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The Origins of Biotechnology:
A Primer on the Science and
Beginnings of Its Regulations

Advances in biotechnology are featured on the news and inspire the
formation of many commissions and government advisory committees
and even more legal wrangles. Biotechnology, the use of biological pro-
cesses to produce a product or process for human use and benefit, is
often portrayed as a revolutionary, even dangerous, way of viewing and
using nature and its elements. It is also an ancient activity. The making
of beer, wine and cheese are essentially biotechnologies, though some
may question the benefit of wine and beer and indeed others may even
question the benefit of cheese. The domestication, breeding and selection
of plants and animals for human use using conventional methods also
are biotechnologies.

The biotechnology activities that raise concerns and are the stuff of
headlines and news programs generally involve the application of recent
discoveries in the biological sciences to alter the properties of a living
organism by altering its genes, with the goal of producing a product or
process for human use. Another term for the process of altering genes is
genetic engineering, because the way in which useful biotechnologies are
created often involves the alteration of the properties of an organism by
engineering its genetic material. The difference between science and en-
gineering is important in thinking about biotechnology. Science can be
defined as “the observation, identification, description, experimental in-
vestigation and theoretical explanation of natural phenomena” (Ameri-
can Heritage Dictionary, 2nd College Edition). Engineering is “the
application of scientific and mathematical principles to practical ends
such as the design, manufacture and operation of efficient and econom-
ical structures, machines, processes and systems” (American Heritage
Dictionary, 2nd College Edition). Freeman Dyson, a physicist and sci-
entist wrote, “A good scientist is a person with original ideas. A good
engineer is a person who makes a design that works with as few original
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ideas as possible” (Dyson, 1979). The key distinction is between under-
standing and using that understanding to make something.

One event useful to mark the beginning of the modern, engineering-
like and public era of biotechnology is the Asilomar conference on re-
combinant DNA in 1975. Exploration of the history and stakeholders in
the Asilomar Conference in the next chapter will provide ways to look
at contemporary debates and dilemmas. However, to understand the
issues surrounding the conference as well as the current controversies,
some understanding of the basic concepts, language and tools of bio-
technology and molecular biology are needed. This brief primer will pro-
vide that introduction. To supplement this primer, a list of Internet sites
is provided in the Appendix.

Biotechnology could only arise as a practical undertaking when two
elements were in place: (1) sufficient understanding of the principles and
processes that determined the properties of living organisms, and (2) the
tools to modify the properties of living organisms more or less at will—
the science and the engineering. The scientific discoveries that provide
the understanding of biological processes, the few good ideas of bio-
technology, to draw from Dyson’s line, can be traced back more than
150 years to include many discoveries and tools drawn from the disci-
plines of physics, chemistry and genetics and their intersections in bio-
chemistry, bacteriology, physical chemistry and X-ray crystallography.
This prehistory of biotechnology particularly had an impact on two
branches of biology: cell biology, the study of the structure and function
of the simplest unit of life and genetics and the study of heredity, the
mechanisms of transmission of traits from one generation to the next.

The discoveries in these fields critical to biotechnology are those that
eventually provided understanding at the molecular level of how the
characteristics of an organism are inherited and expressed. The crucial
discoveries, however, began at the level of the genetics of the whole
organism. Modern genetics owes its beginnings to Gregor Mendel, an
Austrian Augustinian monk trained in mathematics and botany, who in
the 1860s performed experiments on the inheritance of the traits of pea
plants. A key to his success was that he limited his studies to categorical
traits, traits with two and only two distinct forms. Mendel hypothesized
that categorical traits of pea plants such as the color of seeds (yellow or
green), seed shape (smooth or wrinkled), length of the stem (tall or
dwarf) were determined by what he called factors. One factor was in-
herited from each parent, and factors were expressed in the offspring in
a dominant or recessive form. Dominance requires only one copy of the
factor in question to see the effect. Recessive factors required that both
copies be the same to see the expression of the trait in the offspring. If
an offspring inherited a dominant and a recessive factor, the plant would
show the effect of the dominant factor, but could pass on the recessive
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factor to the next generation. He tested his hypothesis by crossing (mat-
ing) selected pea plants and counting the offspring in each generation
that expressed the factor in question, that showed the trait. He was test-
ing his idea by crossing particular plants, predicting the number of off-
spring of each type and comparing the results to the prediction. Mendel’s
work was precise and showed that the inheritance of categorical traits
was predictable and subject to quantitative, statistical analyses. He care-
fully documented his experiments and published the results, but his re-
port in the Proceedings of the Society of Natural Sciences remained
essentially unnoticed until the turn of the century, when it was indepen-
dently rediscovered by three botanists who repeated his work and
obtained the same results. Their recognition of his work and their pub-
licizing of Mendel’s insights provided the beginning of a rigorous science
of genetics.

