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sponge. You could try, but the mere fact that You were tryipg

would reveal something more psychiatric than anatomical,

To properly compare ourselves with these primitive animals,
we need some tools. Just as with heads and limbs, our history jg-
written within our development from egg to adult. Embryos holq -
the clues to some of the profound mysteries of life. They also haye

the ability to derail my plans.

THE COMMON PLAN: COMPARING EMBRYOS

I entered graduate school to study fossil mammals and ended up
three years later studying fish and amphibians for my dissertation,
My fall from grace, if you want to call it that, happened when I
started to look at embryos. We had a lot of embryos in the lab: sala-
mander larvae, fish embryos, even fertilized chicken eggs. I'd rou-
tinely pop them under the microscope to see what was going on.
The embryos of all the species looked like little whitish batches of
cells, no more than an eighth of an inch long. It was exciting
watching development progress; as the embryo got bigger, the
yolk, its food supply, got smaller and smaller. By the time the yolk
was gone, the embryo was usually big enough to hatch.

Watching the process of development brought about a huge
intellectual transformation in me. From such simple embry-
onic beginnings—small blobs of cells—came wonderfully com-
plex birds, frogs, and trout comprising trillions of cells arranged
in just the right way. But there was more. The fish, amphibian,
and chicken embryos were like nothing I had ever seen before in
biology. They all looked generally alike. All of them had a head
with gill arches. All of them had a little brain that began its devel-
opment with three swellings. All of them had little limb buds. In
fact, the limbs were to become my thesis, the focus of my next
three years’ work. Here, in comparing how the skeleton developed

THE BEST-LAID (BODY) PLANS 99

) birds, salamanders, frogs, and turtles, I was ﬁndiflg'that lirr}bs
'1 different as bird wings and frog legs looked very 51m'11ar during
eir development. In seeing these embryos, 1 was secing a com-
j on architecture. The species ended up lookmg different, but
1 started from a generally similar place. Looking at embr.yos,
::) e:;most seems that the differences am(?ng m‘ammal.s, birds,
A:amphibians, and fish simply pale in comparison with their funda-
! 7 mental similarities. Then I learned of the work of Karl Ernst von
: Ba;; the 1800s, some natural philosophers looked to embryos to
'i try to find the common plan for life on earth. Paramount amo.ng
* these observers was Karl Ernst von Baer. Born to 'a noble family,
he initially trained to be a physician. His academic mentor sug-
~ gested that he study chicken development and try to understand
~ how chicken organs developed.
Unfortunately, von Baer could not afford incubators to work on
chickens, nor could he afford many eggs. This was n(.)t ?'ery prom-
ising. Lucky for him, he had an affluent friend, Christian Pander,
who could afford to do the experiments. As they looked ?t embryos,
they found something fundamental: a// organs in.the chicken can be
traced to one of three layers of tissue in the developing embryo. ’I.‘hese
three layers became known as the germ layers. Tl.ley achieved
almost legendary status, which they retain even to this (?ay.
Pander’s three layers gave von Baer the means to ask important
questions. Do all animals share this pattern? Are the hearts,. lungs,
and muscles of all animals derived from these layers? A.nd, ‘1mpor—
tantly, do the same layers develop into the same organs in different
species? ‘
Von Baer compared the three layers of Pander’s chicken ?m—
bryos with everything else he could get his hands on: fish, reptiles,
and mammals. Yes, every animal organ originated in one of these
three layers. Significantly, the three layers formeq the same struc-
tures in every species. Every heart of every species formed from
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the same layer. Another layer gave rise to every brain of every
mal. And so on. No matter how different the species logk
adults, as tiny embryos they all

development.

To fully appreciate the importance of this, we need to look
again at our first three weeks after conception. At the moment of

fertilization, major changes ha
material of the sperm and e
Ultimately,

the cells form a ball. In humans, over about five days,
the single-c

cells. This ball of cells, known as a blastocyst, resembles a fluid-
filled balloon. A thin spherical wall of cells surrounds some flujd
in the center. At this “blastocyst stage” there still does not appear
to be any body plan—there is no front and back, and certainly
there are not yet any different organs or tissues, On about the
sixth day after conception, the ball of cells attaches to its mother’s
uterus and begins the process of connecting to it so that mother
and embryo can join bloodstreams. There is still no evidence of
the body plan. It is a far cry from this ball of cells to anything that

you’d recognize as any mammal, reptile, or fish, much less a
human.

