Jump-Start for the
Vertebrates

New clues to how our ancestors got a head

It’s a long way from amphioxus, it's a long
way to us.

It's a long way from amphioxus to the
meanest human cuss.

It’s good-bye to fins and gill slits, welcome
lungs and hair.

It’s a long, long way from amphioxus, but
we all came from there.

— Philip Pope

he small, fishlike oddity called

amphioxus has long inhabited a zoo-

logical twilight zone. It's a familiar
stranger—neither complete outcast nor
accepted member of the household. Like
humans, amphioxus falls in the phylum
Chordata. But because it lacks a back-
bone, the paper-clip-sized creature lies on
the other side of the vertebrate line.

That dubious position, however, makes
amphioxus the darling of biologists who
seek humanity’s ancient origins. “Amphi-
oxus is an animal that we think looks
remarkably like what the ancestor of the
vertebrates would have looked like [a
half billion years ago],” says Peter WH.
Holland, a molecular zoologist at the Uni-
versity of Reading in England.

In Holland’s laboratory and others
around the world, new studies of amphi-
oxus are starting to reveal critical clues
about the biological leap that produced
all vertebrates, from lampreys to lizards
to lawyers. The emerging evidence sug-
gests that a massive genetic expansion
in one fateful group of invertebrates led
to the evolution of a backbone, a bigger
body, and most important, a much
more complex head.

By RICHARD MONASTERSKY

“There’s a lot of data from my group
and many labs around the world suggest-
ing that many gene families expanded
close to the origin of vertebrates. What-
ever genes we look at, vertebrates have
more of them than do invertebrates,”
says Holland, who discussed his recent
work last fall at a meeting of the Society
of Vertebrate Paleontology in Pittsburgh.

“This is the most exciting thing to hap-
pen in 80 years,” comments biologist R.
Glenn Northcutt of the Scripps Institution
of Oceanography in La Jolla. “We can now
come back to the question of the origin of
vertebrates with a very powerful new set
of data and ideas about genetic changes
and how they relate to development
changes to produce vertebrates.”

oxus and other animals, scientists

have simplified the problem by com-
paring the numbers in select families of
genes.

Nearly 2 years ago, Jordi Garcia-Fer-
nandez, Holland, and their coworkers
discovered that amphioxus has just one
cluster of master blueprint genes called
hox. Found in all animals, hox genes play
a critical role during the early stages of
embryonic growth, helping to organize
the body into a front, middle, and hind
region. Whereas amphioxus and other
invertebrates have only one group of hox
genes, almost all vertebrates have four
clusters, each on a separate chromo-
some (SN: 8/20/94, p. 116).

The same story emerges from studies

l nstead of tallying all genes in amphi-
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From a spineless start: One scenario suggests that vertebrates appeared after an
ancestral chordate acquired a duplicate set of genes. A second genetic doubling

later gave rise to vertebrates with jaws.
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of more than a dozen widely varying gene
groups. These include some that, like
hox, play roles in development and oth-
ers that perform housekeeping functions
in the cell. For example, Linda Z. Holland
and Nicholas D. Holland of Scripps have
studied genes that code for the myosin
light chain, part of the body’s muscle
machinery. “We’ve found that amphioxus
has only one myosin light chain gene. In
vertebrates, there are dozens,” says
Nicholas Holland.

Peter Holland says he anticipated a
very different picture before starting this
research. “You might expect that as you
look at a range of different animals, you
would see widely varying numbers of
genes. If you looked through the verte-
brates, you could expect mammals to
have more genes than reptiles and rep-
tiles to have more genes than fish. But
that turns out to be wrong.

“What our preliminary data suggest is
that all the vertebrates have roughly the
same number of genes, and all the inver-
tebrates have roughly the same number
of genes. But there was a jump between
invertebrates and vertebrates.”

developed about the evolutionary

innovation that led to vertebrates.
Drawing on theories about gene duplica-
tion first proposed by Susumo Ohno in
the 1970s, Peter Holland suggests that a
random mutation gave an animal, which
probably resembled amphioxus, a dou-
ble set of chromosomes and hence a sec-
ond copy of all genes.

Such a mix-up is not implausible, says
Holland, because chromosome duplica-
tion occurs frequently in nature. Indeed,
Down'’s syndrome and many other human
birth defects result from inheriting an
extra copy of a particular chromosome.

After the initial gene doubling that
occurred more than 500 million years
ago, the first set of genes went on per-
forming its original role, while the dupli-
cate set was co-opted to perform new
functions, Holland proposes. Those extra
genes—particularly the additional devel
opmental genes—allowed the hypotheti-
cal vertebrate ancestor to evolve entirely

F rom these numbers, a scenario has
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new body structures.

One of the most important novelties
was a fancier head. In 1983, Northcutt
and Carl Gans of the University of Michi-
gan at Ann Arbor proposed that the ori-
gin of vertebrates is tied to the evolution
of “a new head,” packed with paired sen-
sory organs, a complex, three-part brain,
and other features lacking in inverte-
brates such as amphioxus.

In support of their theory, Northcutt
and Gans noted a critical difference in the
development of animals during the earli-
est stages of life. Vertebrates have three
types of embryonic tissue not present in
invertebrates: neural crest cells, ectoder-
mic placodes, and a modified paraxial
mesoderm. This triad of tissues gives rise
to all the novel elements of the vertebrate
head. The biologists therefore proposed
that the appearance of such tissues far
back in Earth’s history marked the origin
of the new head and thus the vertebrates.

The genetic expansion theory starts
to explain how new body elements could
have appeared. “We had no idea of the
genetic basis for these changes; [now]
we are beginning to understand that
genetic basis,” says Northcutt.

Buoyed by recent developments, biol-
ogists are finally making headway against
a question that has vexed the field for 2
centuries. “Evolution of the vertebrate
body plan is one of the great questions,”
says Nicholas Holland.

At the same time, new fossil evidence
is helping to pinpoint the timing of these
major steps in evolution. Paleontolo-
gists are pushing the vertebrates and
amphioxuslike creatures much further
back in Earth'’s history (see sidebar).

If genes doubled once just before verte-
brates originated, the number of genes
may have increased a second time, mak-
ing possible a leap from the first simple
vertebrates to the complex ones of today.
The earliest known vertebrates, which
shared characteristics of the modern lam-
prey, did not have jaws, paired fins on
either side of the body, or true vertebrae.

Evidence of this second duplication
is less firm, says Peter Holland. Biolo-
gists have only just started investigat-
ing the genetic makeup of lampreys and
hagfish, the jawless animals that serve
as proxies for the earliest vertebrates.
Holland’s preliminary studies of lam-
preys suggest that they have fewer clus-
ters of hox genes than other verte-
brates do. This observation supports
the idea of a genetic expansion between
vertebrates with and without jaws.

Genetic complexity apparently hit a
wall after jaws appeared in early fish.
Since those days, gene numbers have
remained essentially static, though verte-
brates have evolved to produce first
amphibians, then reptiles, mammals, and
birds. Peter Holland says, “I think that
tells us there must be limits to the num-
ber of genes that an organism can cope
with.” O
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Vertebrate origins: The fossils speak up
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