The ensuing decades provided insights into the biology and then the
biochemistry of cells and whole organisms. The research addresses three
related questions:

1. How were the properties, the factors of Mendel, or genes in current language
transmitted from generation to generation in a more or less faithful way?

2. What was the chemical nature of the genetic material?

3. How did the genetic material provide instruction for the properties of the cell,
the tissue, the organism and the whole body?

While much remains unknown, particularly for question 3 for complex
organisms such as humans, a useful understanding has been achieved
for the first two questions.

Mendel had set the stage by deducing the rules of inheritance, but
moving from a set of rules to an understanding of the chemical basis for
the phenomena required knowledge of the structure of the cell and the
chemistry of how it functioned. This effort was driven by the belief that
the clearest understanding of how living organisms worked would come
from an understanding at the simplest level, moving from the whole
organism to an organ, a tissue, a cell and finally to the chemicals of which
the cells are made. This reductionist approach to biology was highly
successful and paralleled discoveries in chemistry and physics, some of
which provided not only tools, technologies and concepts but also some
of the most creative scientific minds to fuel progress in biological re-
search. Erwin Schrodinger, Max Delbruck, Linus Pauling, Max Perutz
and Francis Crick were some of the physicists who applied their under-
standing of chemistry and physics, particularly thermodynamics, to
properties of living organisms and used their insights to formulate new
ways of thinking about living things. In 1944 Schrédinger presented a
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series of lectures at Trinity College in Dublin, which were published as
a short, but highly influential book entitled, What Is Life? He addressed
two themes in biology, the nature of heredity and the thermodynamics
of living systems. Many early researchers in what became molecular bi-
ology credit their interest in studying the molecular basis for heredity to
the influence of Shrédinger’s book. An important consequence of the
reductionist approach to biology is that as understanding is expanded
there is a presumption that the process may be amenable to the engi-
neer’s skills. What can be understood can be modified and used by hu-
mans for human benefit.

THE STRUCTURE OF THE CELL

The fundamental structural unit of all living organisms is the cell, the
smallest unit capable of independent life. Viruses, which can only live
by infecting cells, are an exception to this rule. Each cell is bounded by
a membrane or cell wall. Cells come in many varieties. Each single-celled
organism has particular properties. In multicelled organisms, from earth-
worms to humans, different cells play different roles and are specialized
for that function. There are, however, recurring patterns of structure and
function shared by all cells.

It is now recognized that there are three major forms or kingdoms of
living organisms: archae, the most ancient form, able to grow under ex-
treme conditions such as above 90°C; prokaryotes such as bacteria and
certain algae; and eukaryotes, such as yeast, amoeba, plants and animals.
The cells of eukaryotes have several important distinctions. Eukaryotes,
but not prokaryotes or archae, have internal membrane-bound structures
called organelles that carry out specific functions.

One of the organelles of eukaryotic cells is the nucleus that contains
the structures carrying the genetic information, the chromosomes. In pro-
karyotes and archae the chromosome is not in a membrane-bound or-
ganelle but free within the cytoplasm. The mitochondrion, which
functions to break down nutrients to provide raw materials and energy
for cellular processes, is another organelle of eukaryotic cells. While each
eukaryotic cell has a single nucleus, there are several mitochondria in
each cell. It is thought that in the evolution of the eukaryotic cell, a
prokaryotic cell was taken into the cytoplasm, enclosed by both its own
membrane and the membrane of the engulfing cell. The prokaryote’s
membrane was not broken down. Mitochondria have a double
membrane and carry their own genetic information, supporting this the-
ory. Other organelles of eukaryotic cells function as sites of synthesis of
new proteins (ribosomes) and modification and transport of proteins to
the membrane and other sites in the cell (the endoplasmic reticulum and
the Golgi apparatus).
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Plant cells have organelles called chloroplasts that carry out photosyn-
thesis, the specialized biochemistry of plants that allows them to use light
energy for the synthesis of sugars from carbon dioxide and water. Cer-
tain properties of chloroplasts, the double membrane and the possession
of genetic material, suggest that they, as mitochondria, developed from
a formerly free-living prokaryote, in this case one capable of photosyn-
thesis.

