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Summary. Goodman et al’s (1975) claim of accelerated
evolution in the early stages of globin evolution is based
on an erroneous assignment of the time of divergence
of vertebrate myoglobin and hemoglobin. When this is
corrected, there is no basis for their claim. The data are
much more consistent with the nearly constant rate
expected on the neutral mutation-random drift hypoth-
esis than with the uneven rates expected if most amino
acid changes were caused by substitution of favorable
mutants through Darwinian selection. In addition,
the majority of the codons determined by their maxi-
mum parsimony method have turned out to be wrong
when compared to the actual nucleotide sequences of
rabbit o« and human $ hemoglobins determined by
direct sequencing.
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The near-constancy of amino acid substitution rate for
the same protein in different phylogenies over long time
periods, which Zuckerkandl and Pauling (1965) referred
to as “a molecular evolutionary clock™, is one of the
most controversial subjects in molecular evolution.
Particularly, it has been debated in relation to the date
of human-ape divergence (see, Wilson et al. 1977)
and to evidence for the neutral theory of molecular
evolution (see Kimura 1979).

An especially strong claim of non-constancy has been
made by Goodman and his associates in their study of
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globin evolution (Goodman 1976, 1978; Goodman et
al. 1974, 1975). They maintain that mutant substitu-
tions occurred at a very high rate in the early stage of
globin evolution, soon after duplication to form myo-
globin and « and § hemoglobins, and that this was fol-
lowed by a markedly reduced rate during the last 300
million years from the ancestral amniote to the present.
According to Goodman et al. (1975), from 500 to 400
million years ago the genes descending from “‘the basal
vertebrate ancestor through the hemoglobin-myoglobin
and f-a ancestors to the teleost-tetrapod o ancestor
evolved at the rate of 109 NR %”, where NR % means
the number of nucleotide replacements per 100 codons
per 108 years. This corresponds to k;, =109 x 109 per
amino acid per year in my terminology (Kimura 1969),
and it is some 10 times as high as my estimate of about
10 per amino acid site per year. On the other hand,
for the last 300 million years, their estimated rate is
only 15 NR % (ie. kg, = 1.5 x 109) which is not very
different from mine. Together with their plausible
explanation that when new functions emerged in dupli-
cated globin genes rapid mutant substitutions occurred
by positive Darwinian selection, Goodman et al.’s (1975)
claim of non-constancy has been quoted widely as
evidence against the theory (Kimura 1968, King and
Jukes 1969) that most molecular evolution occurs by
random drift of mutations that are nearly equivalent
selectively (the neutral theory, for short) (see, for
example, Vogel and Motulsky 1979). Referring to the
discrepancy between the evolutionary rates estimated
by them and others, Goodman (1976 and elsewhere)
writes that both Dickerson (1971) and I (Kimura 1969)
failed to account sufficiently for superimposed muta-
tions in our calculations of distances between contem-
porary globin sequences, and that therefore we more
grossly underestimated the evolutionary distances be-
tween the more anciently separated globins.
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The statistical method used by Goodman’s group is
detailed in Goodman et al. (1974). They make use of
an extensive series of computer programs, termed
MMUTD, UWPGM, PSLNG, PSITR, PSANC etc. to
assign mutations to various branches of the phylo-
genetic tree, to determined ancestral sequences at
evolutionary forks, etc. These are all based on the
principle of “maximum parsimony”. They determine the
geological dates of the branch points from paleontol-
ogical information and from their own opinions. They
correct for undetected mutant substitutions by using
their “augmentation” method (considered to be par-
ticularly important for unpopulated branches in the
“parsimony tree’”).

The main purpose of this note is to point out that the
relatively high evolutionary rates obtained by Goodman
et al. (1974, 1975) are not the result of their claimed
superior statistical method, but rather of wrong assign-
ment of geological dates to duplication events in the
early history of globin evolution. I shall also point out
a surprising fact; namely, that the great majority of glo-
bin codons determined by Goodman et al. (1974) using
their maximum parsimony method have turned out to
be wrong.

Now, if we examine carefully the data used by Good-
man et al. (1974, 1975), we find that their estimate of
the high evolutionary rate (109 NR %) comes almost
entirely from their assumption that the gene duplication
leading to lamprey globin on the one hand and, on the
other, to the ancestral globin that produced myoglobin
and the « and § globins, occurred 500 million years ago
(point @ on the phylogenetic tree; see Fig. 1 of Goodman
et al. 1975). To facilitate discussion, I present the main
duplication events postulated by them as Figure 1 in this
article. Goodman et al. further assume that the gene
duplication leading to myoglobin vs. §-a hemoglobin
divergence occurred about 470 million years ago (point
b). In addition, they assume that the duplication which
produced the « and § hemoglobins occurred about
425 million years ago (point ¢) and that the ancestor
of carp a and chicken a (equivalently, carp « and human
a) diverged 400 million years ago (point d). They al-
locate 50 mutations between point 2 and b, 58 between
b and ¢, and 51 between ¢ and d. In other words, for the
time span of 100 million years (i.e. between points @ and
d), they assume the establishment of two gene duplica-
tions and allocate a total of 159 mutations (among
about 145 amino acid sites).

