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Homeobox Genes, Fossils,
and the Origin of Species

JEFFREY H. SCHWARTZ*

Ever since Darwin there has been a history of debate on the tempo and mode of evolution. Is speciation a gradual
process involving the accumulation of minute variations extant within a species, or is it rapid, the result of major
organismal reorganization? Does one define a species on the basis of genes, morphology, or geographic or
reproductive isolation? In this communication | present a model of evolutionary change that is based on the Mendelian
inheritance of mutations in regulatory genes and the fact that most nonlethal mutations arise in the recessive state.
Since the new recessive allele will spread through many generations without expression until there is a critical mass of
heterozygotes capable of producing homozygotes for the mutation, the novel feature thus produced will appear
abruptly in the population and in more than one individual. This picture of punctuation is consistent with the fossil
record, which typically fails to provide evidence of smoothly transitional states of morphological change. Given that
the first of their kind in the fossil record are organisms in which their novel characteristics are often more fully
expressed or complex than in their descendants, it would seem that, after the mutation involving a regulatory gene is
introduced, the general tendency is for its effects to become diminished. Among the implications for speciation is that
this process does not depend on either reproductive isolation or genetic incompatibility. Rather, barring effects on
reproductive organs or behavior, homozygotes for a novelty should be able to breed with heterozygotes and
homozygotes for the wild state of the original population. This, in turn, suggests that the species barrier between
individuals is probably a matter of mate recognition. Anat Rec (New Anat): 257:15-31, 1999. © 1999 Wiley-Liss, Inc.
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When people think about human evo-
lution, they usually think about early
species of hominid, like Australopithe-
cus afarensis, the species the specimen
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Lucy represented, or much more re-
cent species, such as Homo erectus or
H. neanderthalensis. But human evolu-
tion actually begins hundreds of mil-
lions of years earlier, with the origin of
cellular life, and the subsequent emer-
gence of increasingly more diverse and
complex clades of multicellular organ-
isms. For if these evolutionary events
had not occurred, there would never
have been occasion to investigate the
origin of our own group and to muse
about the greatness of being human.
But the history of many of these ear-
lier evolutionary events, which we
know had to have preceded the emer-
gence of hominids, is not as clear cut
as that of our own evolutionary group.

We think we know that, somehow,
humans and apes are related. And we
think the best hypothesis at present is
that one, or something like one, of the
currently known 10- to 14-million-year-
old African or Eurasian fossils could
have been the ancestor from which the
large-bodied hominoids ultimately di-
verged. And we even think we have a

few good candidates to serve as the
potential ancestors of the larger group
of anthropoid primates. In fact, in
spite of the normally patchy fossil
record of land mammals, the evolu-
tionary history of primates and the
evolutionary relationship of primates
to other animals seems fairly well un-
derstood. But we can hardly say as
much for the origins of all of the
earlier ancestors from which mam-
mals eventually evolved.

You and | are chordates. A chordate
is an animal which, for at least some
part of its life, has a stiffening cartilagi-
nous rod—a notochord—that lies dor-
sally along its body’s midline longitudi-
nal axis. The primary trunk of a
chordate’s central nervous system also
lies dorsally, parallel with this rod. A
chordate’s mouth is at the front end
and its anus at the opposite end of its
body. A chordate is also a bilaterally
symmetrical animal, having a right
and a left side and paired anatomical
structures, such as gill slits and trunk
musculature. You and | belong to a
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Figure 1. Geological time scale of eras and periods relevant to the evolution of chordates. The scale is in millions of years (Myr).

subclass of chordates, Vertebrata. Ver-
tebrates are animals in which the noto-
chord becomes segmented early in
development into separate, often bony
vertebrae. Vertebrate brains are en-
cased in a protective, usually bony,
shell. Vertebrates have paired append-
ages: two behind the head region, and
two closer to the anus. Most verte-
brates have teeth, which are typically
replaced by sets of new teeth.

Nobody knows for certain where
chordates came from, who their last
common ancestor was. As far as the
fossil record goes, for millions of years,
there were no chordates.* Then, sud-
denly, in the Cambrian (Fig. 1), they
appear in the fossil record. Equally as
suddenly, after some millions of years,
at the Ordovician-Silurian boundary,
vertebrates emerged, replete with
paired appendages, numerous verte-
brae, and dermal plates which in some
taxa covered not only the head, but
also the entire body. After some addi-
tional millions of years, early in the
Silurian, vertebrates with teeth in-
trude upon the fossil record. These
vertebrates didn't merely have some
teeth. They had complete sets of teeth,
which not only filled up the entire
lengths of the jaws, but which also
lasted a lifetime through the continual
replacement of generation after gen-
eration of teeth.

Where is the trail of fossil intermedi-
ates, of missing links leading from
invertebrates to chordates to verte-
brates? The typical paleontologist's an-
swer has been, simply, that these fos-
sils haven't been found yet. They were
there, of course. But the vicissitudes of
preservation and fossilization and the
uncertainty of discovery by paleontolo-
gists have—hopefully only tempo-
rarily—thwarted the filling in of these
annoying gaps in the fossil record.
Otherwise, the fossil record would pro-
vide us with the full picture of the
evolutionary transition of one form
into another. This expectation was first
articulated most fully well over a cen-

tury ago by Charles Darwin, who based
his speculations on the realization that
all life forms are related by virtue of
descent from a common ancestor.

DEBATING DARWINISM

When Darwin was formulating his par-
ticular theory of evolution by way of
natural selection, he, like his contem-
poraries and those naturalists of the
next few generations, had not a clue
about inheritance. But the simple ob-

Even in the absence of
any real understanding
of inheritance, Darwin
and other evolutionists
could speculate
seriously about change
and the origin of
new species.

servation that offspring look like their
parents in some aspects of anatomy
and behavior was not lost on Darwin
and other evolutionists. Since there
obviously was a continuity from one
generation to the next, it must also
extend to species and their descendent
species. Even in the absence of any
real understanding of inheritance, Dar-
win and other evolutionists could
speculate seriously about change and
the origin of new species.

For Darwin, most aspects of an or-
ganism’s anatomy or behavior serve a
purpose and are important for the
survival of the individual.” The nature
of difference between individuals lies
in the degree to which they are better
or less well adapted in terms of any
given feature. Change is brought about
by natural selection choosing, from
among the available variation in a

population, those variants that would
cause the individuals bearing them to
be better adapted than those without,
and this process would be borne out
by the better-adapted individuals pro-
ducing more offspring than those less
well endowed. In this way, organisms
become fitted to their particular cir-
cumstances, and as these circum-
stances change, so, too, do individu-
als, and, consequently, species.

The only illustration Darwin pub-
lished in On the Origin of Species was a
connect-the-dots-like diagram depict-
ing his view of evolution: species de-
scended from a common ancestor;
gradual change of organisms over
time; episodes of diversification and of
extinction of species (Fig. 2). Given
the simplicity of Darwin’s theory of
evolution, it was reasonable for paleon-
tologists to believe that they should be
able to demonstrate with the hard
evidence provided by fossils both the
thread of life and the gradual transi-
tion of one species into another. In
truth, while claims of such demonstra-
tions have been the rule rather than
the exception among paleontologists,
we are still in the dark about the origin
of most major groups of organisms.
They appear in the fossil record as
Athena did from the head of Zeus—
full blown and raring to go.# Neverthe-
less, Darwin’s model of evolution, be-
ing predicated upon the gradual
accumulation of countless infinitesi-
mally minute variations, would de-
mand the existence of insensible series
of transitional forms in the fossil re-
cord, even if their presence in the
rocks cannot readily be documented.

But even in Darwin’s day there were
alternative ideas about how anatomi-
cal novelty might arise. The preco-
cious and outspoken English compara-
tive anatomist Thomas Henry Huxley,
who did not fully accept Darwin’s theo-
retical underpinnings but nonetheless
championed his intellectual right to
advance them, actually promoted
abrupt, major organismal reorganiza-
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tinctions scattered throughout. (Reprinted
with the permission of Harvard University
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tion as the mode by which new forms
came into being.?®> Novelty emerged in
a leap-frog or saltatory fashion, not by
the tranquil process of gradual evolu-
tion. Coincidentally, a saltational
model for the introduction of organis-
mal novelty paralleled observations on
the fossil record that were actually
made by one of the most vocal of
opponents of evolution.

In late 18th- and early 19th-century
France, the anti-evolutionary, totally
biblically informed, yet brilliant com-
parative anatomist and father of pale-
ontology Georges Cuvier had docu-
mented that the extinct plants and
animals entombed in the limestones
of the region did not form a gradual
succession of species throughout
time.® Rather, with the rare case of a
species persisting from one stratum to
the next, new species merely replaced
those of earlier times. As a believer in
the biblical flood, Cuvier explained the
demise of each time period’s species as
the result of such a catastrophic event.
New species, of course, were created
by a divine being. The occasional spe-
cies that survived the catastrophe had
somehow managed to find refuge in a
Garden of Eden. The biblical interpre-
tation aside, however, Cuvier’s observa-
tions were real. Species did not grade
into one another over time. As would

Press.)

be proposed by the saltationists, nov-
elty seemed to appear out of nowhere.

