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Foreword

This report examines the application of classical and molecular genetic technol-
ogies to micro-organisms, plants, and animals. Congressional support for an assess-
ment in the field of genetics dates back to 1976 when 30 Representatives requested a
study of recombinant DNA technology. Letters of support for this broader study came
from the then Senate Committee on Human Resources and the House Committee on
Interstate and Foreign Commerce, Subcommittee on Health and the Environment.

Current developments are especially rapid in the application of genetic technol-
ogies to micro-organisms; these were studied in three industries: pharmaceutical,
chemical, and food. Classical genetics continue to play the major role in plant and
animal breeding but new genetic techniques are of ever-increasing importance.

This report identifies and discusses a number of issues and options for the Con-
gress, such as:

. Federal Government support of R&D,
. methods of improving the germplasm of farm animal species,
. risks of genetic engineering,
patenting living organisms, and
. public involvement in decisionmaking.

The Office of Technology Assessment was assisted by an advisory panel of scien-
tists, industrialists, labor representatives, and scholars in the fields of law, economics,
and those concerned with the relationships between science and society. Others con-
tributed in two workshops held during the course of the assessment. The first was to
investigate public perception of the issues in genetics; the second examined genetic
applications to animals. Sixty reviewers drawn from universities, Government, in-
dustry, and the law provided helpful comments on draft reports. The Office expresses
sincere appreciation to all those individuals.

An abbreviated copy of the summary of this report (ch. 1) is available free of
charge from the Office of Technology Assessment, U.S. Congress, Washington, D. C.,
20510. In addition, the working papers on the use of genetic technology in human and
in veterinary medicine are available as a separate volume from the National Technical
Information Service.

OHN H. GIBBONS
Director
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Glossary

Aerobic.—Growing only in the presence of oxygen.

Anaerobic.—Growing only in the absence of
oxygen.

Alkaloids.—A group of nitrogen-containing organic
substances found in plants; many are pharmaco-
logically active—e.g., nicotine, caffeine, and
cocaine.

Allele—Alternate forms of the same gene. For ex-
ample, the genes responsible for eye color (blue,
brown, green, etc.) are alleles.

Amino acids.—The building blocks of proteins.
There are 20 common amino acids; they are’
joined together in a strictly ordered “string”
which determines the character of each protein.

Antibody.—A protein component of the immune
system in mammals found in the blood.

Antigen.—A large molecule, usually a protein or
carbohydrate, which when introduced in the
body stimulates the production of an antibody
that will react specifically with the antigen.

Aromatic chemical. —An organic compound con-
taining one or more six-membered rings.

Aromatic polymer.—Large molecules consisting
of repeated structural units of aromatic chem-
icals.

Artificial insemination.—The manual placement
of sperm into the uterus or oviduct.

Bacteriophage (or phage).—A virus that multi-
plies in bacteria. Bacteriophage lambda is com-
monly used as a vector in recombinant DNA ex-
periments.

Bioassay .—Determination of the relative strength
of a substance (such as a drug) by comparing its
effect on a test organism with that of a standard
preparation.

Biomass.—Plant and animal material.

Biome.—A community of living organisms in a ma-
jor ecological region.

Biosynthesis. —The production of a chemical com-
pound by a living organism.

Biotechnology .—The collection of industrial proc-
esses that involve the use of biological systems.
For some of these industries, these processes in-

volve the use of genetically engineered micro-
organisms.

Blastocyst.— An early developmental stage of the
embryo; the fertilized egg undergoes several cell
divisions and forms a hollow ball of cells called
the blastocyst.

Callus.—The cluster of plant cells that results from
tissue culturing a single plant cell.

Carbohydrates.— The family of organic molecules
consisting of simple sugars such as glucose and
sucrose, and sugar chains (polysaccharides) such
as starch and cellulose.

Catalyst.—A substance that enables a chemical
reaction to take place under milder than normal
conditions (e.g., lower temperatures). Biological
catalysts are enzymes; nonbiological catalysts in-
clude metallic complexes.

Cell fusion.—The fusing together of two or more
cells to become a single cell.

Cell lysis.—Disruption of the cell membrane allow-
ing the breakdown of the cell and exposure of its
contents to the environment.

Cellulase.—An enzyme that degrades cellulose to
glucose.

Cellulose.—A polysaccharide composed entirely of
several glucose units linked end to end; it consti-
tutes the major part of cell walls in plants.

Chimera.—An individual composed of a mixture of
genetically different cells.

Chloroplast.-The structure in plant cells where
photosynthesis occurs.

Chromosomes.—The thread-like components of a
cell that are composed of DNA and protein. They
contain most of the cell’s DNA.

Clone.—A group of genetically identical cells or
organisms asexually descended from a common
ancestor. All cells in the clone have the same ge-
netic material and are exact copies of the original.

Conjugation.—The one-way transfer of DNA be-
tween bacteria in cellular contact.

