t i t u t i o n s  o b s e r v e d  
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between rat and bovine ribonucleases. This was possible because the three-dimensional 
structure of bovine RNase is known. For example, the amino acids in positions 38 
and 39 of rat RNase are glycine and serine, respectively. Now glycine could mutate to 
aspartate but, as Wyckoff points out, presumably this would be damaging because it 
could interact with lysine 41 and pull this necessary residue out of the active site. 
Also, the serine could mutate to arginine, with there being no particular reason to 
suspect that this might not be acceptable. In bovine RNase, the groups are indeed 
aspartate and arginine but the positively charged arginine neutralizes the negatively 
charged aspartate and, perhaps, prevents any deleterious effect of the aspartate on the 
critical lysine 41. If this is true, we presume that the fixation of arginine at 39 must have 
preceded the fixation of aspartate. This illustrates well how the positions belonging to 
the group of concomitantly variable codons may change since before the arginine 
fixation position 38 might not tolerate an aspartate, whereas after both fixations 
position 39 might not tolerate the return of arginine to a neutral residue. 

Another example is provided by positions 57 and 79, which in bovine RNase are 
valine and methionine and in the rat are isoleucine and leucine, respectively. Although 
the individual amino acids are of differing volumes, the pairs have the same total 
length. If there is no further room in the site filled by these residues, we would have to 
assume that in the ancestral pair, the longer of the amino acids (say isoleucine) had 
to be replaced by a shorter descendant (say valine) before the other ancestral amino 
acid (say leucine) could tolerate a mutation changing it to a longer descendant (in this 
illustration, methionine). This avoids trying to fit both methionine and isoleucine into 
the restricted space at the same time. For this to be a neutral process, it must be assumed 
that there is tolerance for the loss of a methylene group in this region. Wyckoff presents 
evidence for such tolerance at another site inR Nase. 

At position 14 is an aspartate that is charge-bonded to an arginine in position 33 
of the cow and position 32 of the rat. Presumably, in the intermediate form, aspartate 
14 has an option between the two arginines (rather than none) but since only one was 
needed, it was acceptable for one to be replaced subsequently and it was. A summary of 
these three cases is shown in Fig. 3. 

This discussion of paired replacements in RNase is extended because the very 
specific nature of the replacements observed necessarily focuses one's attention upon 
the selective requirements of the positions. Nevertheless, as we hope the preceding 
indicates, it is possible to provide a rational explanation for these events in terms of 
neutral mutations even though the latitude permitted to what is acceptably neutral 
may be severely limited by selective forces and even though the neutrality of the 
intermediates has not been demonstrated. It also shows that we are not yet forced to 
postulate any deleterious intermediates to account for such paired fixations. And 
finally, it shows with a biological system how the positions that can accept mutations 
may change as mutations are fixed. These views encompass assertions regarding the 
order of the mutational events. As a consequence of knowledge of phylogeny, some 
orderings have already been postulated for cytochrome c (Fitch and Margoliash, 1968) 
without recourse to such considerations as presented here. It will be interesting to see 
if similar predictions based upon the forthcoming three-dimensional structure of 
cytochrome c will agree with the phylogenetic orderings. 
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Positions COW RAT 

Arg Arg 

32,33 Ser Arg ~ ~ Arg Gin 

Ser Gin 

Gly Arg 

38,39 Asp Arg ~ ~ Gly Ser 

Asp Ser 

Val Leu 

57,79 Val Met ~y,~. ~ lie Leu 

lie Met 
Fig. 3. Transition states in ribonuclease. The figure shows the bovine and rat ribonu- 
clease residues in three selected pairs of positions together with two alternative inter- 
mediate forms. In each case, the upper alternative is predicted to have been the true 
ancestral intermediate on the basis of information supplied by Wyckoff (1968) and 
elaborated on in the text. 

There is corroborative evidence for the view that the number of concomitantly 
variable codons is very restricted for cytochrome e. It was previously noted that the 
number of codons that had fixed nucleotide replacements in two of its three nucleotides 
in the interval between two successive nodes of the phylogenetic tree was greatly in 
excess of expectation if the mutations were being fixed at random (Fitch and 
Margoliash, 1968). These so-called double mutations appeared to imply a non- 
randomness in the fixations observed and therefore to suggest the possible operation 
of selective forces. However, that computation was performed assuming 82 variable 
codons so that if four mutations were fixed between two successive nodes in the tree, 
the probability that two of them would have occurred in the same codon was about 
0.04. When this computation was carried out for each of the 26 internodal segments 
containing two or more fixations in that tree for 20 species of cytochrome c, there was 
an expectation of only 11.3 "double" mutations. In fact, there were 32. The number of 



An Improved Method for Determining Codon Variability in a Gene 589 

expected double mutations would, of course, be increased if the number of concomit- 
antly variable codons were considerably less. A repeat of that calculation assuming 
10 rather than 82 concomitantly variable codons yields a value of 32 expected "double" 
mutations, the number actually found. This means first of all that there is an independ- 
ent basis (the larger number of "double" mutations) for concluding that there is a 
restricted number of concomitantly variable codons in the gene for cytochrome c, 
and the agreement of the two methods at a value of 10 such codons is encouraging. 
Secondly, it means that the "double" mutation data can now be accounted for 
strictly on the basis of random events and thus selective forces are not necessarily 
involved. 