If we are lucky, our ball of cells has implanted in our mother’s

uterus. When 2 blastocyst implants in the wrong place—when
there is an “ectopic implantation”—the results can be dangerous.
About 96 percent of ectopic implantations happen in the uterine
(or fallopian) tubes, near where conception happens. Sometimes
mucus blocks the casy passage of the blastocyst to the uterus,
causing it to implant improperly in the tubes, Ectopic pregnancy
can cause various tissue ruptures if not caught in time. In really
rare cases, the blastocyst is expelled into the mother’s body cavity,
the space between her guts and body wall. In even rarer cases,
these blastocysts will implant on the outside lining of the mother’s
rectum or uterus and the fetus develops to full term! Although
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] d by all animals with a backbone: fish, amphibians, repflles,
{ Sl-mre dd mammals. These common features appear relatively
: blrds"andevelopment. The features that distinguish us—bigger
;T:i)r,\s“iln humans, shells on turtles, feathers on birds—arise rela-
twt\:i(})lrialgzre.:r’s approach is very different from the “ontogenylri]ca—
'3 1 d in school. Von
pitulates phylogeny” idea you might have learne e —
imply compared embryos and noted that the embry
??f?irzlr:i;,ecies fooked more similar to each' other thlein1 doe rtlh,(z
adults of those species. The “ontogeny recapltulatei [l> y odg Jle
approach championed decades later by Erns.t Haechc.: ma Z e
claim that each species tracked its evol‘utlonary 1stl())ry o
proceeded through development. Accordingly, the em go i~
human went through a fish, a reptile, and a mammal staie. ;er(; -
would compare a human embryo to an adult fish or a lizard.
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Our early days, the first three weeks after conception.We go from being a sin-
gle cell to a ball of cells and end up as a tube.

Endoderm, the inside layer, forms many of the inner structures of
the body, including our digestive tract and numerous glands asso-
ciated with it. The middle layer, the mesoderm, forms tissue in
between the guts and skin, including much of our skeleton and
our muscles. Whether the body belongs to a salmon, a chicken, a

frog, or a mouse, all of its organs are formed by endoderm, ecto-
derm, and mesoderm.

From the endoderm: )
lungs, glands, inner lining
of gut

From the ectoderm:
skin cells, brain cells,
hair, tooth enamel, nails

From the mesoderm:
skeletal muscle, organs,
red blood cells

Von Baer saw how embryos reveal fundamental patterns of life.
He contrasted two kinds of features in development: features 3 L— y
s : tion, we are a tube within a tube and have the
shared by every species, and features that vary from species to ' At four weeks after conception, el
: oo : ive rise to all o :
species. Features such as the tube-within-a-tube arrangement are tinee gefin layers that giv
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differences between the ideas of von Baer and
seem subtle, but they are not. In the past one hundred vears_ ¢;

and nev.v evidence have treated von Baer much moreykir::l by 3
comparing embryos of one species to adults of another, HaeyékI:‘»

Haecke] mighti

drive evolution. For that, we compare embryos of one speci
embryos of another. The embryos of different spéciespa Ny
c9mpletely identical, but their similarities are profound Alrlehnot
gill arches, notochords, and look like a tube within a tub;: t 3
stage of their development. And, importantly, embryos as Z' S(')me
as fish and people have Pander and von Baer’; three germ lalStlnCt
All of these comparisons lead us to the real issue at stakeer—;S.
does the embryo “know” to develop a head at the front end a. dOW
anus at the back? What mechanisms drive development and il
cells and tissues able to form bodies? -
To answer these questions required a whole new a roach
Rather than simply comparing embryos as in von Baer’sp za o
hfld to find a new way of analyzing them. The latter part o}f,, t:e
?nneteenth century ushered in the era, which we ﬁrstp discuss ;
in Chapter 3, when embryos were chopped, grafted, split a::d

EXPERIMENTING WITH EMBRYOS
- T
BI'OIOgIStS at the turn of the twentieth century were grappli
with fundamental questions about bodies. Where in thi epli)mg
d(?es tbe information to build them lie? Is this informatiorrln .
.tamed m every cell or in patches of cells? And what form do Ct(;:?_
information take—is it a special kind of chemical? o

Beginning in 1903, the German embryologist Hans Spemann
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i pegan to investigate how cells learned to build bodies during
" development. His goal was to find where the body-building infor-
* mation resides. The big question for Spemann was whether all the

cells in the embryo have enough information to build whole bod-
ies, or whether that information is confined to certain parts of the

developing embryo.