1 believe that their positioning of gene-duplication
points in time contains some errors, of which the most
serious is their assumption that the duplication respon-
sible for the myoglobin vs. hemoglobin divergence oc-
curred about 470 million years ago (point b), after the
ancestor of jawed fishes diverged from the ancestor of
the lamprey. In other words, they assume that the histo-
ry of myoglobin is younger than that of the jawless
fish (agnatha).
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Fig. 1. A phylogenetic tree to show the main assumptions made
by Goodman et al. (1975) on the duplication events in the
course of globin evolution of vertebrates. The number in each
branch of the tree is the number of mutant substitutions al-
located by them

It is much more likely that the gene duplication that
led to the lamprey (Petromyzon marinus) globin whose
sequence was used in their analysis and the ancestral
molecule from which myoglobin and a8 globins have
descended is much older than they postulate. It is
likely that the duplicated globin genes already existed
in the ancestral agnatha when they appeared about 500
million years ago (point @). A similar point has been
made by Zuckerkandl (1976; see page 300 of his paper).
According to Hendrickson and Love (1971) the lamprey
globin that has been sequenced is only one of six hemo-
globins present in P. marinus blood; it is hemoglobin V,
the most prevalent of the six. This suggests that gene
duplication occurs rather frequently in evolution. Much
more important is the recent finding by Romero-Herrera
et al. (1979) that true myoglobin exists in the red
muscle of the lamprey heart. Although the amino acid
sequence is yet to be determined, this finding complete-
ly invalidates Goodman et al.’s assumption that myo-
globin originated only some 470 million years ago, after
the jawed-fish diverged from the agnatha, and that there-
fore myoglobin is newer than Hb V of the lamprey.
In this respect, Hunt et al. (1978) were more judicious
in placing the lamprey globin branch on the opposite
side of the phylogenetic tree from the other vertebrate
globins, stating that the gene duplication responsible
for myoglobin and lamprey globin must have occurred
at a very ancient time. In Hunt et al. ’s figure (see Day-
hoff 1978, p 229) this duplication point is depicted as
being one billion or so years old. I would like to em-
phasize that if the gene duplication that led to myo-
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globin and lamprey Hb V occurred earlier than postulat-
ed by Goodman et al., for example, late in the Pre-
Cambrian, some 800 million years ago, evidence for a
very high evolutionary rate that Goodman et al. find
breaks down completely. Hunt et al. also place the
divergence point of « and § globins approximately 500
million years ago, which is a much more appropriate
time than that of Goodman et al. who place it about
425 million years ago.

Since Goodman (1978) and Goodman et al. (1974,
1975) have criticized my claim of the constancy of the
evolutionary rate by saying that I failed to consider
multiple mutations in my estimation procedure (that
uses Poisson correction for undetected mutant sub-
stitutions), it is appropriate to examine this aspect of
their work. Their method consists of first estimating
the number of mutant substitutions using the principle
of “maximum parsimony’’ and then modifying the
estimate, sometimes by an enormous amount, using their
“augmentation procedure”. Take, for example, the
evolutionary change of a hemoglobin along the two
lineages, one leading to the carp and another leading to
man, from their common ancestor some 400 million
years back. According to Goodman et al. (1974) the
number of mutations accumulated along the lineage
leading to the carp amounts to 64, while the corre-
sponding number accumulated along the lineage to man
is 56, both being estimated by the maximum parsimony
method as “A-solution” values (see their Fig. 2). These
two numbers certainly do not show that the intrinsic
rates of mutant substitutions are significantly different
in these two lineages. Then, they augment these values
by adding 48 mutations to the lineage leading to the
carp and 33 mutations to that leading to man. So the
final estimates of mutant substitutions turn out to be
112 and 89 respectively for these two lineages (see Fig.
6 of Goodman et al. 1974). Although no statistical
errors are available for these estimates, presumably
they are very large, and the difference between these
two values can not be statistically significant (not sig-
nificant if the distribution is Poisson). This can be seen
clearly by the fact that in another paper published the
next year (Goodman et al. 1975), they allocate 109 and
105 mutations to these two lineages (see their Fig. 1
and also Fig. 1 of this article) instead of 112 and 89 as
mentioned above. That their augmentation procedure
itself contains serious statistical problems has been
pointed out by Tateno and Nei (1978) and also by
Fitch (1980). In addition, it is likely that the maximum
parsimony method they used is inherently error-ridden,
for there is no guarantee that evolution proceeds through
the shortest path. In fact one might argue that a simple
Poisson correction more closely reflects the true ran-
domness of the natural process than a principle requiring
that nature somehow choose the shortest path.