From the late 19th and into the 20th
century the debate among evolution-
ists was phrased in terms of continu-
ous vs. discontinuous variation. Were
the features of individuals, and conse-
quently of their species, analogous to
the colors of the spectrum, which,
when viewed collectively, graded im-
perceptibly from one into another? If
so, then individuals within a species,
as well as species themselves, could be
arranged along a continuum of varia-
tion. Or, to the contrary, no matter
how similar they might seem, were
characters actually discretely different
from one another? If so, then individu-
als within species, as well as species,
did not form an unbroken continuum
of slightly differing shades of differ-
ence. Rather, individuals and species
were distinguishable because their dif-
ferences were disjunct or discontinu-
ous. The side of the debate in favor of
discontinuous variation was promoted
by two of the leading figures in the
emergent field of genetics: the English-
man William Bateson and the Dutch-
man Hugo de Vries.

At the beginning of their careers,
both Bateson and de Vries were sup-
porters of Darwin. Indeed, Bateson,
who trained in physiology and com-

parative developmental anatomy,
sought to document Darwin’s sugges-
tion that organismal adaptation was
tied to—indeed, that it tracked—
change in the environment.! After
years of field studies, Bateson was
forced to admit that he could not find
any support for Darwin’s supposi-
tions.! Upon discovering and then
championing the earlier genetic stud-
ies of the Austrian monk Gregor Men-
del, Bateson became further convinced
that Darwin’s evolutionary explana-
tions were incorrect.? For Darwin, con-
tinuous variation was inextricably tied
to a notion of blending inheritance:
lacking discrete identities, the features
of both parents blended in the cre-
ation of offspring.? Since, however, as
Mendel had demonstrated,®* an indi-
vidual’s features were the result of the
differential expression of the discrete
units of inheritance that had been
contributed by each parent, then the
differences between individuals, and
thus even between species, could not
be continuously variable. If Mendel
was right about separate units of inher-
itance, then, as Bateson saw it, fea-
tures, and consequently the individu-
als bearing them and the species these
individuals formed, had to be discrete
and discontinuously distributed enti-
ties.

Although de Vries thought he could
reconcile his views on selection with
Darwin’s, he was too impressed by the
spontaneous mutations that occurred
in the evening primroses he studied to
accept Darwin’s gradualism and its
underlying premise of continuous
variation.1® In the presentation of his
Mutation Theory, he argued that, while
natural selection acting on minor indi-
vidual variation might be well and
good at the level of the daily lives of a
species’ members, this process is not
relevant to the origin of species, which
he conceived as being an abrupt phe-
nomenon. Speciation, he suggested, is
the result of significant genetic change,
not, as would be adduced from Dar-
win's model, the mere shifting of the
expression of already present genetic
material. De Vries was also skeptical
of Darwin’s concept of natural selec-
tion. Rather than picking and choos-
ing the best or most adaptive features,
de Vries envisioned natural selection
as a force that eliminated the worst
features, leaving behind those that
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were of no harm to the individual
bearing them.

The rejection of Darwin by an in-
creasing number of population geneti-
cists continued into the 20th century.
Among the most vocal of these scien-
tists was the American Thomas Hunt
Morgan. As had so many of his col-
leagues, Morgan initially trained in
comparative developmental anatomy.
In the early phase of his career at Bryn
Mawr College he was convinced that
neither Darwinian nor Mendelian ex-
planations were relevant to under-
standing evolution and the origin of
species.®® Even when he later became
his own convert to both doctrines,
Morgan refused to embrace natural
selection as a viable entity in evolu-
tion. As he saw it, new features just
happened or chanced to appear, and
whether or not they persisted in a
species was also a matter of chance.
Essentially following de Vries, Mor-
gan’s attitude was: If a new feature
didn’t kill you, you had it. As for
Darwin’s concept of continuous varia-
tion, Morgan rejected this conceit, as
well.

THE MELDING OF DARWINISM
AND MENDELISM

But in 1915 Morgan, now at Columbia
University, and his collaborators in
experimental studies on fruit fly popu-
lation genetics seemingly unearthed
the Rosetta stone of genetics and evo-
lution. One day, upon returning to
their laboratory, they discovered that
there were now eyeless mutants amidst
their fruit flies.3¢ When they bred these
mutants with normal individuals, they
could, over many generations, gradu-
ally increase the number of eyeless
individuals. By such manipulative ex-
perimental breeding, Morgan and his
group could alter the prevailing char-
acter of a population of fruit flies.
They were most impressed by their
ability to shift a population of fruit
flies from one in which the wings were
typically a bit longer than the body to
one in which the wings were usually a
bit shorter than the body. They specu-
lated that, were this process to con-
tinue indefinitely, their fruit flies would
end up being wingless.

In one fell swoop, these discoveries
convinced Morgan?®” that both Mendel
and Darwin had been correct. As Men-

del had predicted, morphological char-
acters were indeed tied to discrete
genetic units, which were inherited
according to very consistent rules. A
gene could come in a dominant or a
recessive state, with the former always
being expressed over the latter. Only
when two recessive states or alleles
were present would an individual de-
velop the feature this allele repre-
sented. Mutation introduced the nov-
elty that was necessary for, and which
would eventually produce, new spe-
cies. But in Morgan’s eyes, and keep-
ing with Darwin’s notion of continu-
ous variation, the mutations and the
morphological novelties they produced
were by themselves only of minor po-
tential significance. Gradually over
time, small mutations and the features
they produced would accumulate, fol-
lowing the course natural selection
dictated as it culled the most advanta-
geous combinations. This was the pro-
cess that pushed a species along evolu-
tionarily, allowing it to fluctuate
smoothly and continuously as its sur-
roundings changed about it. The case
seemed closed: Mendelism and Dar-
winism were compatible with the no-
tion of low-level variation being the
fodder of gradual evolutionary change.

In the wake of Morgan and like-
minded fruit fly geneticists came the
statistical or mathematical population
geneticists, the three most prominent
of whom were R. A. Fisher,** Sewall
Wright,%® and J. B. S. Haldane.?2 Al-
though the former geneticist differed
from the latter two more than they did
from one another in terms of the pace
of evolutionary change, all three agreed
on one thing: as Bateson had demon-
strated decades earlier, most nonlethal
mutations arise in the recessive state.
Beyond that point of unanimity, Fisher
believed that a new mutation would
have to be converted quickly to the
dominant state so that it, through the
morphology it produced, could be
available for natural selection to act
on it. Wright and, to a much greater
extent, Haldane were willing for the
recessive allele to be passed on over
many generations until it was widely
spread throughout the population.
Then, eventually, as the number of
individuals bearing a gene in the reces-
sive state increased, so, too, would the
chance of their producing offspring
with two recessive alleles. Being the

bearers of a pair of recessive alleles,
these offspring would also have the
character represented by that allele.
Fisher was adamant that the process
of evolutionary change that brought
about species involved the slow and
gradual accumulation of minor muta-
tions throughout large populations.
Wright and especially Haldane took a
lesson from successful animal breed-
ing experiments and maintained that,
because a mutation will spread quickly
in a small population because of the
effect of partial inbreeding, new spe-
cies will arise rapidly from partially
(Wright) or fully separated (Haldane)
peripheral populations. At some point,
the mutant allele might be converted
to the dominant state.

THE SYNTHESIS AND BEYOND

When the founders of the Synthetic
Theory of Evolution (or, “the Synthe-
sis”) convened in the 1930s and '40s,
they were faced with a situation in
which genetics had assumed the fore-
ground in evolutionary discussions.?®
The fields of paleontology, compara-
tive anatomy, and embryology—which
had been the dominant pursuits of
earlier evolutionists—were dismissed
by geneticists following in Morgan's
footsteps as poor cousins that were at
best tangential, and certainly not cen-
tral, to the development of evolution-
ary theory. Genetics became the lan-
guage of evolution. Consequently,
when naturalists, such as the orni-
thologist Ernst Mayr, discussed the
question of how species might form,
they naturally did so in the context of
inheritance: how to disrupt genetic
continuity within a species so that
natural selection could act on the char-
acteristics, and through them the
genes, of different populations of indi-
viduals.33

Faced with alternative suggestions
as to how slowly or quickly speciation
could occur, and whether it would
involve many or few individuals, Mayr
and his colleagues opted for slowly
and many. They had no time whatso-
ever for the alternative theory that had
been proposed by the German develop-
mental geneticist Richard Gold-
schmidt. Goldschmidt maintained that
the genetics of speciation is totally
different from the population genetics
of everyday life: Rather than resulting
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from the gradual accumulation of mi-
nor mutations, the novelties that dis-
tinguish a new species derive from an
abrupt, almost catastrophic genetic
reorganization that occurs within the
space of a single generation.l7.18
Mayr,3® the geneticist Theodosius
Dobzhansky,!! and the vertebrate pale-
ontologist George Gaylord Simpson®°
all went out of their way to ridicule
and discredit Goldschmidt. Unfortu-
nately, these attacks were made even
more possible not only because Gold-
schmidt had been rather abrasive
about his contemporaries’ narrow-
mindedness, but also because he had
proposed that the unsuspecting bearer
of such a major genetic revolution
should be called a hopeful monster. To
make matters worse, Goldschmidt
could not deal adequately in his specu-
lations with the problem of ensuring
that there would be more than one
hopeful monster, of each sex, at any
point in time—which would, of course,
be necessary in order for the potential
new species to become established.

