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Preface

developed, there has been a veritable explosion of knowledge in the

biological sciences. Since that time, with the advent of PCR, chemical
DNA synthesis, DNA sequencing, monoclonal antibodies, directed muta-
genesis, genomics, proteomics, and metabolomics, our understanding of
and ability to manipulate the biological world have grown exponentially.
When the first edition of Molecular Biotechnology: Principles and Applications
of Recombinant DNA was published in 1994, nearly all of the transgenic
organisms that were produced included only a single introduced gene. Just
15 years later, it is not uncommon for researchers to engineer organisms by
modifying both the activity and the regulation of existing genes while at
the same time introducing entire new pathways. In 1994, only a handful of
products produced by this new technology were available in the market-
place. Today, molecular biotechnology has given us several hundred new
therapeutic agents, with many more in the pipeline, as well as dozens of
transgenic plants. The use of DNA has become a cornerstone of modern
forensics, paternity testing, and ancestry determination. Several new
recombinant vaccines have been developed, with many more on the
horizon. The list goes on and on. Molecular biotechnology really has lived
up to its promise, to all of the original hype. It has been estimated that
worldwide there are currently several thousand biotechnology companies
employing tens of thousands of scientists. When the exciting science being
done at universities, government labs, and research institutes around the
world is factored in, the rate of change and of discovery in the biological
sciences is astounding. This fourth edition of Molecular Biotechnology,
building upon the fundamentals that were established in the previous three
editions, endeavors to provide readers with a window on some of the
major developments in this growing field in the past several years. Of
necessity, we have had to be highly selective in the material that is included
in this edition. Moreover, the window that we are looking through is
moving. This notwithstanding, we both expect and look forward to the
commercialization of many of these discoveries as well as to the develop-
ment of new approaches, insights, and discoveries.

SINCE THE EARLY 1970S, when recombinant DNA technology was first

BERNARD R. GLICK
JACK J. PASTERNAK
CHERYL L. PATTEN
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Preface to the First Edition

arose as a result of the fusion in the late 1970s of recombinant

DNA technology and traditional industrial microbiology. Whether
one goes to the movies to see Jurassic Park with its ingenious but scientifi-
cally untenable plot of cloning dinosaurs, reads in the newspaper about the
commercialization of a new “biotech” tomato that has an extended shelf
life, or hears one of the critics of molecular biotechnology talking about the
possibility of dire consequences from genetic engineering, there is a sig-
nificant public awareness about recombinant DNA technology. In this
book, we introduce and explain what molecular biotechnology actually is
as a scientific discipline, how the research in the area is conducted, and
how this technology may realistically impact on our lives in the future.

We have written Molecular Biotechnology: Principles and Applications of
Recombinant DNA to serve as a text for courses in biotechnology, recombi-
nant DNA technology, and genetic engineering or for any course intro-
ducing both the principles and the applications of contemporary molecular
biology methods. The book is based on the biotechnology course we have
offered for the past 12 years to advanced undergraduate and graduate stu-
dents from the biological and engineering sciences at the University of
Waterloo. We have written this text for students who have an under-
standing of basic ideas from biochemistry, molecular genetics, and micro-
biology. We are aware that it is unlikely that students will have had all of
these courses before taking a course on biotechnology. Thus, we have tried
to develop the topics in this text by explaining their broader biological
context before delving into molecular details.

This text emphasizes how recombinant DNA technology can be used
to create various useful products. We have, wherever possible, used exper-
imental results and actual methodological strategies to illustrate basic con-
cepts, and we have tried to capture the flavor and feel of how molecular
biotechnology operates as a scientific venture. The examples that we have
selected—from a vast and rapidly growing literature—were chosen as case
studies that not only illustrate particular points but also provide the reader
with a solid basis for understanding current research in specialized areas of
molecular biotechnology. Nevertheless, we expect that some of our exam-
ples will be out of date by the time the book is published, because molec-
ular biotechnology is such a rapidly changing discipline.