The cell membrane of eukaryotes is composed of predominantly lipid
and proteins with some sugars. Prokaryotes have a cell wall composed
of amino acids and sugars. The cytoplasm of eukaryotic cells is not sim-
ply a membrane-bound bag of organelles, but contains a complex set of
structural proteins, called the cytoskeleton, which gives the cell shape
and may give it specialized properties such as the ability to move, to
contract or to respond to outside stimuli by changing shape.

CHROMOSOMES AND INHERITANCE

During the middle of the nineteenth century it was concluded that
living beings could only arise from other living beings and that life did
not arise from nonliving chemical substances. And it was also concluded
that parents passed on to their offspring certain properties or traits. Men-
del deduced the rules of this process with his studies of peas. In later
decades, as the science of microscopy was advancing, the structures re-
sponsible for inheritance, chromosomes, were identified by careful ob-
servation of cells before and after cell division.

The chromosomes in the nucleus of cells reproduced (doubled) before
a cell divided and were then distributed evenly into the daughter cells.
This suggested that these structures, the paired chromosomes, carried
the information that caused the daughter cells arising from cell division
(mitosis) to resemble the parental cells. It was also observed that in fer-
tilization, in sexual reproduction, the sperm contributed a single set of
membrane-bound chromosomes to the egg, which contained a nucleus
with a single set of chromosomes and that the two parental nuclei fused
following fertilization. Thus the chromosomes carry the genetic infor-
mation that determined the heritable properties of the products of asex-
ual and sexual reproduction. In the 1940s and 1950s scientists such as
Tatum, Lederberg and Zinder established that bacteria exchange genetic
material by pairing and then inserting the chromosome from one to an-
other.

A phenomenon called bacterial transformation provided evidence that
inanimate chemicals carried genetic information. In the 1920s and 1930s
Griffith had found that dead bacteria of S strain pneumocci (toxic to a
mouse if alive, but not if the bacteria were killed) and live R strain,
harmless on its own, were deadly when injected together. This suggested
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that a chemical from the dead S strain had changed and transformed the
R strain into an S strain. Avery, MacLeod and McCarty proved that the
transforming material was DNA. But the conclusion that genetic material
in general was DNA was resisted by many scientists who held on to the
idea that the genetic material was protein.

Benzer and others showed that transformation occurred naturally
through the means of bacteriophage, bacterial viruses that move genetic
information from one bacterium to another. Hershey and Chase per-
formed a clever and what now seems a simple experiment to find out if
the protein or DNA of the bacteriphage were responsible for transfor-
mation. They grew the bacteria from which they isolated the bacterio-
phage in medium containing an amino acid, the building block of
proteins, and a nucleotide base, the building block of DNA, into which
different radioactive elements had been incorporated as precursors to
protein and DNA. They labeled the bacteriophage protein and DNA with
different radioactive markers that could be easily detected and distin-
guished. Then, using a Waring blender to interrupt transformation at
different times, they showed that genetic transformation could occur
when only (labeled) DNA but not protein had entered the bacteria. This
conclusively showed that for the transfer of genetic information only
DNA and not protein was required. DNA carried the genetic information
in transformation.

While a debate raged during the 1940s and 1950s as to the nature of
the genetic material in other systems, this key work on bacterial trans-
formation by Avery, MacLeod and McCarty and by Hershey and Chase
in the 1950s supported the growing belief that DNA was the genetic
material responsible not only for bacterial transformation, but in general.

Scientists began to think that DNA provided the genetic information
in the details of its chemical structure. Chargaff and others had deter-
mined that DNA is a chain of small molecules called bases. There are
four chemically different bases: adenine (A), guanine (G), cytosine (C)
and thymidine (T). Chargaff carefully analyzed the composition of DNA
and found that the number of As was equal to the number of Ts and the
number of Cs equaled the number of Gs. The key seemed to be in the
order, the sequence, of the bases.

The question that engaged many scientists during the late 1940s and
early 1950s was how DNA could provide for a copy of itself, a require-
ment for the DNA to transmit the genetic information from one cell to
the daughter cells at cell division. In 1953 Watson and Crick published
their historic paper showing through X-ray studies that DNA was double
stranded and that the bases of each strand of DNA paired with the other.
They commented in this revolutionary paper that “It has not escaped
our notice that the specific pairing we have postulated immediately sug-
gests a copying mechanism for the genetic material” (Watson and Crick,
1953). For the synthesis of two copies of DNA to pass on to daughter