Goldschmidt’s genetical theory of
the origin of species did, however, find
favor with the German paleontologist
Otto Schindewolf.#445 By the time of
the Synthesis, many prominent paleon-
tologists, led especially by the Ameri-
can G. G. Simpson, were convinced
that the fossil records of various
groups, particularly of the horse, dem-
onstrated the cumulative process of
evolutionary change. Schindewolf,
however, looked at the same fossil
records, including that of the horse,
and saw otherwise. New species, espe-
cially the apparent ancestors of new
and different groups of organisms,
emerged suddenly. Even phases of spe-
cies change within the new group oc-
curred abruptly, following a stepwise
pattern rather than a smooth curve or
gradient. The picture of evolutionary
change as portrayed in the fossil re-
cord was totally consistent, Schinde-
wolf noted, with the expectations of
Goldschmidt’s theory of major genetic
reorganization. But while Goldschmidt
received the brunt of the brutal at-
tacks of his detractors, Schindewolf
remained relatively unscathed. How-
ever, Schindewolf’s interpretations of
the fossil record also went unappreci-
ated.

As far as the founders of the Synthe-
sis were concerned, evolution occurs

by the gradual accumulation of minor
mutations. New species could arise by
this straightforward process. But this
would result in the transformation of
a species, not the diversification of life.
Following Mayr's®® concept of a spe-
cies—being an aggregate of individu-
als between which there is no genetic
or other barrier to their reproducing
and producing offspring that, in turn,
can successfully reproduce—more
than one species could arise if a bar-
rier to gene flow, such as a geographi-
cal barrier, were to be imposed be-
tween subgroups of the original
species. The separated populations
would then proceed gradually to accu-
mulate their genetic and morphologi-
cal differences. In addition, according
to Mayr,3 speciation could only occur
when there was a vacant niche into
which the new form could expand and
become adapted. Following Darwin,
Mayr saw species as being perfectly
fitted to their environmental circum-
stances.

The application of Mayr's species
definition to fossil rather than living
organisms was, of course, more tenu-
ous. But since the members of a spe-
cies are supposed to be adapted to a
particular econiche, there should be
something morphological that reflects
their adaptation and makes them dif-
ferent from even their closest rela-
tives.50 With any luck, one or more of
these adaptive features would be pre-
served in the fossilized anatomy of
extinct organisms. With the melding
of Darwinism and Mendelism com-
plete, the evolution sciences, paleontol-
ogy included, could then go about the
business of trying to figure out the
details of the past and the present.

But the notion of gradual transfor-
mational evolution was challenged
again in the early 1970s, this time not
by geneticists, but by paleontologists.
Two Columbia University graduate stu-
dents in invertebrate paleontology,
Niles Eldredge and Stephen Jay Gould,
proposed the model of punctuated
equilibria,’® which was an extension
of Eldredge’s’? argument that allopat-
ric speciation (speciation through the
separation of subpopulations) via pe-
ripheral isolates was a more accurate
depiction of evolution as portrayed in
the fossil record than phyletic gradual-
ism (the gradual change of entire popu-
lations). By punctuated equilibria, EI-

dredge and Gould meant to convey the
image of, on the one hand, nothing
much happening during the lives of
species once they emerged on the
scene, but, on the other, of a process of
speciation that was relatively so abrupt
that species appeared almost to pop
into existence.

Eldredge and Gould’s evidence de-
rived from their respective studies of
trilobites and snails, which, being pre-
served in large numbers, could pro-
vide a reasonably intact record of their
evolutionary pasts. From afar, the
rapid rise of a species gave the impres-
sion of there being a gap. In detail, as
seen in these fossil invertebrates, the
gap appeared to be filled by a fine trail
of links between the old and new
species. In short, as viewed through
the eyes of punctuated equilibria,
rather than being inconvenient pot-
holes in the path of a gradual picture
of evolutionary change involving large
numbers of individuals, the gaps in
the fossil record are a reflection of a
very rapid process of speciation involv-
ing but a small peripheral fraction of
the original population.

For the most part, neither geneti-
cists nor morphologists found any-
thing acceptable about the model of
punctuated equilibria. Even when EI-
dredge and Gould responded to five
years of accumulated criticism of their
proposal,?! there was still a great wall
of resistance to punctuated equilibria,
especially among population geneti-
cists. The latter maintained that there
was absolutely no need to invoke an
unprovable hypothesis—one based on
supposedly negative evidence (the
gaps), to boot—when simple popula-
tion genetics could easily explain how
a species could be changed over a long
period of time by the introduction of
minor mutations and the action of
natural selection.> Even Eldredge and
Gould's suggestion?! that population
geneticists had been looking at the
wrong genetic level—studying the
structural genes rather than the under-
lying genes that regulate the activity of
these structural genes—fell largely on
deaf ears.

Although the 1980s saw an increase
in the number of paleontologists who
embraced rapid morphological change
and speciation as an alternative to
gradual evolution, the model of punc-
tuated equilibria continued to run up
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Figure 3. Schematic representation of a lar-
val, free-swimming tunicate (above) and a
sessile adult (below). In the larva, the central
nerve and notochord lie dorsally, the mouth
and the anus (not drawn) are at opposite
ends of the trunk, and there are paired struc-
tures, such as pharyngeal gill slits. In the adult,
the notochord and tail no longer exist, and
the body essentially bends in half, bringing
the mouth and anus (not drawn) into close
proximity. (Drawing by T. D. Smith, ©J. H.
Schwartz.*5)

against the objection that natural selec-
tion acting on minute variation was all
that was necessary to explain evolu-
tionary change. Occasionally, punctu-
ated equilibria and Goldschmidt’s
hopeful monsters were mentioned in
the same anti-punctuational article.
The kind of large scale genetic alter-
ation that seemed necessary to pro-
voke the almost explosive production
of a species was simply incompatible
with current views in population genet-
ics. But while these debates were go-
ing on, another sort of geneticist—one
ultimately interested in development—
was busy at work.

COPING WITH DEVELOPMENT

Almost from its beginnings, the disci-
pline of biology has had its share of
embryologists, those scientists who
seek to understand an organism by
way of studying its growth and devel-
opment. When embryology was ap-
plied to evolution, it was believed that
an organism’s evolutionary past was
revealed through its course of develop-
ment. The great German comparative
anatomist, embryologist, and all
around evolutionist Ernst Haeckel
thought that one could see in the

embryonic phases of an organism a
recapitulation of the adult stages of its
ancestors.23 Other comparative anato-
mists, such Thomas Huxley, more sen-
sibly interpreted the ontogenetic stages
shared by different organisms as being
what they are: the early phases of
development, from which the particu-
lar characteristics of a given species
later become differentiated as the indi-
vidual matures.?> From the latter part
of the 19th and well into the 20th
century, there was great interest in
how the study of similarities between
the embryos and fetuses of different
organisms might shed light on their
evolution.

As with the history of evolutionary
studies in general, so, too, did humans
as subjects of inquiry figure centrally
in the co-development of evolutionary
and embryological ideas. An easily
reached realization was that, in con-
trast to most other animals, human
adults retain many features that are
characteristic of the fetus or child. For
instance, a human adult has a rela-
tively large head and brain, a relatively
small face, and is essentially hairless,
just like a neonate. One embryologist,
Louis Bolk, went so far as to proclaim
that humans are actually reproduc-
tively viable fetuses.?

Bolk's musing aside, many embry-
ologists took seriously the fact that the
rates at which an individual grows
physically and matures sexually are
not necessarily the same.® The only
constant is that, upon reaching repro-
ductive maturity, somatic change be-
comes significantly decelerated. In the
case of humans, the rate of physical
change is so prolonged that, in many
ways, it appears to be curtailed while
still in its juvenile phase at about the
time an individual becomes reproduc-
tively mature. When all the possible
combinations of prolonging or acceler-
ating the rates of physical vs. sexual
maturation are taken into consider-
ation, there is an abundance of pos-
sible avenues through which major
organismal change can be introduced.
It did not take very sophisticated labo-
ratory studies to demonstrate that dif-
ferent temperatures could easily and
quickly alter an organism’s course of
development®24 (also see reviews in
references 9, 20).

The implications of altering develop-
mental timing were not lost on Walter

Garstang, who, in the 1920s, proposed
a simple and elegant explanation for
the origin of chordates from an inver-
tebrate ancestor.’® Garstang's inverte-
brate of choice came from among the
tunicates, a group of marine organ-
isms that includes sea squirts (Fig. 3).
An adult tunicate lacks a notochord
and paired structures, and its anus
and mouth are closely approximated.
In addition, as adults, many species of
tunicate are forever fixed to a sub-
strate, as are barnacles. The larvae of
some tunicate species, however, are
free swimming. And some of these
free-swimming larvae even look like
primitive chordates, including being
bilaterally symmetrical. They have a
mouth at one end and an anus at the
other end of the body. They have a
dorsal nerve trunk and a cartilaginous
notochord just beneath and parallel
with it. And they also have paired
trunk structures, such as muscle cells
and pharyngeal gill slits.