MOLECULAR BIOTECHNOLOGY EMERGED as a new research field that

XV
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PREFACE TO THE FIRST EDITION

For the ease of the day-to-day practitioners, scientific disciplines often
develop specialized terms and nomenclature. We have tried to minimize
the use of technical jargon and, in many instances, have deliberately used
a simple phrase to describe a phenomenon or process that might otherwise
have been expressed more succinctly with technical jargon. In any field of
study, synonymous terms that describe the same phenomenon exist. In
molecular biotechnology, for example, recombinant DNA technology, gene
cloning, and genetic engineering, in a broad sense, have the same meaning.
When an important term or concept appears for the first time in this text, it
is followed in parentheses with a synonym or equivalent expression. An
extensive glossary can be found at the end of the book to help the reader
with the terminology of molecular biotechnology.

Each chapter opens with an outline of topics and concludes with a
detailed summary and list of review questions to sharpen students’ critical
thinking skills. All of the key ideas in the book are carefully illustrated by
the more than 200 full-color diagrams in the pedagogical belief that a pic-
ture is indeed worth a thousand words. After introducing molecular bio-
technology as a scientific and economic venture in Chapter 1, the next five
chapters (2 to 6) deal with the methodologies of molecular biotechnology.
The chapters of Part I act as a stepping-stone for the remainder of the book.
Chapters 7 to 12 in Part II present examples of microbial molecular biotech-
nology covering such topics as the production of metabolites, vaccines,
therapeutics, diagnostics, bioremediation, biomass utilization, bacterial
fertilizers, and microbial pesticides. Chapter 13 describes some of the key
components of large-scale fermentation processes using genetically engi-
neered (recombinant) microorganisms. In Part III, we deal with the molec-
ular biotechnology of plants and animals (Chapters 14 and 15). The
isolation of human disease-causing genes by using recombinant DNA tech-
nology and how, although it is in its early stages, genetic manipulation is
being currently contemplated for the treatment of human diseases are pre-
sented in Chapters 16 and 17. The book concludes with coverage of the
regulation of molecular biotechnology and patents in Part IV.

A brief mention should be made about the reference sections that
follow each chapter. Within many of the chapters we have relied upon the
published work of various researchers. In all cases, although not cited
directly in the body of a chapter, the original published articles are noted in
the reference section of the appropriate chapter. In some cases, we have
taken “pedagogic license” and either extracted or reformulated data from
the original publications. Clearly, we are responsible for any distortions or
misrepresentations from these simplifications, although we hope that none
has occurred. The reference sections also contain other sources that we
used in a general way, which might, if consulted, bring the readers closer
to a particular subject.
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Directed Mutagenesis and Protein Engineering

based on the ability of researchers to transfer specific units of

genetic information from one organism to another. This convey-
ance of a gene or genes relies on the techniques of genetic engineering
(recombinant DNA technology). The objective of recombinant DNA tech-
nology is often to create a useful product or a commercial process. In part I,
the concept of molecular biotechnology, some fundamentals of molecular
biology, and recombinant DNA procedures are presented. Essential molec-
ular biotechnology laboratory techniques, including chemical synthesis of
genes, the polymerase chain reaction (PCR), and DNA sequencing, are dis-
cussed. Developments in sequencing technologies have led to the sequencing
of the entire genomes of many organisms, and this has enabled researchers
to begin to understand organisms from their sequences and to identify
novel genes with potentially useful functions. In addition to isolation
(cloning) of genes, it is important that these genes function properly in a
host organism. To this end, strategies for optimizing the expression of a
cloned gene in either prokaryotic or eukaryotic cells are reviewed. Finally,
procedures for modifying cloned genes by the introduction of specific
nucleotide changes (in vitro mutagenesis) to enhance the properties of the
target proteins are examined. Together, the chapters in part I provide the
conceptual and technical underpinnings for understanding the applications
of molecular biotechnology that are described in the ensuing chapters.