It should be noticed that the agreement between the expected and found number 
of "double" mutations is too good in that the calculation of the expected number is 
inadequate in two ways. One involves the absence of  a correction for the possibility 
that the second fixation in the same codon may be in the same nucleotide. The second 
involves the absence of a correction for the fact that the 10 concomitantly variable 
codons represent a sort of moving average and, after a series of fixations, are not the 
same codons that were concomitantly variable at the beginning. That this second 
effect is surely present can be seen from Table III, where the preceding data are 
divided into two groups according to the internodal segment length as determined by 
the number of mutations thereon. We underestimate the number of "double" muta- 
tions in the segments with only a few mutations and overestimate that number in the 
segments with many mutations. This is a result that presumably would be corrected 
by using fewer concomitantly variable codons while simultaneously correcting for the 
change in the codons that are concomitantly variable. Work designed to accomplish 

Table IlL Distribution of "Double" Fixations by Segment Length s 

No. of such Number of "double" fixations ( E - F )  2 
Internodal internodal 

mutations (m) segments Expected (E) Found (F) E 

2<m<7 16 5 10 5.00 
9 < m < 30 10 27 22 0.93 

Total 26 32 32 5.93 

Data are from Fitch and Margoliash (1967a), which gives the codon position 
and the location on the phylogenetic tree of all postulated mutations in the 
gene for cytochrome c during the evolution of 20 eukaryotic species. 
"Double" mutations are nucleotide replacements in two of the three 
nucleotides of a single codon on a tree segment between two successive 
ancestral nodes or between the present-day species and its most recent 
ancestor. The table shows that while the total expected and found "double" 
mutations agree, their distribution by segment length does not. Z 2 is 5.93 for 
1 degree of freedom. Such a departure from expectation would occur by 
chance less than 2% of the time if the underlying assumptions about the 
distribution of "double" mutations were correct. 
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these corrections is currently in progress and, in addition to increasing the reliability 
of this estimate of the number of concomitantly variable codons, it should also give 
information on the degree to which a fixation affects other positions. This, of course, is 
subject to the qualification that fixations in other genes with gene products that 
interact with cytochrome c (e.g., cytochrome oxidase) may also affect which codons 
will belong to the group of concomitantly variable codons. 

The number of invariant residues of fibrinopeptide A was determined using the 
data from 25 mammalian sequences and is shown in Table I as group K. The estimate 
of the number of invariant positions is only one. Further restriction of the range, unlike 
the case for cytochrome c, did not change the estimated number of invariant codons. 
Presumably, that one invariant codon is the carboxyl-terminal arginine that is necessary 
for the specificity of thrombin which acts on fibrinogen to form fibrin in the blood- 
clotting mechanism. In any event, extrapolation to a zero range of species gives a 
single invariant codon and therefore 18 concomitantly variable codons, a result 
consistent with the view that this fragment is important simply by virtue of its existence 
as a blocking group and that its specific structural configuration may be of little 
importance. 

EVOLUTIONARY RATES 

The cytochromes c and the fibrinopeptides A were chosen in part because of the differ- 
ence in the rate at which they appear to be evolving. Both groups contain sequences 
for the horse and pig and, since their common ancestor, there have been five fixations 
in the 104 codons for cytochrome e and 13 fixations in the 19 codons for fibrino- 
peptide A. This gives rates of 0.048 and 0.684 fixations/codon in the two lines since 
their divergence from a common ancestor. Thus it would appear that fixations are 
occurring in the part of the gene encoding fibrinopeptide A at more than 14 times the 
rate they occur in the cytochrome c gene. If, however, we assume that the rate should 
be calculated on the basis of the number of codons that can accept a mutation, the 
rates become, respectively, 5/10 = 0.50 and 13/18 = 0.72 fixations/concomitantly 
variable codon. Given the limits of the estimate of the number of concomitantly 
variable codons, these two fixation rates cannot be said to differ. Furthermore, if the 
number of concomitantly variable codons in cytochrome c is in fact less than 10, as 
suggested above by the "double" mutation data, then the agreement may be even better. 