To make a chordate, all that needed
to occur was for the larval tunicate
state to persist until the individual
reached sexual maturity. A mere shift
in developmental timing—the accel-
eration of reproductive maturation,
perhaps—and the result would be a
primitive chordate whose emergence
would not have been heralded by a
trail of successively intermediate an-
cestors. And since it seemed that a
potential source of significant develop-
mental alteration could be an organ-
ism’s own surroundings, there was also
the possibility that more than one
individual with chordate features
would emerge at the same time. Al-
though Garstang’s hypothesis remains
a popular, and essentially singular, ex-
planation for chordate origins,* its
broader evolutionary implications
have not been appreciated by many
evolutionary biologists: alterations in
development can produce profound
differences, and lead to new species,
essentially in an instant. But for all the
insight developmental biology might
provide into probing the question of
how evolutionary change might occur,
it was accorded little recognition in
the formulation of the Synthesis.

Fortunately, the field of developmen-
tal biology did not curl up and die,
and, in the 1980s, the door to under-
standing development at its most fun-
damental level was finally opened with
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hypothetical HOM/Hox cluster
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Figure 4. Homeobox genes of the HOM/Hox cluster in the fruit fly (Drosophila, above) and the mouse (Mus, below). These two disparately
related organisms share various homeobox genes, one of which appears to have duplicated in the mammal. If we assume that these animals
have similar genes because of retention from a common ancestor, the genes are identified as orthologous; if not, they are considered
paralogous. Counterparts of some homeobox genes remain unidentified in these animals. (Adapted from Purugganan*! with permission.)

the discovery of a class of regulatory
genes, referred to as homeobox genes,
that are arranged in clusters on sepa-
rate chromosomes.

DEVELOPMENT AND
REGULATORY GENES

With each new study it is becoming
eminently clear that most homeobox
genes are shared by all animals, from
unsegmented worms, to fruit flies, star-
fish, tunicates, zebrafish, chickens,
mice, and humans (Fig. 4). They con-
trol an organism’s development by way
of sending signals from one gene to
another in the form of the proteins
they produce. For example, as deter-
mined in the fruit fly, the oocyte, which
eventually gives rise to the ovum, re-
ceives the messages that determine
what will be the head and tail and up,
down, right, and left sides of a poten-
tial offspring by a back and forth of
proteins produced by homeobox genes
in this cell and the cells of the ovary
around it.1® The body plan of this
bilaterally symmetrical animal is thus
determined even before the ovum from
which it will develop becomes differen-
tiated. Subsequently, the organism ob-
tains its specific features through the
process of certain homeobox genes
turning on and off at specific times
and in different regions of its develop-
ing body.

A radially symmetrical animal starts
off life as a bilaterally symmetrical
animal, with head and tail, up and
down, and right and left sides predeter-
mined. But then, three particular regu-
latory genes—distal-less, engrailed, and
orthodenticle—are activated simulta-
neously throughout the embryo in a
radial pattern.3! The result is a starfish
or a sea urchin. In fully committed

bilaterally symmetrical animals—ar-
thropods and chordates alike—these
three genes participate in aspects of
differentiation along the anteroposte-
rior axis. The distal-less gene is in-
volved in organizing the position of
the appendage or limb bud along the
anteroposterior axis; engrailed contrib-
utes to the growth of the central nervous
system; and orthodenticle is essential for
the proper differentiation of individual
structures of the head region.

Tunicates have the homeobox gene
for producing teeth, but this gene is
active only in vertebrates.5? Fruit flies,
frogs, mice, and humans have the same
homeobox genes for making an eye,?
yet the eyes of fruit flies have multiple
nondeformable lenses, while those of
frogs, mice, and humans possess only
a single, deformable lens, and the pro-
tein in the frog lens is different from
that in the mammals. Tetrapods em-
ploy the same homeobox genes in
limb development as fish do in fin
development.®! In fish, these genes are
activated only along the posterior side
of the developing fin bud, whereas, in
tetrapods, they are turned on along
the posterior side as well as across the
anterior end of the elongating limb
bud (Fig. 5). In addition, in tetrapods,
the terminal homeobox gene of this
set (Hoxd-13) contains a short DNA
sequence that codes for a repeat of the
amino acid alanine. In mice and hu-
mans, representing mammals, there
are many more alanine residues en-
coded in this stretch than in the
chicken, representing birds.®® Mu-
ragaki et al.3® suggested a possible
correlation between differences in
number of alanine repeats and num-
ber of bones in wrists and forefeet and
ankles and hindfeet, the mammals hav-

ing more and the bird fewer alanine
residues and bones. The potential role
of the polyalanine stretch in the se-
quence of events leading to the forma-
tion of number of foot and wrist and
ankle bones is further indicated by a
recent report on the development of
synpolydactyly in a laboratory colony
of mice that resulted from a spontane-
ous mutation of the Hoxd-13 gene.?” In
parallel with the etiology of this syn-

Figure 5. Schematic representation of ho-
meobox gene activity in the developing fish
fin (left) and tetrapod (right) limb buds. Hoxd
genes are active only along the posterior side
of the fin bud, whereas these genes are ac-
tive both along the posterior and anterior
aspects of the limb bud. The skeletal struc-
tures of an idealized fin of a coelacanth-like
fish (left) and forelimb of a typical tetrapod
(right) are represented below. (Drawing by T.
D. Smith after reference 49, ©J. H. Schwartz.*6)
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drome in humans, the mutation in-
creased the length of the polyalanine
stretch of the affected mice. Whether
the latter causes an activation or deac-
tivation of another gene or genes that,
in turn, is part of the developmental
cascade that results in synpolydactyly,
remains unclear?’ (also, B. R. Olsen,
personal communication.

The importance of homeobox genes
for understanding evolution has cer-
tainly not been lost on the developmen-
tal geneticists studying and identify-
ing them, or on those evolutionary
biologists engaged in comparative ana-
tomical studies. And for good reason.
It is mind-boggling to entertain the
possibility that, for all intents and
purposes, the difference between a
fruit fly and a human might have as
much (or even more) to do with the
turning on and off of homeobox genes
that both animals share as would the
acquisition in various ancestral verte-
brates and mammals of a small num-
ber of mutations that duplicated,
added slightly to, or deleted slightly
from, already present homeobox
genes—in short, that fundamental dif-
ferences between organisms could re-
sult simply from altering the course of
development through activating or de-
activating certain homeobox genes,
changing the timing of interactions of
homeobox genes, or both.

When Darwin proposed his theory
of evolution by way of natural selec-
tion, perhaps the most troubling thing
for him was that he was going against
church doctrine. According to the
Bible, a divine creator placed all living
creatures on this earth. As Darwin saw
it, all life was connected by way of a
common origin. In retrospect, it ap-
pears that he was correct, but for the
wrong reason. Life is less connected
by a trail of transformation from one
state to another than by a commonal-
ity of regulatory genes. Differences
between organisms seem to derive less
from the addition of totally new regu-
latory genes than by the novel combi-
nation of existing regulatory genes.

Basically, genes do not evolve specifi-
cally for the creation of a particular
organism, whether it be a human or a
worm, or the parts of an organism.
There are only particular combina-
tions of genes that lead to the develop-
ment of particular organisms with par-
ticular characteristics, which also

explains why similar shapes recur time
and time again in unrelated groups of
organisms. After the emergence of a
new species by mutation affecting
regulatory genes, it might very well be
that something we call natural selec-
tion somehow participates in the fine
tuning of a species by picking and
choosing from the variation between
individuals that derives from differ-
ences at the level of structural genes.
However, given the possible profound
effect of a mutation involving a regula-
tory gene, the situation may be more
as Hugo de Vries envisioned it: If the
new feature doesn't kill you, you have
it.

It is mind-boggling to
entertain the possibility
that, for all intents and
purposes, fundamental

differences between
organisms could result
simply from altering the
course of development

through activating or
deactivating certain
homeobox genes,
changing the timing of
interactions of
homeobox genes,
or both.

Clearly, the potential regulatory
genes have for enacting what we call
evolutionary change would seem to be
almost unfathomable. But are we at
the same place de Vries was when he
proposed his mutation theory, or Rich-
ard Goldschmidt his hopeful mon-
sters? Must we discard a model that
has enjoyed so much success in ex-
plaining evolution because we cannot
integrate it with those tantalizing
pieces of a puzzle that suggest some-
thing punctuational? Must we reject
the notion of punctuation because it is
not clear how to incorporate it into
popular evolutionary views?

The answer to all of these questions

is no. Their resolution lies in under-
standing how a mutation in a regula-
tory gene—either a mutation that sim-
ply turns a gene on or off, or one that
duplicates it or changes it slightly—
fits within the generally accepted Dar-
winian-Mendelian framework of evolu-
tion. And, it turns out, there is a very
simple way in which these seemingly
incompatible schools of evolutionary
thought can come together without
invoking special pleading or unknown
causes. In fact, many of the pieces of
the answer have been right in front of
us for decades.