Working with newt eggs, which were easy to obtain and rela-

tively easy to fiddle with in the lab, Spemann devised a clever

experiment. He cut off a strand of his infant daughter’s hair and

made a miniature lasso out of it. Baby hair is remarkable stuff;

soft, thin, and pliant, it made the ideal material for tying up a tiny
sphere such as a newt egg. Spemann did exactly that toa develop-
ing newt egg, pinching one side off from the other. Manipulat-
ing the nuclei of the cells a bit, he let the resulting contraption
develop and watched what happened. The embryo formed twins:
two complete salamanders emerged, each with a normal body
plan and each entirely viable. The conclusion was obvious: from
one egg can come more than one individual. This is what identical
twins are. Biologically, Spemann had demonstrated that in the
early embryo some cells have the capacity to form a whole new
individual on their own.

This experiment was only the beginning of a whole new phase
of discovery.

In the 1920s Hilde Mangold, a graduate student in Spemann’s
laboratory, started to work with small embryos. The fine control
she had of her fingers made her able to do some incredibly demand-
ing experiments. At the stage of development with which Man-
gold worked, the salamander embryo is a sphere about a sixteenth
of an inch in diameter. She lopped off a tiny piece of tissue,
smaller than a pinhead, from one part of the embryo and grafted it
onto the embryo of another species. What Mangold transplanted
wasn’t just any patch, but an area where cells that were to form
much of the three germ layers were moving and folding. Mangold
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piece from

egg 1 ::@ ‘

developing developing developing resulting embryo
egg 1 egg2 €gg 2

Just by moving a small patch of tissue in the embryo, Mangold produced twins.

was so skilled that the grafted embryos actually continued to
develop, giving her a pleasant surprise. The grafted patch led to
the formation of a whole new body, including a spinal cord, back,
belly, even a head.

Why is all this important? Mangold had discovered a small
patch of tissue that was able to direct other cells to form an entire
body plan. The tiny, incredibly important patch of tissue contain-
ing all this information was to be known as the Organizer.

Mangold’s dissertation work was ultimately to win the Nobel
Prize, but not for her. Hilde Mangold died tragically (the gasoline
stove in her kitchen caught fire) before her thesis could even be
published. Spemann won the Nobel Prize in Medicine in 1933,
and the award cites “his discovery of the Organizer and its effect
in embryonic development.”

Today, many scientists consider Mangold’s work to be the sin-
gle most important experiment in the history of embryology.
At roughly the same time that Mangold was doing experiments

in Spemann’s lab, W. Vogt (also in Germany) was designing clever

techniques to label cells, or batches of them, and thus allow the
experimenter to watch what happens as the egg develops. Vogt was
able to produce a map of the embryo that shows where every organ

originates in the egg. We see the antecedents of the body plan in b
the cell fates of the early embryo. :
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From the early embryologists, people like von Baer, Pander,
Mangold, and Spemann, we have learned that all the parts (_)f OEr
adult bodies can be mapped to individual batches of cells in the
simple three-layered Frisbee, and th.e ger?eral structure of tkc;
body is initiated by the Organizer region discovered by Mango
nn. '
an‘ijiltiersrlli:e, and dice, and you’ll find that all mammals, b}rds,
amphibians, and fish have Organizers. You can even sometlr.nes
swap one species’ Organizer for another. Take the O-rganlzert
region from a chicken and graftittoa salamander embryo: you ge
1 ander.
1 tvI;Ithnj(:ldstS islzilr:t is an Organizer? What insid(.: it tells cells how t(;
build bodies? DNA, of course. And it is in this DNA. that ?ve wil
find the inner recipe that we share with the rest of animal life.

OF FLIES AND MEN

Von Baer watched embryos develop, compared one species to
another, and saw fundamental patterns in bodies. Manjgol(.i and
Spemann physically distorted embryos to learr'l how their tissues
build bodies. In the DNA age, we can ask questions about our own

- genetic makeup. How do our genes control the de\felopmenF of
~ our tissues and our bodies? If you ever thought that flies are unim-
- portant, consider this: mutations in flies gave us important clues
~ to the major body plan genes active in human embryos. We put

 this kind of thinking to use in the discovery of genes that build

- fingers and toes. Now we’ll see how it tells us about the ways entire

- bodies are built.

- Flies have a body plan. They have a front and a back, a top and
- abottom, and so on. Their antennae, wings, and other appendag::s
Op out of the body in the right place. Except when they don’t.
Some mutant flies have limbs growing out of their heads. Others