According to Goodman et al. (1974), their maximum
parsimony method can often discriminate between

Table 1. Comparison between the codons determined by Good-
man et al. (1974) using the “maximum parsimony” procedure
for rabbit o globin and the corresponding codons determined
by Heindell et al. (1978) using the Maxam-Gilbert method.
Wrong bases assigned by Goodman et al. are underlined

4 5 8 10 12 13 15 17 19 2
Amino Acid | Pro Ala  Thr Iy Thr Ala Glu Ilu Ser Gly
True Codon |CCC GCU  ACC AUC ACU GCC GAA AUC AGC GGU

Parsimony |ccu 6CG ACU AUY ACU GCU GAG AUU AGU GGA

22 23 24 26 29 30 32 34 3% 37 48 49
Gly Glu Tyr Ala Vval Glu Met Leu Gly Pro Phe Thr
GGC GAG UAU GCC GUG GAG AUG LUG GGC CCC ‘C ACC
GGU GAG UAU GCG GUG GAA AUG CUA GGU CCU UUU ACU

50 63 55 57 60 63 64 65 67 68 70 71
His Glu Ilu Ala Lys Ser Glu Ala Thr Lys val Gly
CAC GAG AUC GCC AAG UCC GAA GCC ACC AAG GUG GGC
CAU GAG AUU GCG AAA UCU CAG GCU ACU AAG GUU GGG

73 76 78 82 85 89 104 107 111 113 115 116
Leu Leu Gly Thr Asp His Cys Val Asn His Ser Glu
CUG CUG GGC ACU GAC CAC UGC GUG AAC CAC AGU GAA
CUA CUU GGU ACG GAU CAU UGY GUU AAU GUU UCU GAG

124 128 130 131 137
Ser Leu Ala Asn Thr
UWCC CUG GCC AAC ACC
UCU CUU GCG AAU ACU

different codons for the same amino acid and this dis-
criminating power increases its utility in reconstructing
phylogeny (see page 4 of Goodman et al. 1974). They
have published extensive globin codon sequences (in
terms of RNA code) which they determined by this
method. So, it is of interest to check if their determina-
tions are valid now that the actual nucleotide sequence
has become available for a few globin genes, thanks to
the new technology of amplifying gene copies in bac-
terial plasmids followed by rapidly sequencing of DNA
by the Maxam-Gilbert method. Recently, the sequence
of rabbit a-globin messenger RNA (mRNA) has been
determined by Heindell et al. (1978) using these pro-
cedures. This allows us to examine the corresponding
maximum parsimony codon sequence determined by
Goodman et al. (1974).

It turns out that, of 51 codons predicted by Good-
man et al. for rabbit a-globin (see Table 4 of their 1974
paper), 44 are wrong and only 7 codons are correct.
This is shown in Table 1, where mistakenly assigned
bases are underlined. This means that only 14% of the
maximum parsimony codons are valid. This is even
more surprising because most of the indeterminancy
is at the third position of the codon and even random
assignment of one of four nucleotide bases to this
position can achieve 25% agreement on the average.
A similar examination can be made for the maximum
parsimony S-globin codon sequence of man (see Table
5 of Goodman et al. 1974), since the entire sequence of
human g-globin mRNA has been determined by Marotta
et al. (1977). In this case, it turns out that about half of
the maximum parsimony codons are wrong, the worst
error being the assignment of AGU for the serine at
amino acid position 44 where the actual codon is UCC;
all three letters are wrong.



All these results show clearly that Goodman et al.’s
(1974, 1975) work is fraught with errors and uncertain-
ty, and contrary to their claim, there is no clear-cut
evidence that evolutionary amino acid substitutions
were very rapid in the early stages of vertebrate globin
evolution. Therefore, their claim that there was a period
of fast evolution due to positive Darwinian evolution,
although plausible, has no support from the data. I
believe that it is much more likely, as we have pointed
out before (Kimura and Ohta 1974) that, if high rates
occur, they are caused by the removal of a preexisting
functional constraint, allowing previously harmful
mutants to become selectively neutral.

From the standpoint of the neutral theory I should
like to suggest that whenever an exceptionally high rate
is encountered in molecular evolution, we should suspect
loss of constraint rather than acquisition of a new func-
tion.

This does not mean of course that no adaptive mu-
tant substitutions have occurred in the course of globin
evolution. But we should be careful not to adopt un-
critically the facile explanation that each case is adaptive
without examining the evidence for it. In my opinion,
such definitely adaptive substitutions are much less
frequent than selectively neutral or nearly neutral sub-
stitutions caused by random frequency drift.
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