MOLECULAR BIOTECHNOLOGY is an exciting scientific discipline that is
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the units of inheritance, humans looked to the natural world to

develop methods to increase food production, preserve food, and
heal the sick. Our ancestors discovered that grains could be preserved
through fermentation into beer; that storing horse saddles in a warm, damp
corner of the stable resulted in the growth of a saddle mold that could heal
infected saddle sores; and that intentional exposure to a “contagion” could
somehow provide protection from an infectious disease on subsequent
exposure. Since the discovery of the microscopic world in the 17th century,
microorganisms have been employed in the development of numerous
useful processes and products. Many of these are found in our households
and backyards. Lactic acid bacteria are used to prepare yogurt and probi-
otics, insecticide-producing bacteria are sprayed on many of the plants
from which the vegetables in our refrigerator were harvested, nitrogen-
fixing bacteria are added to the soil used for cultivation of legumes, the
enzymatic stain removers in laundry detergent came from a microor-
ganism, and antibiotics derived from common soil microbes are used to
treat infectious diseases. These are just a few examples of traditional bio-
technologies that have improved our lives. Up to the early 1970s, however,
traditional biotechnology was not a well-recognized scientific discipline,
and research in this area was centered in departments of chemical engi-
neering and occasionally in specialized microbiology programs.

In a broad sense, biotechnology is concerned with the production of
commercial products generated by the metabolic action of microorganisms.
More formally, biotechnology may be defined as “the application of scien-
tific and engineering principles to the processing of material by biological
agents to provide goods and services.” The term “biotechnology” was first
used in 1917 by a Hungarian engineer, Karl Ereky, to describe an integrated
process for the large-scale production of pigs by using sugar beets as the
source of food. According to Ereky, biotechnology was “all lines of work by
which products are produced from raw materials with the aid of living

I ONG BEFORE WE KNEW THAT MICROORGANISMS EXISTED or that genes were
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FIGURE 11 Principal steps of a bioengi-
neered biotechnology process. Paren-
thetically, Karl Ereky’s scheme entailed
using inexpensive sugar beets (raw
material) to feed pigs (biotransforma-
tion) for the production of pork (down-
stream processing).

things.” This fairly precise definition was more or less ignored. For a
number of years, the term biotechnology was used to describe two very
different engineering disciplines. On one hand, it referred to industrial
fermentation. On the other, it was used for the study of efficiency in the
workplace—what is now called ergonomics. This ambiguity ended in 1961
when the Swedish microbiologist Carl Géran Hedén recommended that
the title of a scientific journal dedicated to publishing research in the fields
of applied microbiology and industrial fermentation be changed from the
Journal of Microbiological and Biochemical Engineering and Technology to
Biotechnology and Bioengineering. From that time on, biotechnology has
clearly and irrevocably been associated with the study of “the industrial
production of goods and services by processes using biological organisms,
systems, and processes,” and it has been firmly grounded in expertise in
microbiology, biochemistry, and chemical engineering.

An industrial biotechnology process that uses microorganisms for pro-
ducing a commercial product typically has three key stages (Fig. 1.1):

1. Upstream processing: preparation of the microorganism and the
raw materials required for the microorganism to grow and pro-
duce the desired product

2. Fermentation and transformation: growth (fermentation) of the
target microorganism in a large bioreactor (usually >100 liters)
with the consequent production (biotransformation) of a desired
compound, which can be, for example, an antibiotic, an amino
acid, or a protein

3. Downstream processing: purification of the desired compound
from either the cell medium or the cell mass

Biotechnology research is dedicated to maximizing the overall effi-
ciency of each of these steps and to finding microorganisms that make
products that are useful in the preparation of foods, food supplements, and
drugs. During the 1960s and 1970s, this research focused on upstream pro-
cessing, bioreactor design, and downstream processing. These studies led
to enhanced bioinstrumentation for monitoring and controlling the fer-
mentation process and to efficient large-scale growth facilities that increased
the yields of various products.