HOMEOBOX GENES,
MENDELISM, AND THE ORIGIN
OF EVOLUTIONARY NOVELTY

The most important thing to realize
when discussing regulatory genes, in-
cluding homeobox genes, is that they
are genes. As such, homeobox and
other regulatory genes will be inher-
ited in the same Mendelian fashion as
any other kind of gene, such as the
structural genes that code for eye color,
wherein the allele for blue eye color is
recessive and masked by those for
dark eye colors. The Mendelian behav-
ior of homeobox genes has clearly
been demonstrated by experiments
performed on mice in order to learn
about the Rx homeobox gene, the acti-
vation of which is essential to the
formation of the eye and its bony
orbit.3? In this particular study, the Rx
gene, which is normally represented
in the dominant state, was experimen-
tally mutated to the recessive state.
When heterozygotes for the mutant
recessive were bred, offspring that
were homozygous for the dominant
allele were normal in eye and sur-
rounding cranial development. So, too,
were offspring that were heterozygous
for the mutant recessive allele. But
those offspring that were homozygous
for the mutant recessive allele devel-
oped neither an eye nor a bony socket
for it.

Although the Rx gene is now in the
dominant state, it probably arose in
the recessive state, as has been known
to be the case with regard to most
nonlethal mutations since William
Bateson's studies early in this century.?
As such, the first individual bearing
the Rx allele (or the allele that would
affect an already present Rx gene)
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would have been heterozygous for the
condition and would not have ex-
pressed this mutation phenotypi-
cally.23436 This mutation would have
had the same probability of being
passed on to offspring as any other
recessive allele. Through the process
of heterozygosis over some number of
generations, this recessive allele could
then spread silently throughout the
population.14.223658 Eventually, there
would be a sufficient number of heter-
ozygotes for the recessive mutation
that their random mating could pro-
duce offspring that were homozygous
for this allele.

Following Mendel’s prediction,3* the
heterozygotes will produce offspring
in the phenotypic ratio of 3 (for the
dominant) to 1 (a homozygote for the
recessive). But, even though homozy-
gotes would be produced in fewer
numbers (g?) than heterozygotes (2pq),
with a number of heterozygotes bear-
ing the mutation, there would still
exist the opportunity for them to pro-
duce more than one homozygote in a
single generation and for heterozy-
gotes of subsequent generations to
continue to add to the population of
homozygotes.?258 Since, as Wright and
especially Haldane espoused, a poten-
tial breeding population is smaller than
the species to which it belongs, the
spread of the new recessive allele
would be relatively more rapid than if
it were transmitted throughout a large
population, such as the species it-
self.2258 Clearly, the process leading up
to a significant number of individuals
inheriting the mutation would not be
instantaneous, whereas the ultimate
expression of the mutation would. The
case of the spontaneous mutation of
the Hoxd-13 gene that resulted in the
expansion of the polyalanine stretch
and synpolydactyly in a laboratory
colony of mice demonstrates this
model perfectly.?” The mutation arose
in the recessive state and had to have
spread silently throughout the colony
until the number of heterozygotes was
sufficient for the chance production of
a number of homozygotes for the trait.
Only when the trait was found ex-
pressed in homozygotes did the re-
searchers know that a mutation affect-
ing a homeobox gene, which they then
proceeded to identify, had occurred.

With the formation of homozygotes
for the recessive allele, the morphol-

ogy it represents—whether anatomi-
cal, physiological, or behavioral—
would appear abruptly in the
population, without a trail of transfor-
mational steps leading up to its full
expression. Certainly, this was the case,
as discussed above, with regard to the
presence or absence of eyes and bony
orbits in one experimental colony of
mice and the development of synpoly-
dactyly in another. In the former case,
either the offspring of heterozygotes
for the experimentally mutated Rx al-
lele had eyes and bony orbits or they
did not.3? There was no in-between
state. With heterozygotes for the muta-
tion interbreeding, they, as well as the
homozygotes for the mutation, will
continue to add to the number of
homozygotes.

The implications of this for under-
standing evolution are significant. For
example, since the difference between
the chordate-like larvae of one species
of tunicate and the non-chordate-like
larvae of another is due to the activa-
tion in the former of the Manx ho-
meobox gene, which both species
share,® it is likely that a version of
Garstang's!® vision of chordate origins
occurred through the simple mecha-
nism of a mutation that kept the Manx
gene active beyond the larval phase of
development. There would not have
been a series of now missing links. The
emergence of chordates would have
been as abrupt as Garstang had sug-
gested.

Similar examples of silent vs. active
homeobox genes are not difficult to
find. Take, for instance, the DIx gene,
the expression of which is necessary
for tooth development to occur.52 Given
that this gene exists in tunicates, which
are both toothless and jawless, but is
not active in tunicates, it is reasonable
to conclude that when this homeobox
gene was activated in the first homozy-
gotes for the mutation, they developed
full sets of continually replacing
teeth—just as we see in the fossil re-
cord with the emergence of the first
toothed vertebrates and as we still see
today in extant fish and reptiles.* As
for the presence of wrist and ankle
bones and fore- and hindfeet in tetra-
pods, the major difference between a
fish and a tetrapod is that the Hoxd
homeobox genes (Hoxd-11, Hoxd-12,
and Hoxd-13) that are active along the
posterior side of the enlarging fin bud

are active not only along the posterior
side of the growing tetrapod limb bud,
but also across its anterior face.*%5! In
addition, the tetrapod’'s Hoxd-13 gene
contains a short molecular insertion
that codes for alanine. Consequently,
the emergence of tetrapody appar-
ently resulted from two mutations:
one which activated the Hoxd-11-
Hoxd-13 genes in a region in which
they are silent in other vertebrates,
and another involving a short molecu-
lar addition to an existing homeobox
gene. Studies on mice and humans
demonstrate that, when a mutation in
the Hoxd-13 gene increases the num-
ber of alanine residues, there is also an
increase in number and in size of
bones of the wrist, ankle, fore- and
hindfoot.27:3859 The polyalanine stretch
in birds, as represented by chickens, is
considerably shorter, and the number
of ankle and hindfoot and especially
wrist and forefoot bones notably less
than in mammals such as humans and
mice.38 As for the vertebrate fossil
record, the first tetrapods, such as the
Upper Devonian Acanthostega and Ich-
thyostega, possessed more digits in
fore- and hindfoot, and more bones
per digit as well as per wrist and ankle,
than any subsequent tetrapod* (Fig. 6).
Additional examples from the fossil
record demonstrate not only that novel
features appear abruptly, but also that
they are typically more fully expressed
than in descendent forms. For ex-
ample, among the earliest fish, the
agnathans, many were often covered
from mouth to anus in dermal plates.*
Modern fish have small scales. The
jaws of the earliest toothed fish were
fully occupied along their lengths by
teeth and they developed a lifetime
supply of replacing teeth to boot.*
Most mammals, however, have consid-
erably fewer teeth in their jaws than
fish and reptiles and at most develop
only two functional generations of
teeth. Modern birds, of course, are an
extreme example of structural reduc-
tion in that they do not develop any
teeth, although it has been demon-
strated experimentally that their oral
epithelial cells retain the potential to
do s0.2° And, as cited above, the earli-
est tetrapods had many bones in their
limbs’ extremities, while all subse-
quent tetrapods have fewer bones—
sometimes, as in birds, saurischian
dinosaurs, sloths, and horses, consid-
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Figure 6. Reconstruction of skeleton of Ichthyostega (above) and fore- and hindlimbs of
Acanthostega (left and right, respectively, below), two of the earliest known tetrapods.
Acanthostega had at least eight digits on the fore foot and it and Ichthyostega had at least
seven digits on the hind foot. The most a living vertebrate has is five digits per foot. (Drawing by

T. D. Smith after reference 4, ©J. H. Schwartz.*5)

erably fewer bones.* Snakes, which
lack extremities altogether, provide an
extreme example of structural reduc-
tion.

| do not mean to suggest that earlier
forms always have more of a structure
or are more structurally complex than
more recent forms. Clearly, vertebral
column elongation occurred many
times after the emergence of verte-
brates, as is noted, for example, in the
extinct plesiosaurs, mosasaurs, and
ornithischian and saurischian dino-
saurs, as well as in cetaceans.* Tooth
number also secondarily increased in
various mammals, such as in ceta-
ceans, dugongs, and phalangeroid mar-
supials (e.g. wallabies). But it cer-
tainly does appear to be the case that
when the regulatory gene implicated
in the development of a particular
structure is first activated, its effects
are expressed to the fullest potential.
Subsequently, structural complexity of-
ten diminishes in descendent taxa be-
cause that is the only route available
for manipulating structural genes short
of another mutation affecting a regula-
tory gene that might cause an addi-
tional increase in structural size, num-
ber, or complexity.

If there ever are instances of change

that approach the expectations of a
model of gradual evolution, they would
most likely be found subsequent to the
establishment of the basic novelty it-
self. For instance, even Schindewolf4®
thought that, after the major event in
the evolution of the horse in which
digital number was reduced to three,
further digital reduction occurred as a
series of less profound stepwise
changes within the group. These
changes within the horse clade were,
nonetheless, stepwise rather than
smoothly transformational because,
even as the pair of lateral digits was
becoming smaller, and the single cen-
tral digit longer, there were always
three recognizable phalanges in each
lateral digit. When the true horse
emerged with only a single functional
pedal digit, it simply lacked the lateral
digits in their entirety, three phalanges
and all.

