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The Questions of Developmental Biology

According to Aristotle, the first embryologist known to history, science begins with
wonder: “It is owing to wonder that people began to philosophize, and wonder remains the
beginning of knowledge.” The development of an animal from an egg has been a source of
wonder throughout history. The simple procedure of cracking open a chick egg on each
successive day of its 3-week incubation provides a remarkable experience as a thin band of
cells is seen to give rise to an entire bird. Aristotle performed this procedure and noted the
formation of the major organs. Anyone can wonder at this remarkable—yet
commonplace—phenomenon, but the scientist seeks to discover how development actually
occurs. And rather than dissipating wonder, new understanding increases it.

Multicellular organisms do not spring forth fully formed. Rather, they arise by a relatively
slow process of progressive change that we call development. In nearly all cases, the
development of a multicellular organism begins with a single cell—the fertilized egg,

or zygote, which divides mitotically to produce all the cells of the body. The study of
animal development has traditionally been called embryology, from that stage of an
organism that exists between fertilization and birth. But development does not stop at birth,
or even at adulthood. Most organisms never stop developing. Each day we replace more
than a gram of skin cells (the older cells being sloughed off as we move), and our bone
marrow sustains the development of millions of new red blood cells every minute of our
lives. In addition, some animals can regenerate severed parts, and many species undergo
metamorphosis (such as the transformation of a tadpole into a frog, or a caterpillar into a
butterfly). Therefore, in recent years it has become customary to speak of developmental
biology as the discipline that studies embryonic and other developmental processes.

Development accomplishes two major objectives: it generates cellular diversity and order
within each generation, and it ensures the continuity of life from one generation to the next.
Thus, there are two fundamental questions in developmental biology: How does the
fertilized egg give rise to the adult body, and how does that adult body produce yet another
body? These two huge questions have been subdivided into six general questions
scrutinized by developmental biologists:

e The question of differentiation. A single cell, the fertilized egg, gives rise to
hundreds of different cell types—muscle cells, epidermal cells, neurons, lens cells,
lymphocytes, blood cells, fat cells, and so on (Figure 1.1). This generation of
cellular diversity is called differentiation. Since each cell of the body (with very
few exceptions) contains the same set of genes, we need to understand how this
same set of genetic instructions can produce different types of cells. How can the
fertilized egg generate so many different cell types?

e The question of morphogenesis. Our differentiated cells are not randomly
distributed. Rather, they are organized into intricate tissues and organs. These
organs are arranged in a given way: the fingers are always at the tips of our hands,
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never in the middle; the eyes are always in our heads, not in our toes or gut. This
creation of ordered form is called morphogenesis. How can the cells form such
ordered structures?

e  The question of growth. How do our cells know when to stop dividing? If each
cell in our face were to undergo just one more cell division, we would be considered
horribly malformed. If each cell in our arms underwent just one more round of cell
division, we could tie our shoelaces without bending over. Our arms are generally
the same size on both sides of the body. How is cell division so tightly regulated?

e The question of reproduction. The sperm and egg are very specialized cells. Only
they can transmit the instructions for making an organism from one generation to
the next. How are these cells set apart to form the next generation, and what are the
instructions in the nucleus and cytoplasm that allow them to function this way?

e The question of evolution. Evolution involves inherited changes in development.
When we say that today's one-toed horse had a five-toed ancestor, we are saying
that changes in the development of cartilage and muscles occurred over many
generations in the embryos of the horse's ancestors. How do changes in
development create new body forms? Which heritable changes are possible, given
the constraints imposed by the necessity of the organism to survive as it develops?

e The question of environmental integration. The development of many organisms
is influenced by cues from the environment. Certain butterflies, for instance, inherit
the ability to produce different wing colors based on the temperature or the amount
of daylight experienced by the caterpillar before it undergoes metamorphosis. How
is the development of an organism integrated into the larger context of its habitat?