The biotransformation component of the overall process was the most
difficult phase to manipulate. Commodity production by naturally occur-
ring microbial strains on a large scale was often considerably less than
optimal. Initial efforts to enhance product yields focused on creating vari-
ants (mutants) by using chemical mutagens or ultraviolet radiation to
induce changes in the genetic constitution of existing strains. However, the
level of improvement that could be achieved in this way was usually lim-
ited biologically. If a mutated strain, for example, synthesized too much of
a compound, other metabolic functions often were impaired, thereby
causing the strain’s growth during large-scale fermentation to be less than
desired. Despite this constraint, the traditional “induced mutagenesis and
selection” strategies of strain improvement were extremely successful for a
number of processes, such as the production of antibiotics.

The traditional genetic improvement regimens were tedious, time-
consuming, and costly because of the large numbers of colonies that had to
be selected, screened, and tested. Moreover, the best result that could be
expected with this approach was the improvement of an existing inherited
property of a strain rather than the expansion of its genetic capabilities.
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Despite these limitations, by the late 1970s, effective processes for the mass
production of a wide range of commercial products had been perfected.
Today, we have acquired sufficient knowledge of the biochemistry,
genetics, and molecular biology of microorganisms to accelerate the devel-
opment of useful and improved biological products and processes and to
create new products that would not otherwise occur. Distinct from tradi-
tional biotechnology, the modern methods require knowledge of and
manipulation of genes, the functional units of inheritance, and the discipline
that is concerned with the manipulation of genes for the purpose of pro-
ducing useful goods and services using living organisms is known as
molecular biotechnology. The pivotal development that enabled this tech-
nology was the establishment of techniques to isolate genes and to transfer
them from one organism to another. This technology is known as recombi-
nant deoxyribonucleic acid (DNA) technology, and it began as a lunchtime
conversation between two scientists working in different fields who met at
a scientific conference in 1973. In his laboratory at Stanford University in
California, Stanley Cohen had been developing methods to transfer plas-
mids, small circular DN A molecules, into bacterial cells. Meanwhile, Herbert
Boyer of the University of California at San Francisco was working with
enzymes that cut DNA at specific nucleotide sequences. Over lunch at a
scientific meeting, they reasoned that Boyer’s enzyme could be used to
splice a specific segment of DNA into a plasmid and then the recombinant
plasmid could be introduced into a host bacterium using Cohen’s method.

Recombinant DNA Technology

It was clear to Cohen and Boyer and others that recombinant DNA tech-
nology had far-reaching possibilities. As Cohen noted at the time, “It may be
possible to introduce in E. coli, genes specifying metabolic or synthetic func-
tions such as photosynthesis or antibiotic production indigenous to other
biological classes.” The first commercial product produced using recombi-
nant DNA technology was human insulin, which is used in the treatment of
diabetes. The DNA sequence that encodes human insulin was synthesized,
a remarkable feat in itself at the time, and was transplanted into a plasmid
that could be maintained in the common bacterium Escherichia coli. The bac-
terial host cells acted as biological factories for the production of the two
peptide chains of human insulin, which, after being combined, could be
purified and used to treat diabetics who were allergic to the commercially
available porcine (pig) insulin. In the previous decade, this achievement
would have seemed absolutely impossible. By today’s standards, however,
this type of genetic engineering is considered commonplace.