THE ROLE OF THE ENVIRONMENT:
EXAMPLES OF ADAPTATION OR
EVOLUTION?

The proposed model of evolution by
way of regulatory gene inheritance

and activity takes into account the
claims of population geneticists (e.g.

reference 5) who see no reason to
invoke any mechanism other than a
Mendelian one for accommodating any
model of evolutionary change. Cer-
tainly, while a mutation is in the reces-
sive state, its spread, even if acceler-
ated by the constraints of a relatively
small population,??58 will not be ful-
filled in the space of a single genera-
tion, in contrast to the expectation of
de Vries's mutation theory!® and Gold-
schmidt's notion of hopeful mon-
sters.t”18 It will take some amount of
time for the recessive allele to spread
within a population'4 by the simple

The proposed model of
evolution by way of
homeobox gene
inheritance and activity
takes into account the
claims of population
geneticists who see no
reason to invoke any
mechanism other than a
Mendelian one for
accommodating any
model of evolutionary
change.

mechanism of Mendelian inheritance.
But once homozygotes are produced,
the feature dictated by the recessive
allele will appear as if out of no-
where.3* At some point, as we know
must happen, the recessive allele might
be converted to the dominant state.
However, just as Fisher, Wright, and
Haldane were in the dark as to how
this process takes place, we still are
today.

But while it was de Vries's and Gold-
schmidt’s insistence on the instanta-
neous expression of a mutation—one
so profound that it would create a new
species of plant or animal—that led to
the dismissal of their theories, the
overall picture of evolutionary change
that they embraced was based on ob-
servations of some substance. Plant
breeders had long been well aware
that spontaneous mutation could oc-



FEATURE ARTICLE

THE ANATOMICAL RECORD (NEW ANAT.) 25

Figure 7. A larval axolotl (above) and adult tiger salamander (below). Under unaltered
environmental conditions, the salamander metamorphoses from the larval to the adult state—
losing, for instance, the externalized gills—coincident with the time at which it will be reproduc-
tively mature. Under conditions less favorable to prolonged somatic development, sexual
maturation is accelerated and the animal becomes reproductively viable while still in the
larval, axolotl phase. Another amphibian, the mud puppy, which looks similar to the axolotl,
never metamorphoses away from the larval state, regardless of its environmental circum-
stances. (Drawing by T. D. Smith, ©J. H. Schwartz.*5)

cur in more than one individual and
produce a new species in the space of a
single generation.1® As we now know,
polyploidy in plants, giving rise to new
kinds, results when the second meiotic
division fails to take place. The prob-
lem, however, is that a similar phenom-
enon producing abrupt change in a
number of individuals had not been
observed in animals—hence the inter-
est among evolutionary biologists in
animals, such as various amphibians
(Fig. 7) and insects, whose somatic
development could be altered from
one generation to the next by the
surrounding environment (see discus-
sion in reference 20). Under unfavor-
able environmental conditions, sexual
maturation in these organisms is accel-

erated, with the result that the indi-
vidual becomes reproductively viable
while still in its larval state (producing
paedomorphosis by progenesis). When
environmental circumstances are fa-
vorable to longer periods of develop-
ment, the individual matures repro-
ductively in synchrony with the
somatic shift from the larval to the
adult state.

The leap of evolutionary faith among
developmental biologists in terms of
the rise of new species involves freez-
ing an organism in a physical state
other than the one into which it would
otherwise have developed. If an organ-
ism, such as the tiger salamander, can
be reproductively viable either as a
larval axolotl or a physically adult

amphibian (Fig. 7), then a permanent
interference with the mechanism of
somatic development could, it would
seem, explain why the mud puppy
never leaves the larval state and how
Garstang’s larval tunicate became the
first chordate. Since the environmen-
tal trigger that can produce an axolotl
vs. a tiger salamander affects more
than one individual, evolution via het-
erochronic manipulation would seem
to be a theoretically viable possibility.
There is, however, a difference be-
tween an organism that is able to
respond within certain limits to differ-
ent stimuli and one that is committed
to a particular developmental path-
way.

In the first instance, the organism
does not become a different organism.
Although individuals of some genera-
tions may represent themselves as re-
productively viable larva, they are still
the same organism whose available
gene and gene product interactions
allow it to generate reproductive hor-
mones either in early or later phases of
somatic development (e.g. see refer-
ences 9, 15, 24). In the latter case, the
developmental pathway, however re-
sponsive to external cues, channels the
organism in a particular way because
of the regulatory genes that are acti-
vated or deactivated at certain times
and in various combinations.

Take, for example, the case of the
mud puppy. All mud puppies stay in
the larval state, replete with large,
frilly externalized gills, regardless of
changes in the conditions of the envi-
ronmental conditions from one breed-
ing season to the next. Clearly, the
mechanism available to the tiger sala-
mander that allows for both acceler-
ated and unaccelerated sexual develop-
ment has been permanently altered in
mud puppies, which would suggest
that their physical state is due to
changes affecting homeobox or other
regulatory gene function rather than
their environmental circumstances.
Thus, while | think that we should take
seriously the potential evolutionary
roles of differential rates of develop-
ment, whether they are at base heter-
ochronic®2° or epigenetic,® it is im-
perative that we distinguish between
the levels at which they might be sig-
nificant.

Itis of intrinsic interest to evolution-
ary biologists that some organisms,
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such as the tiger salamander, can re-
spond to local conditions and switch
generationally between being a repro-
ductively viable axolotl or adult. From
this example, we see the extent to
which certain aspects of development
are responsive within a prescribed set
of regulatory parameters. In the persis-
tence of paedomorphosis, however—as
in the mud puppy (a progenetic am-
phibian that stays in the larval state
because the rate of reproductive matu-
ration is apparently accelerated) or
Homo sapiens (a neotenic mammal
that exhibits delayed onset of adult
growth rates)—we should expect that,
since the phenomena are permanent
(humans in the Arctic or Gobi Desert
do not accelerate sexual maturation to
become something akin to Bolk’s re-
producing fetuses), it was mutation
that affected the underlying regula-
tory mechanisms. Similarly, mutation
would have caused, for example,
Garstang’s tunicate to remain in the
larval, chordate-like state, the first echi-
noderm to cease being a bilaterally
symmetrical animal, early jawed fish
to develop teeth, and the first tetra-
pods to have numerous digits and
digital bones. As mutations, they most
likely arose in the recessive state and
were transmitted in Mendelian fash-
ion, eventually becoming expressed in
homozygotes.

But the quest for environment-
change mechanisms continues. A re-
cent study on the heat-shock gene
Hsp90 in fruit flies*3 claims to have
demonstrated for the first time “an
explicit molecular mechanism that as-
sists the process of evolutionary
change in response to the environ-
ment” (p. 341) and provides an avenue
for the abrupt appearance of a mor-
phological novelty. The unmutated Hsp
90 gene, via the protein Hsp90, stabi-
lizes cell-cycle and developmental
regulators that are crucial for normal
development and physiology. The mu-
tated form of Hsp90, Hsp83 (which
had originally emerged spontaneously,
but which was also experimentally
induced by providing food containing
an inhibitor of Hsp90), permits the
development, depending on whether
the structure is bilateral, of a variety of
asymmetrical or linear anomalies of
fruit fly anatomy: eye (e.g. facet color,
number, size, or absence), wing (e.g.
size, shape, venation, marginal defor-

mation), bristles (morphology, duplica-
tion, distribution), abdomen (e.g. dis-
organized), thorax (e.g. disc eversion,
duplication), haltere (transformation),
and leg (deformation, transforma-
tion). Since the homozygous state for
the mutation is lethal, the mutation
has been maintained in laboratory
colonies via heterozygotes, which are
fertile and among which the severity
of these abnormalities varies. Because
anomalous heterozygotes were bred
successfully with morphologically nor-
mal laboratory colony as well as cap-
tured wild strains of fruit flies, the
case was made that the latter fruit flies
harbored polymorphisms similar to
those of the mutants that were medi-

It is of intrinsic interest to
evolutionary biologists
that some organisms,

such as the tiger
salamander, can
respond to local
conditions and switch
generationally between
being a reproductively
viable axolotl or adult.

ated by Hsp90. Selective breeding of
individuals with anomalies of eye and
wing increased their numbers, but did
not replicate the morphologies
throughout the populations. Instead,
the mutants diverged phenotypically
over successive generations, with vari-
ous variations becoming differentially
expressed in different lineages. Other
experiments demonstrated that the
anomalies of heterozygotes could be
enhanced at high, low, or both high
and low temperatures.

There is great potential in studying
the mediating roles of proteins on the
regulation of development, and this
study clearly points out how impor-
tant, for instance, the Hsp90 gene is
for the maintenance of normal devel-
opment. But the inhibition of regula-
tory control through spontaneous or
experimentally induced mutation of
Hsp90 does not produce developmen-
tally sound individuals. Instead, the

anomalies produced (many of which
involve substantial deformation of
structure) are asymmetrically ex-
pressed if involving bilateral struc-
tures, or disorganized if affecting lin-
ear structures. Consequently, rather
than providing evidence for the intro-
duction of evolutionary novelty that
would have the potential to be sus-
tained in wild populations, this study
has underscored just how critical the
proper orchestration of development
is. Inadvertently, it has perhaps also
elucidated the possible explanation for
the differing patterns of wing venation
that Goldschmidt!”:1® observed in
gypsy and nun moths: namely, slight
differences among individuals in the
level of developmental control by
Hsp90.