Anatomical Approaches to Developmental Biology

A field of science is defined by the questions it seeks to answer, and most of the questions
in developmental biology have been bequeathed to it through its embryological heritage.
There are numerous strands of embryology, each predominating during a different era.
Sometimes they are very distinct traditions, and sometimes they blend. We can identify
three major ways of studying embryology:

e Anatomical approaches
o Experimental approaches
e Genetic approaches

While it is true that anatomical approaches gave rise to experimental approaches, and that
genetic approaches built on the foundations of the earlier two approaches, all three
traditions persist to this day and continue to play a major role in developmental biology.
Chapter 3 of this text discusses experimental approaches, and Chapters 4 and 5 examine the
genetic approaches in greater depth. In recent years, each of these traditions has become
joined with molecular genetics to produce a vigorous and multifaceted science of
developmental biology.



But the basis of all research in developmental biology is the changing anatomy of the
organism. What parts of the embryo form the heart? How do the cells that form the retina
position themselves the proper distance from the cells that form the lens? How do the
tissues that form the bird wing relate to the tissues that form the fish fin or the human hand?

There are several strands that weave together to form the anatomical approaches to
development. The first strand is comparative embryology, the study of how anatomy
changes during the development of different organisms. For instance, a comparative
embryologist may study which tissues form the nervous system in the fly or in the frog. The
second strand, based on the first, is evolutionary embryology, the study of how changes in
development may cause evolutionary changes and of how an organism's ancestry may
constrain the types of changes that are possible. The third anatomical approach to
developmental biology is teratology, the study of birth defects. These anatomical
abnormalities may be caused by mutant genes or by substances in the environment that
interfere with development. The study of abnormalities is often used to discover how
normal development occurs. The fourth anatomical approach is mathematical modeling,
which seeks to describe developmental phenomena in terms of equations. Certain patterns
of growth and differentiation can be explained by interactions whose results are
mathematically predictable. The revolution in graphics technology has enabled scientists to
model certain types of development on the computer and to identify mathematical
principles upon which those developmental processes are based.

BETWEEN FERTILIZATION AND BIRTH, the developing organism is known as an embryo.
The concept of an embryo is a staggering one, and forming an embryo is the hardest thing
you will ever do. To become an embryo, you had to build yourself from a single cell. You
had to respire before you had lungs, digest before you had a gut, build bones when you
were pulpy, and form orderly arrays of neurons before you knew how to think. One of the
critical differences between you and a machine is that a machine is never required to
function until after it is built. Every animal has to function as it builds itself.

For animals, fungi, and plants, the sole way of getting from egg to adult is by developing an
embryo. The embryo mediates between genotype and phenotype, between the inherited
genes and the adult organism. Whereas most of biology studies adult structure and function,
developmental biology finds the study of the transient stages leading up to the adult to be
more interesting. Developmental biology studies the initiation and construction of
organisms rather than their maintenance. It is a science of becoming, a science of process.
To say that a mayfly lives but one day is profoundly inaccurate to a developmental
biologist. A mayfly may be a winged adult for only a day, but it spends the other 364 days
of its life as an aquatic juvenile under the waters of a pond or stream.

The questions asked by developmental biologists are often questions about becoming rather
than about being. Similarly, a geneticist might ask how globin genes are transmitted from
one generation to the next, and a physiologist might ask about the function of globins in the
body. But the developmental biologist asks how it is that the globin genes become
expressed only in red blood cells and how they become active only at specific times in
development. (We don’t know the answers yet.)

Developmental biology is a great field for scientists who want to integrate different levels
of biology. We can take a problem and study it on the molecular and chemical levels (e.g.,



How are globin genes transcribed, and how do the factors activating their transcription
interact with one another on the DNA?), on the cellular and tissue levels (Which cells are
able to make globin, and how does globin mRNA leave the nucleus?), on the organ and
organ system levels (How do the capillaries form in each tissue, and how are they
instructed to branch and connect?), and even at the ecological and evolutionary levels (How
do differences in globin gene activation enable oxygen to flow from mother to fetus, and
how do environmental factors trigger the differentiation of more red blood cells?).

Developmental biology is one of the fastest growing and most exciting fields in biology,
creating a framework that integrates molecular biology, physiology, cell biology, anatomy,
cancer research, neurobiology, immunology, ecology, and evolutionary biology. The study
of development has become essential for understanding any other area of biology.



