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ABSTRACT We have compared the relative rates of
protein evolution and chromosomal evolution in frogs and
mammals. The average rate of change in chromosome
number has been about 20 times faster in mammals than
in frogs. Whereas it takes only 3.5 million years, on the
average, for a pair of mammal species to develop a dif-
ference in chromosome number, the corresponding period
for frogs is 70 million years. In contrast, the rate of protein
evolution in mammals has been roughly equal to that in
frogs. The rapid rate of gene rearrangement in mammals
parallels both their rapid anatomical evolution and their
rapid evolutionary loss of the potential for interspecific
hybridization. Thus, gene rearrangements may be more
important than point mutations as sources for evolution-
ary changes in anatomy and way of life.

There must be a molecular basis for the differences in anatomy
and way of life among organisms. Nonetheless, despite the vast
effort devoted in recent years to the study of nucleic acid and
protein evolution, serious problems arise when one tries to re-
concile organismal evolution with macromolecular evolution
(1-3). We now present evidence that there may be a close
parallel between chromosomal evolution and organismal
evolution. Attention is therefore focused on the idea that the
phenomenon of gene rearrangement may be at the basis of
organismal evolution.

This idea emerges from consideration of the processes of
organismal, chromosomal, and molecular evolution in frogs
as compared to mammals. As recently pointed out, rates of
protein evolution in frogs have been very similar to those in
mammals even though organismal evolution has proceeded
much more slowly in frogs than in mammals (1-3). The con-
trast was explained by postulating rapid evolution of mammal-
ian regulatory systems (3), guided by natural selection, while
the anuran adaptive zone remained a far more conservative
one. This necessarily implies that protein evolution in both
groups occurs independently of whether or not other evolu-
tionary changes are taking place. One may then ask if these
postulated changes in regulatory systems, occurring so much
more rapidly in mammals, are reflected at any level other than
that of the organism itself. We suggest that this level is that
of chromosome structure. The supportive evidence comes from
an estimation of the relative rates of chromosome evolution
and protein evolution in frogs and mammals.

MATERIALS AND METHODS
Antisera were made to the purified albumins of 28 frog and 36
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mammal species of known chromosome number. Each anti-
serum was tested for reactivity with serum or plasma from
numerous species of known chromosome number by means of
the quantitative microcomplement fixation method. Although
space does not permit the listing of all 236 of the species
examined, an indication of their taxonomic variety is given
in Table 1. The details of albumin purification, antiserum
production, and immunological distance measurement have
been given (2-6). Immunological distances are approximately
equal to the number of amino-acid sequence differences be-
tween two albumins (7).

Although we studied primarily albumin, protein evolution
proceeds with sufficient regularity (8) to make us confident
that species whose albumins differ greatly will also differ sub-
stantially at other loci as well. Electrophoretic and DNA
hybridization measurements of genetic distance (9-11) corre-
late well (r = 0.8 and r = 0.9, respectively) with immuno-
logical distances among the albumins of the same species (3,
7). Hence, we are confident that albumin immunological dis-
tances are indicative of the overall degree of sequence resem-
blance among the genomes of the species compared.

RESULTS

Mammals. We compared the albumins of 318 species pairs
representing 8 orders of placental mammals (Table 1). For
each species pair studied we noted whether the two species had
identical or different chromosome numbers and determined
the immunological distance between their albumins. Species
whose albumins differ by more than 6 units usually have dif-
ferent chromosome numbers. This is evident from the solid
black histogram (Fig. 1), which summarizes our results with
mammals. Mammalian species whose albumins differ by 6
units have a 50%, chance of differing in chromosome number.

Frogs. A radically different result was obtained by studying
the albumins of 373 frog species pairs in the same way. As
indicated in Fig. 1, frogs whose albumins differ by 6 units
always have the same chromosome number. Indeed, the
albumin immunological distance at which there is a 50%
chance that two frogs will differ in chromosome number is
roughly 120 units.

Fundamental Number. A similar picture emerges from con-
sidering the number of chromosomal arms, i.e., the “funda-
mental number,” rather than the number of chromosomes.
The albumin immunological distance at which there is a 50%
chance that two species will differ in fundamental number is
roughly 4 units for mammals and 120 units for frogs. The
mammalian value is not precise because there is uncertainty
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TaBLE 1. Variety of species of known chromosome number
whose albumins were compared

No. of
No. of species pairs
Taxonomic group antisera* examinedt
Frogs
Bufonidae 7 95
Hylidae 16 180
Ranidae 5 98
Mammals
Artiodactyla 3 31
Carnivora 6 36
Cetacea 1 1
Chiroptera - 6 12
Perissodactyla 1 2
Primates 15 191
Proboscidea 1 1
Rodentia 6 44

* Some of the data obtained with many of these antisera have
been published (1-4, 6-8, 32-36).

t Altogether we examined 93 species of mammals and 143
species of frogs. We did not compare the albumins of all possible
pairs of these species (i.e.; 14,431 pairs), owing in part to the fact
that antisera were available to only some of them. For mammals,
we give only the number of pairs whose albumins were found to
differ by no more than 40 immunological distance units. We have
not attempted a compilation for species pairs differing by more
than 40 units because the number of such pairs is very large and,
furthermore, a plateau value is reached in the histogram (Fig. 1)
at about 20 units.

about the exact number of chromosomal arms in many species
of mammals. '

Karyologists have pointed out that artiodactyls are un-
usual among mammals in having undergone few evolutionary
changes in fundamental number. Our findings agree with this.
The albumin immunological distance at which there is a 509,
chance that two artiodactyls will differ in fundamental num-
ber is roughly 15 units.