Although the expression of these
anomalies can be affected by differing
temperatures, this is not evidence of
evolutionary change. Here, | think, the
interpretation has been influenced by
the language used to discuss evolu-
tion. It may be true, as in this study;,
that extremes of temperature could
alter the severity or penetrance of an
anomaly, but this is not proof of the
environment’s provoking evolutionary
change. It demonstrates how the envi-
ronment—in this case temperature—
caused a response within the bounds
of an established—in this case, mu-
tant—developmental regime. The
anomalies became either more or less
severe. They did not emerge anew. The
problem is that we have become accus-
tomed to thinking of changing frequen-
cies of expressed variation, particularly
in a scenario that somehow involves
the environment, as being synony-
mous with evolutionary change. It is
not, of course. The introduction of
novelty constitutes evolutionary
change. The manipulation of a novelty
once it is established (or of its range of
variation within the population) re-
flects the response of individuals to
their immediate circumstances within
the limits of established genetic varia-
tion. At least for the sake of argument,
then, it would be more appropriate to
view the changes in intensity of the
expressed anomalies in these experi-
mental fruit flies as analogous to adap-
tations once the novelty or novelties
have been introduced.

Were the results of this experimen-
tal study to have been representative
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of evolutionary change, it would be of
further interest because the inheri-
tance of these anomalies is not, as its
authors testify, a case of simple Mende-
lian inheritance. The anomalies ap-
pear to be polygenic in origin, being
based on multiple alleles—which ex-
plains the range of variation within
each category of anomaly expressed
among individuals, but does not easily
lend itself to a model of evolutionary
change based on simple models of
inheritance. In addition, although such
data were not provided, it would ap-
pear that the mutation affecting the
Hsp90 gene arises in the dominant
state inasmuch as heterozygotes for it,
when crossed with normal, wild-type
individuals, produce affected offspring.
If so, as Fisher!* pointed out, in the
wild, selection would eliminate the
mutated dominant allele prior to its
being able to get a foothold in a natu-
ral population. But, whether fully
dominant or recessive, only in the
laboratory has this mutation been kept
alive and its spread within lineages
encouraged.

At present, then, we might do well to
recall the admonitions of the young
Thomas Hunt Morgan. Prior to his
melding Darwinism and Mendelism to
produce the model of evolutionary
change that has dominated the life
sciences, Morgan3® did not agree with
the title of Darwin’s’ book, On the
Origin of Species by Means of Natural
Selection. Rather than producing nov-
elty of the sort that distinguishes spe-
cies, Morgan argued that, by picking
and choosing from among available
variations within a population, natu-
ral selection’s role was in the manipu-
lation of adaptation. Had he thought
of it, Morgan would perhaps have
retitled Darwin’s opus as On the Origin
of Adaptation by Means of Natural Se-
lection.*¢ Indeed, the language that is
used to explain evolution continues to
conflate shifts in variation within
populations with evolutionary change,
extrapolating from the former process
how the other, grander process would
take place. As | have presented here, it
is not necessary to do so. Although we
must always be cognizant of the hierar-
chy of developmental levels, we can
model evolutionary change on the ba-
sis of mutations in regulatory genes
and simple Mendelian inheritance.

IMPLICATIONS OF A MODEL OF
EVOLUTION BASED ON

HOMEOBOX GENES, MUTATION,
AND MENDELIAN INHERITANCE

There are various consequences of the
model of evolution that | am propos-
ing. First is the realization that, since
most mutations arise in the recessive
state, they will not be immediately
available for any form of selection to
act on them. Although this might seem
obvious to us all when forced to think
about it, it is actually not the way in
which the language of evolution often
portrays mutation and selection. For
instance, G. C. Williams,5” one of socio-
biology’s grandparents, writes as if a
mutation is immediately accessible for
selection to act on it. In a world in
which evolutionary change depends
on a pool of infinite variability that is
constantly being fed by an unending
supply of minor mutations, it might be

The language that is
used to explain evolution
continues to conflate
shifts in variation within
populations with
evolutionary change,
extrapolating from the
former process how the
other, grander process
would take place.

reasonable to expect that the effect of
a mutation should be immediately in-
troduced into the population through
the vehicle of its initial bearer so that
natural selection can scrutinize it. In
reality, however, it will take genera-
tions before the mutation will surface
phenotypically in the population. By
then, of course, many individuals, both
heterozygotes and homozygotes, will
possess this allele, with the trait being
expressed in the homozygotes. The
characterization of mutation introduc-
ing variation that is quickly acted upon
by selection is not, however, unique to
Williams. Indeed, this image pervades
the literature of and after the Synthe-
sis, as can be easily verified by reading,

for instance, the works of Ernst Mayr
(e.g. reference 33).

Even after the advent of the first
homozygotes for the mutation, breed-
ing between heterozygotes carrying
the mutation will continue to produce
more homozygotes, just as breeding
between heterozygotes for the muta-
tion and homozygotes for the wild
state will continue to produce more
heterozygotes for the mutation, which,
in turn, will continue to feed the pro-
duction of homozygotes. In this way,
even though there will be more than
one homozygote for the mutation in
the first generation, the number of
homozygotes will increase purely by
the ongoing process of heterozygosis
and the chance that heterozygotes will
produce homozygotes. Of course, mat-
ing between homozygotes will also
increase their representation in the
population. From a broader evolution-
ary perspective, it might seem as if one
species was grading into another. In
reality, however, the novelty that stems
from the mutation will have emerged
abruptly and in full expression in some
number of individuals. If there is a
place for a perception of gradualism in
the overall picture, it would be rel-
evant only in terms of the rate of
increase over time in the number of
homozygotes for the mutation. But
this spread would not, of course, con-
stitute evolution, which is heralded by
the unexpected introduction of nov-
elty.

The model | am proposing also
forces us to realize that the homozy-
gotes expressing a novelty are not nec-
essarily reproductively incompatible
with members of the parent species.
Since a homozygote for the dominant
wild (unmutated) allele can produce
offspring with a heterozygote bearing
one wild and one recessive (mutated)
allele, and heterozygote-heterozygote
crosses produce viable offspring, then,
theoretically at least, any of these indi-
viduals could breed successfully with
a homozygote for the recessive (mu-
tated) allele.

We know—as Bateson? and Morgan
et al.’¢ first laid out in Mendelian
genealogies—that this occurs in less
profound genetic circumstances, such
as with eye color, where individuals
with blue eyes (homozygotes for the
recessive) breed with heterozygotes
and homozygotes for dark eye color
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without consequence to their off-
spring. Beginning with Bateson’s? stud-
ies, the production of fertile offspring
without regard to homozygosity or
heterozygosity has also been demon-
strated to apply to more noteworthy
cases of physical difference between
individuals (e.g. brachy- and polydac-
tyly)—cases that might be regarded as
more anomalous or significant than
mere differences in eye color. Given
these less spectacular examples, why
should we not then also expect that, in
spite of the potentially profound effect
that mutation affecting a regulatory
gene might have, homozygotes for the
mutation could produce viable off-
spring with any other individual from
their original population?

The answer is simple: This should
occur—unless, of course, the novelty
emergent in the homozygotes directly
affects the reproductive organs in some
way, as Goldschmidt had required for
his hopeful monsters to be reproduc-
tively isolated from their parent spe-
cies,17:18 sperm protein recognition by
the ovum,354 or zygote viability or
fertility.3%% When the latter circum-
stances directly involving reproduc-
tion are not of concern, a question that
then arises is: What constrains some
members of a species from mating
with other individuals with which they
could produce reproductively viable
offspring?

RECOGNIZING SPECIES

The solution to this question appears
to lie in the species mate recognition
concept of Hugh Paterson.*® In con-
trast to Mayr’'s® biological species defi-
nition, wherein something external to
the organism governs reproductive ac-
cess of individuals to one another, the
species mate recognition concept pro-
poses that there is something inherent
in an organism—whether morphologi-
cal, physiological, behavioral—that de-
termines with what other organism it
can or will attempt to mate. Although
Paterson saw the species mate recogni-
tion concept as being less applicable
to plants, bivalves, and organisms of
similarly constrained mobility than to
more actively mobile sexually repro-
ductive animals, the model may actu-
ally be very broadly applicable.

In the case of sessile or essentially
immobile marine organisms, for in-

stance, males and females (defined
primarily by whether they produce
sperm or ova*’) cast their gametes into
their aqueous surroundings. As was
demonstrated recently in abalone,?
either sperm and ova are compatible—
that is, the receptors on the egg enve-
lope recognize the protein of the sperm
shell—or they are not. Thus, while
many species of abalone might be
spewing out gametes, only those sperm
and ova that recognize each other
biochemically will produce fertile off-
spring. As determined in Drosophila,®
a homeobox gene lies at the base of
gametic compatibility or incompatibil-
ity. Certainly, gametophyte (i.e. pollen-
megaspore) recognition in plants
should be analogous to sperm-ovum
recognition in animals.