The nature of biotechnology was changed forever by the development
of recombinant DNA technology. With these techniques, the maximization
of the biotransformation phase of a biotechnology process was achieved
more directly. Genetic engineering provided the means to create, rather
than merely isolate, highly productive strains. Not long after the production
of the first commercial preparation of recombinant human insulin, bacteria
and then eukaryotic cells were used for the production of insulin, inter-
feron, growth hormone, viral antigens, and a variety of other therapeutic
proteins. Recombinant DNA technology could also be used to facilitate the
biological production of large amounts of useful low-molecular-weight
compounds and macromolecules that occur naturally in minuscule quanti-
ties. Plants and animals became targets to act as natural bioreactors for

5



6

CHAPTER 1

producing new or altered gene products that could never have been cre-
ated either by mutagenesis and selection or by crossbreeding. Molecular
biotechnology has become the standard method for developing living sys-
tems with novel functions and capabilities for the synthesis of important
commercial products.

Most new scientific disciplines do not arise entirely on their own. They
are often formed by the amalgamation of knowledge from different areas
of research. For molecular biotechnology, the biotechnology component
was perfected by industrial microbiologists and chemical engineers,
whereas the recombinant DNA technology portion owes much to discov-
eries in molecular biology, bacterial genetics, and nucleic acid enzymology
(Table 1.1). In a broad sense, molecular biotechnology draws on knowledge
from a diverse set of fundamental scientific disciplines to create commer-
cial products that are useful in a wide range of applications (Fig. 1.2).

The Cohen and Boyer strategy for gene cloning was an experiment
“heard round the world.” Once their concept was made public, many other
researchers immediately appreciated the power of being able to clone genes.
Consequently, scientists created a large variety of experimental protocols
that made identifying, isolating, characterizing, and utilizing genes more
efficient and relatively easy. These technological developments have had an
enormous impact on generating new knowledge in practically all biological
disciplines, including animal behavior, developmental biology, molecular
evolution, cell biology, and human genetics. Indeed, the emergence of the
field of genomics was dependent on the ability to clone large fragments of
DNA into plasmids in preparation for sequence determination.

Commercialization of Molecular Biotechnology

The potential of recombinant DNA technology reached the public with a
frenzy of excitement, and many people became rich on its promise. Indeed,

FIGURE 1.2 Many scientific disciplines contribute to molecular biotechnology, which
generates a wide range of commercial products.
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TABLE 11 Selected developments in the history of molecular biotechnology

Date Event

1917 Karl Ereky coins the term “biotechnology”

1940 A. Jost coins the term “genetic engineering”

1943 Penicillin is produced on an industrial scale

1944 Avery, MacLeod, and McCarty demonstrate that DNA is the genetic material

1953 Watson and Crick determine the structure of DNA

1961 The journal Biotechnology and Bioengineering is established

1961-1966 Entire genetic code is deciphered

1970 First restriction endonuclease is isolated

1972 Khorana and coworkers synthesize an entire tRNA gene

1973 Boyer and Cohen establish recombinant DNA technology

1975 Kohler and Milstein describe the production of monoclonal antibodies

1976 First guidelines for the conduct of recombinant DNA research are issued

1976 Techniques are developed to determine the sequence of DNA

1978 Genentech produces human insulin in E. coli

1980 U.S. Supreme Court rules in the case of Diamond v. Chakrabarty that genetically manipulated
microorganisms can be patented

1981 First commercial, automated DNA synthesizers are sold

1981 First monoclonal antibody-based diagnostic kit is approved for use in the United States

1982 First animal vaccine produced by recombinant DNA methodologies is approved for use in Europe

1983 Engineered Ti plasmids are used to transform plants

1988 U.S. patent is granted for a genetically engineered mouse susceptible to cancer

1988 PCR method is published

1990 Approval is granted in the United States for a trial of human somatic cell gene therapy

1990 Human Genome Project is officially initiated

1990 Recombinant chymosin is used for cheese making in the United States

1994-1995 Detailed genetic and physical maps of human chromosomes are published

1994 FDA announces that genetically engineered tomatoes are as safe as conventionally bred tomatoes

1995 First genome sequence of a cellular organism, the bacterium Haemophilus influenzae, is completed

1996 First recombinant protein, erythropoietin, exceeds $1 billion in annual sales

1996 Complete DNA sequence of all the chromosomes of a eukaryotic organism, the yeast Saccharomyces cerevisiae,
is determined