The calculation of the number of concomitantly variable codons does not pre- 
suppose the nature of any selective forces involved. It only requires that a mutation, 
to be acceptable, must not be selected against, which leaves open the question of its 
possible neutrality. However, if the mutations are indeed neutral, then the fixation 
rates in concomitantly variable codons should be the same. 3 Since the rates are the 
same, then either the mutations are, as Kimura suggested, mostly neutral or else the 
agreement is fortuitous. There is a third possibility, namely, that selection proceeds to 
fix mutations at essentially similar rates in all genes in all species at all times. But to 
contrive a selective theory so as to mimic the results expected of a neutral mutation 
theory is philosophically unpalatable. In view of the diverse nature of these two 
polypeptides, we would reject the explanation based upon fortuity. In any event, 
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when similar rates can be estimated for other gene products, we will know whether the 
agreement is fortuitous. 7 

There is additional reason to believe that the accumulation of mutations has been 
of a random rather than a selective nature. I f  selective forces were greatly affecting the 
nature of cytochrome c, one would expect that, say, wheat, Drosophila, shark, duck, 
and human cytochromes c would show greatly varying degrees of differentness when 
compared to Neurospora cytochrome c. In fact, when the number of  nucleotide 
replacements required to account for the differences in these five pairs is determined, 
they are found to be 69, 60, 71, 63, and 64, respectively. Is it really reasonable to 
suggest that the proper interpretation of these data is that, since the time of their 
common ancestor, the shark's cytochrome c has been evolving under selection more 
than 2 0 ~  faster 8 than the human cytochrome c ? Or do these data simply reflect 
sampling variability ? Nolan and Margoliash (1968) have given many other examples 
of how, for any one gene, approximately the same number of mutations separate the 
members of  two groups having the same common ancestor. This multiplication of 
such examples lends further support to the idea that most of  the mutations fixed in the 
genes for cytochromes c, fibrinopeptides, and hemoglobins have been selectively 
neutral. This conclusion, regarding fibrinopeptide A, stands in sharp contrast to that 
of King and Jukes (1969), who state, "within the short fibrinopeptide A fragment, 
however, some positions are notably less changeable than others. It  is quite likely 
that only a minority of  the changes that occur in this portion of the fibrinogen gene 
are selectively neutral." Group K of Table I clearly depicts the changeable character 
the authors speak of, but the row below also clearly shows that the most variable 
positions "are predictable in terms of the Poisson distributions," to use the authors '  
own words from another context. 

The difficulty perhaps lies in an unwillingness of  King and Jukes to assume the 
existence of a group of codons more variable than another. We might ask therefore 
how a second, more variable group might arise. Possibilities include: (1) their codons 
are hot spots, i.e., they are hypermutable; (2) a greater variety of alternatives is 
acceptable at these positions; (3) an alternative is acceptable over a greater portion of 
the total time span. 

While we are not as yet prepared to choose among these alternatives, 9 they appear 
sufficiently reasonable to permit acceptance of the possibility of detecting two groups 
of codons with differing degrees of variability. 

I f  we assume that the fixation rate is 0.72 and that the common ancestor of  the horse 
and pig existed 80 million years ago (Romer, 1966), then the fixation rate would 

7 The most obvious next choice for examination would be hemoglobin, but only about a half dozen 
species of each of the c~ and fl chains have been completely sequenced whereas at least a dozen for 
any one orthologous gene should be available. This emphasizes the importance of doing further 
sequences on orthologous gene products from closely related species. 

s The 20~oo comes from the fact that 71 is 10~oo greater than 64, that the difference must necessarily be 
relatable to mutations which occurred since the common ancestor of the shark and man, and that 
presumably not more than half (32) of the mutations separating the vertebrate and fungal lines have 
occurred since the time of the common ancestor of the shark and man. 

9 The third possibility cannot apply to fibrinopeptide A since the number of concomitantly variable 
codons is constant at 18 regardless of the range of species examined and hence all 18 are always 
variable. 



592 Fitch and Markowitz 

appear to be 4.5 fixations/concomitantly variable codon/109 years in any one line of 
descent. The fixation rate should be relatable to the mutation rate, but the calculation 
is complicated by the fact that not all mutations in a concomitantly variable codon are 
necessarily acceptable. 

Finally, we would make a point of noting the importance of verifying the idea that 
most mutations fixed in structural genes have been neutral and that on the basis of the 
number of concomitantly variable codons, fixation rates are uniform because, given 
one good paleontological reference point we shall then have for the first time a very 
excellent evolutionary time scale at our disposal. With luck, this could extend back 
into pre-Cambrian times and permit the temporal location of many events such as 
speciation and gene duplications which now can only be guessed at. 

A D D E N D U M  

Since this paper was submitted and reviewed, the sequence of porcine ribonuclease 
has appeared (Jackson and Hirs, 1970). The amino acids at positions 57 and 79 are 
identical to those in the cow. The amino acids at positions 32, 33 and 38, 39 are ArgArg 
and GlyArg, respectively, and are the intermediates between the bovine and rat forms 
predicted on the basis of Wyckoff's data and shown in Fig. 3. 
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