DISCUSSION

Rates of Chromosomal Evolution. Our results indicate that
evolutionary changes in chromosome number have proceeded
roughly 20 times faster in mammals than in frogs. This in-
ference is drawn from estimation of the albumin immuno-
logical distance at which there is a 50% chance that a pair of
species will have identical chromosome numbers. The esti-
mates made by inspection of Fig. 1 are 120 units for frogs and
6 units for placental mammals. One should also bear in mind
the evidence that.albumin evolution proceeds with consider-
able regularity (3, 8) and that the average rate of albumin
evolution in frogs appears to be equal to that in placental
mammals (1, 2, 4). This rate is 1.7 units/million years. From
this, we may calculate the rate at which differences in chromo-
some number between species evolve. For frogs we estimate
that it generally takes 120/1.7, i.e., 70 million years for a differ-
ence in chromosome number to develop between two species,
whereas for mammals the average time required is 6/1.7, i.e.,
3.5 million years. Similar calculations show that the average
rate of evolutionary change in fundamental number has been
over 20 times greater for placental mammals than for frogs.

Evolutionary changes in chromosome number could result

Rates of Chromosomal Evolution 3029

b

I i i 1 1 ] L
4C 60 80 I00 120 140 160 180 200

Percent of Pairs Having Same
Chromosome Number

Immunological Distance Between Pairs

Fi1c. 1. Fraction of species pairs having identical chromosome
number as a function of the immunological distance between the
albumins of the pairs. The light stippled histogram summarizes the
results for 373 different pairs of frog species. The solid black
histogram summarizes the results for 318 different pairs of
mammal species. The chromosome number data were taken from

refs. 37—41.

from either the rearrangement, or the loss or gain, of genetic
material. As most mammals, regardless of their chromosome
number, have 6 pg of DNA per cell and most of the frogs
examined have 10 pg of DNA per cell (12, 13), gene rearrange-
ment events are probably responsible for most evolutionary
changes in chromosome number (14). Most evolutionary
changes in fundamental number are probably brought about
in this way also. It therefore appears that evolutionary
changes in gene arrangement have occurred far faster in
mammals than in frogs.

Relationship Between Chromosomal Evolution and Anatomical
Evolution. The rapid chromosomal evolution in mammals
parallels their rapid anatomical evolution. However, as noted
above, there is no indication that protein evolution has been
accelerated in mammals.

A contrast between protein evolution and chromosomal
evolution is also evident from studies conducted by popula-
tion geneticists. Although it is rare to find cases of intraspecific
variation in chromosome number, it is now well established
that populations often exhibit other types of karyotypic varia-
tion, for example inversion or translocation of small chromo-
somal segments (15). Inversion polymorphisms have been
especially well documented in many species of fruit flies
(Drosophila). Intraspecific karyotypic variation also occurs in
many other insects (16) as well as in many vertebrates (17).
Protein studies have recently been conducted with some of
these species. It is remarkable that the geographic pattern of
allelic variation at loci coding for proteins usually contrasts
with the pattern of chromosomal variation (18, 19). Island
populations, for example, may be chromosomally distinet from
mainland populations despite being virtually identical in re-
gard to protein allelic frequencies.

Evolutionary biologists used to think that a genetic revolu-
tion accompanies the process of speciation (20, 21). However,
there are now numerous reports that closely related species,
though karyotypically distinct, can be extremely alike at the
protein level (22-25). Such reports make some workers tend to
doubt that a genetic revolution accompanies speciation. The
evidence given above for frogs and mammals, however, implies
that studies at the protein level may not be relevant to the
question of whether such a genetic revolution occurs during
speciation. If the postulated revolution occurs at the level of
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gene rearrangement, it would not be detected by current
methods of protein comparison.

Gene Rearrangement and Regulatory Evolution. The rapid
chromosomal evolution experienced by mammals is paralleled
not only by their rapid anatomical evolution but also by their
rapid evolutionary loss of the potential for interspecific
hybridization. Although the nature of the molecular barriers
to development of an interspecific zygote is not known, the
phenomenon of allelic repression, which occurs in extreme
hybrids (26), shows that regulatory barriers may be very im-
portant. We have therefore suggested that evolutionary loss of
the ability of two species to hybridize probably results from
the accumulation of incompatibilities between the two sys-
tems for reégulating the expression of genes during embryonic
development (3). Thus, mammals appear to have undergone
both rapid regulatory evolution and rapid rearrangement of
genes. This correlation may indicate that gene rearrangement
provides an important means of achieving new patterns of
regulation. Although little is known about the mechanisms for
regulating gene expression in vertebrates, molecular biologists
are now giving much attention to the organization of genes on
chromosomes (27-29).

The idea that gene rearrangements may contribute signifi-
cantly to adaptive evolution is not new, having been discussed
at length by Ford (30), in his development of the “‘super-
gene’”’ concept, and recently by Soulé (31). It may be use-
ful, then, to regard adaptive evolution as resulting primarily
from changes in the expression of genes relative to one another
rather than from amino-acid substitutions in the products of
those genes. Adaptation is probably a complex process re-
quiring new interactions among many genes. The reshuffling
of genes may be an important mechanism by which new inter-
actions can occur.

The hypothesis that gene rearrangement is a key factor in
organismal evolution can be tested. The hypothesis predicts
that the number of gene rearrangements should be correlated
with the degree of morphological evolution exhibited by a
lineage over time. Thus, morphologically conservative forms
should show relatively less change from an ancestral karyo-
type as compared to forms that have undergone rapid adaptive
change. There is, therefore, a need for high-resolution chromo-
some studies on species representing lineages with known rates
of anatomical evolution.
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