1996 Commercial planting of genetically modified crops begins

1997 Nuclear cloning of a mammal (a sheep) with a differentiated cell nucleus is accomplished

1998 FDA approves first antisense drug

1999 FDA approves recombinant fusion protein (diphtheria toxin-interleukin-2) for cutaneous T-cell lymphoma

2000 Arabidopsis genome is sequenced

2000 Monoclonal antibodies exceed $2 billion in annual sales

2000 Development of “golden rice” (provitamin-A-producing rice) is announced

2000 Over $33 billion is invested in U.S. biotechnology companies

2001 Human genome is sequenced

2002 Complete human gene microarrays (gene chips) become commercially available

2002 FDA approves first nucleic acid test system to screen whole blood from donors for HIV and HCV

2004 Large-scale sequencing of the Sargasso Sea metagenome begins

2005 NCBI announces that there are 100 gigabases of nucleotides in the GenBank sequence database

2006 Recombinant cancer vaccine becomes available to protect against cervical cancer

2008 Two-billionth acre of genetically engineered crops is planted

2009 FDA approves first drug produced in a genetically engineered animal (a goat)

FDA, Food and Drug Administration; HCV, hepatitis C virus; HIV, human immunodeficiency virus; NCBI, National Center for Biotechnology Information;
PCR, polymerase chain reaction; tRNA, transfer ribonucleic acid.
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within 20 minutes of the start of trading on the New York Stock Exchange
on 14 October 1980, the price of shares in Genentech, the company, founded
by Cohen and Boyer with chemist and entrepreneur Robert Swanson, that
produced recombinant human insulin, went from $35 to $89. This was the
fastest increase in the value of any initial public offering in the history of
the market. It was predicted that some genetically engineered microorgan-
isms would replace chemical fertilizers and others would eat up oil spills,
plants with inherited resistance to a variety of pests and exceptional nutri-
tional content would be created, and livestock would have faster growing
times, more efficient feed utilization, and meat with low fat content. Many
were convinced that as long as a biological characteristic was genetically
determined by one or a few genes, organisms with novel genetic constitu-
tions could be readily created. Today we see that, despite the commercial
hype that dominated reality in the beginning, this infatuation with recom-
binant DNA technology was not totally unfounded. A number of the more
sensible versions of the initial claims, although trimmed in scope, have
become realities.

In the 25 years since the commercial production of recombinant human
insulin, more than 200 new drugs produced by recombinant DNA tech-
nology have been used to treat over 300 million people for diseases such as
cancer, multiple sclerosis, cystic fibrosis, and strokes and to provide protec-
tion against infectious diseases. Over 400 new drugs are in the process of
being tested in human trials to treat Alzheimer disease and heart disease
(to name only two). Similarly, many new molecular biotechnology prod-
ucts for enhancing crop and livestock yields, decreasing pesticide use, and
improving industrial processes, such as the manufacture of pulp and paper,
food, energy, and textiles, have been created and are being marketed.

The impact on agriculture has been tremendous. According to the Food
and Agriculture Organization of the United Nations, yield improvements
of all major crops have decreased due to poor agricultural management
practices, decreased acreage of arable land, and increased reliance on fertil-
izers and pesticides that diminish soil quality. To produce more food on
less land, 13 million farmers in 25 countries are now planting genetically
engineered crops on 300 million acres of land. These crops are predomi-
nantly corn, cotton, canola, and soybeans that are resistant to herbicides
and insects. Over the last 10 years in the United States, genetically engi-
neered crops contributed to $44 million in economic gains due to increased
yields and lower production costs. The global market value of genetically
modified crops is currently $7.5 billion. Small resource-poor farmers are
among the beneficiaries of agricultural biotechnology. In a comparative
study of small cotton farms in South Africa, it was found that the yield of
cotton from plants that 