But especially for organisms that
are mobile, and where the sexes have
the opportunity to cross paths, genetic
incompatibility need not be the only
avenue available for keeping species
apart. Indeed, as argued above, it
might be genetically possible for two
individuals to produce offspring suc-
cessfully, but the fact of the matter just
might be that, for whatever reasons,
they do not recognize or respond to
each other as potential mates. Conse-
quently, while homozygotes for the
recessive allele could interbreed with
individuals of their parent population
and produce reproductively viable off-
spring (unless the mutation affected
the reproductive organs or gametic or
zygotic function), the novelty that
emerges with homozygosity may pre-
clude its bearers from either recogniz-
ing or responding to related heterozy-
gotes as potential mates, or vice versa.
Certainly, both possibilities of non-
recognition may apply simultaneously.

Among examples of factors leading
to non-recognition are differences in
social, feeding, or reproductive behav-
ior, in color, pelage, size, or other
morphology, and/or in pheromonal or
other physiological chemistry. If we
restrict ourselves intellectually to the
typical Darwinian idea of a feature
evolving gradually so as to become
adapted or fitted to a specific role or
function, then we are faced with the
dilemma of having to explain the evo-
lution of genes for preference of a trait
through mate recognition (or the rejec-
tion of a trait because of non-recogni-
tion). But in light of the model of

evolution proposed here, the adapta-
tionist constraint is unnecessary. Mate
recognition response need not be cast
solely as a preference for one trait over
another. Rather, it may simply be a
response to, or perception of, greater
vs. lesser degrees of similarity in, for
example, feeding or positional behav-
ior, smell, or color. Clearly, the first
organisms with teeth, eyes, digited
feet, or lungs would have exploited
aspects of their environment in ways
that were either unavailable to, or
broached differently by, their un-
changed kin. Individuals may have a
proclivity toward mating at random,
but their circles of potential mates
may be circumscribed by degrees of
perceived similarity in morphological,
behavioral, or physiological attributes.
Taken from this perspective, then, the
notion of a species may truly be unto
the beholder: either unto the bearer of
the mutation and its effects, or unto
the bearer’s potential mate.

Another realization of the model of
evolution I am proposing is that specia-
tion need not occur through geo-
graphic isolation leading to the accu-
mulation of genetic change and,
ultimately, reproductive isolation,
which is still invoked as the pre-
eminent mechanism leading to the
rise of new species.®® Rather, aside
from alterations affecting reproduc-
tive organs, gametes, or zygotes that
would interfere directly with the pro-
duction or viability of offspring, specia-
tion can result from the introduction
of a morphological, physiological, or
behavioral novelty that causes some
individuals not to mate with one an-
other, in spite of the fact that they
could still do so, while permitting oth-
ers to do so. The reason that we do not
observe most organisms, including
those we identify as sister species,
attempting to breed with one another
is not necessarily because they cannot
do so successfully (and thus they pro-
vide evidence of genetic and reproduc-
tive isolation). More likely, it is be-
cause they just do not.

The process of speciation (if, in-
deed, we should continue to refer to it
as such) may, therefore, result simply
from the silent spread of a mutation
affecting a regulatory gene or genes
followed by the abrupt expression of
the effects of the mutation. It would
not have to involve any subsequent
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genetic change of note that would
lead, for instance, to gametic incom-
patibility or any other expression of
reproductive failure (for example, see
references 11, 39). Furthermore, given
the way in which the mutation were to
spread throughout the population
prior to being expressed, one can
hardly think of the novelty emergent
in homozygotes as having been se-
lected for. Perhaps something (e.g. tem-
perature, light, radiation, chemistry)
in the external or internal environ-
ment of the organism might provoke
the mutation, but that does not mean
that the resultant phenotype is directly
correlated with the source of the muta-
tion. In fact, since it will take some
number of generations for the muta-
tion—which may not directly produce
a morphology as much as contribute
to a cascade of developmental effects
leading to novelty—to spread through
the population prior to its being ex-
pressed, it seems unlikely that the
resultant morphology can be consid-
ered a specific adaptation to a specific
environmental situation. Rather, it
might more realistically be the case,
again to paraphrase de Vries, that if a
novelty does not Kill its possessors, it
will remain in the population. Once a
novelty persists, however, selection
might then act upon slight variations
of its expression among the individu-
als of the species.

In the context of rethinking specia-
tion, we can make some sense of hy-
brid zones: those areas in which two
seemingly distinct species, whose
members differ in morphology or be-
havior, or both, freely intermingle and
breed. To some population biologists,
a hybrid zone represents an early phase
of the process of speciation. To others,
the existence of hybrid zones demon-
strates the impossibility of defining
species on the basis of morphology. To
the latter scientists, only with the en-
actment of genetic isolation, or at least
geographic separation, can a species
be delineated. Indeed, the fact that
various organisms, such as zebras and
horses, which normally do not inter-
breed, can do so successfully under
artificially induced situations, also
adds to the distrust of morphology in
matters of determining species.

But hybrid zones actually demon-
strate the fundamental aspects both of
inheritance and of the species mate

recognition system. In cases of hybrid-
ization, such as those documented for
various species of baboon,?8 individu-
als at the poles of the clinal distribu-
tion act and look distinctly differently,
particularly in the latter in aspects of
hair length and coloration, body size,
and skull size and shape. We do not
know if the different populations had
been geographically separated from
one another at an earlier time and
have since come into proximity, or
whether they never did venture far
from their original place of differentia-
tion. But it is clear that whatever
genetic differences underlie the physi-
cal differences, they do not prevent the
interbreeding of individuals that we
humans can distinguish easily from
one another. Obviously, these individu-
als recognize each other as potential
mates and that'’s all that matters.

The process of speciation
(if, indeed, we should
continue to refer to it as
such) may result simply
from the silent spread of
a mutation affecting a
regulatory gene or
genes followed by the
abrupt expression
of the effects of
the mutation.

More recently scientists have discov-
ered that the rusty crayfish, which
taxonomists had put in its own spe-
cies, was expanding its range from
Kentucky into Indiana, where it was
hybridizing with the local blue cray-
fish, which had also been placed in its
own species.*?2 The hybrids are not
only aggressive, they are also produc-
ing offspring which, in turn, are driv-
ing out the original blue crayfish. Since
the rusty and blue crayfish were not
only phenotypically different, but also
geographically separated, it is under-
standable how a taxonomist would be
satisfied that each population repre-
sented a different species.

One would predict that the pheno-

typic difference between the blue and
rusty crayfish arose by the spread of a
mutant recessive allele. One would
also predict that additional genetic
difference could have arisen over the
period during which the two popula-
tions had been geographically sepa-
rated. Nevertheless, and contrary to
expectation, the two morphs of cray-
fish can obviously successfully inter-
breed. Although this might perhaps be
disturbing to taxonomists, it is totally
comprehensible in the context of basic
Mendelian principles of inheritance
and the species mate recognition con-
cept. In this case, neither phenotypic
difference nor geographic (and, conse-
guently, temporal) separation were suf-
ficiently significant to prevent individu-
als of both species from recognizing
each other as mates and, in turn,
producing reproductively viable hy-
brids.

The foregoing discussion is also rel-
evant to one of the most heated de-
bates in paleoanthropology: namely,
could Neanderthals and Homo sapiens
interbreed? The basis of the dispute is
whether the profound and profuse
morphological differences that exist
between theses hominids truly war-
rant recognizing two species, H. sapi-
ens and H. neanderthalensis. Clearly,
however, this is not the way in which
to approach the question. It is not
simply a matter of whether Neander-
thals and modern humans could have
successfully interbred. Rather, it is a
question of whether they would have
interbred.

If the situation were as simple as the
current debate makes it seem, and the
issue truly only about the existence of
maximally two species—instead of
there being great taxonomic diversity,
with some number of species compris-
ing with H. neanderthalensis a clade
apart from that which subsumes H.
sapiens and its closest relatives, as the
situation really appears to be*855—]|
expect that there would have been a
good chance that they could have inter-
bred. But, given the degree of morpho-
logical difference between the two
hominids, and recognizing that this
reflects only the fossilizable elements
of their biology, | would also predict
that, if they truly were sister taxa,
Neanderthals and modern humans
would not have interbred. Perhaps
there are some among us who believe
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that the morphological differences
would not have deterred them from
attempting to mate with a Neander-
thal. But this presumes that the Nean-
derthal would also have recognized
the human as a potential mate.

As for these different hominids re-
ally being distinct species, the most
that we can do as systematists is to
offer this as an hypothesis. If we do
suggest that two groups are probably
distinguishable as species, and that
they are sister taxa, but we later find
reason to relegate them to the same
species, our hypothesis of relatedness
has not been falsified. At present, it
seems to me that, since morphology
results from both the underlying ge-
netic information and the specifics of
a particular developmental history, it
is still a reasonable arbiter in making
taxonomic and phylogenetic decisions.
For systematists, the task at hand is to
try to distinguish between differences
among individuals that are structural
gene derivatives and those that are
governed by regulatory genes. Clearly,
the former case represents the noise of
individual variation, whereas the lat-
ter provides insight into the advent of
clades and the differentiation of spe-
cies within clades. For all evolutionary
biologists, the time has come to resyn-
thesize the Synthesis.
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