Crossing-over. —A genetic event that can occur
during celluar replication, which involves the
breakage and reunion of DNA molecules.

Cultivar.—An organism developed and persistent
under cultivat ion.



Cytognetics.-A branch of biology that deals with
the study of heredity and variation by the meth-
ods of both cytology (the study of cells) and
genetics.

Cytoplasm.—The protoplasm of a cell, external to
the cell’s nuclear membrane.

Diploid.—A cell with double the basic chromosome
number.

DNA (deoxyribonucleic acid).—The genetic ma-
terial found in all living organisms. Every inher-
ited characteristic has its origin somewhere in
the code of each individual’s complement of DNA.

DNA vector.—A vehicle for transferring DNA from
one cell to another.

Dominant gene.—A characteristic whose expres-
sion prevails over alternative characteristics for a
given trait.

Escherichia coli.-A bacterium that commonly in-
habits the human intestine. It is a favorite orga-
nism for many microbiological experiments.

Endotoxins.-Complex molecules (lipopolysaccha-
rides) that compose an integral part of the cell
wall, and are released only when the integrity of
the cell is disturbed.

Embryo transfer.—Implantation of an embryo
into the oviduct or uterus.

Enzyme.—A functional protein that catalyzes a
chemical reaction. Enzymes control the rate of
metabolic processes in an organism; they are the
active agents in the fermentation process.

Estrogens.—Female sex hormones.

Estrus (“heat").-The period in which the female
will allow the male to mate her.

Eukaryote.—A higher, compartmentalized cell
characterized by its extensive internal structure
and the presence of a nucleus containing the
DNA. All multicellular organisms are eukaryotic.
The simpler cells, the prokaryotes, have much
less compartmentalization and internal struc-
ture; bacteria are prokaryotes.

Exotoxins.—Proteins produced by bacteria that are
able to diffuse out of the cells; generally more po-
tent and specific in their action than endotoxins.

Fermentation.—The biochemical process of con-
v ti.g a raw material such as glucose into a

product such as ethanol.

Fibroblast.—A cell that gives rise to connective
tissues.

Gamete.—A mature reproductive cell.

Gene.—The hereditary unit; a segment of DNA
coding for a specific protein.

Gene expression.—The manifestation of the ge-
netic material of an organism as specific traits.

Genetic drift—Changes of gene frequency in small
population due to chance preservation or extinc-
tion of particular genes.

Genetic code.—The biochemical basis of heredity
consisting of codons (base triplets along the DNA
sequence) that determine the specific amino acid
sequence in proteins and that are the same for all
forms of life studied so far.

Genetic engineering.-A technology used at the
laboratory level to alter the hereditary apparatus
of a living cell so that the cell can produce more
or different chemicals, or perform completely
new functions. These altered cells are then used
in industrial production.

Gene mapping-Determining the relative loca-
tions of different genes on a given chromosome.

Genome.—The basic chromosome set of an
organism—the sum total of its genes.

Genotype.—The genetic constitution of an individ-
ual or group.

Germplasm.-The total genetic variability available
to an organism, represented by the pool of germ
cells or seed.

Germ cell.—The sex cell of an organism (sperm or
egg, pollen or ovum). It differs from other cells in
that it contains only half the usual number of
chromosomes. Germ cells fuse during fertiliza-
tion.

Glycopeptides.—Chains of amino acids with at-
tached carbohydrates.

Glycoprotein.—A conjugated protein in which the
nonprotein group is a carbohydrate.

Haploid .—A cell with only one set (half of the usual
number) of chromosomes.

Heterozygous.—When the two genes controlling a
particular trait are different, the organism is
heterozygous for that trait.

Homozygous.— When the two genes controlling a
particular trait are identical for a pair of chro-
mosomes, the organism is said to be homozygous
for that trait.

Hormones.—The “messenger” molecules of the
body that help coordinate the actions of various
tissues; they produce a specific effect on the ac-
tivity of cells remote from their point of origin.



Hybrid.—A new variety of plant or animal that re-
suits from cross-breeding two different existing
varieties.

Hydrocarbon. —All organic compounds that are
composed only of carbon and hydrogen.

Immunoproteins.— All the proteins that are part
of the immune system (including antibodies, in-
terferon, and cytokines).

In vitro. -outside the living organism and in an
artificial environment.

In vivo.—Within the living organism.
Leukocytes.—The white cells of blood.

Lipids.—Water insoluble biomolecules, such as cel-
lular fats and oils.

Lipopolysaccharides. —Complex substances com-
posed of lipids and polysaccharides.

Lymphoblastoid.—Referring to malignant white
blood cells.

Lymphokines.—The biologically active soluble fac-
tor produced by white blood cells.

Maleic anhydride.—An important organic chem-
ical used in the manufacture of synthetic resins,
in fungicides, in the dyeing of cotton textiles, and
to prevent the oxidation of fats and oils during
storage and rancidity.

Messenger RNA.—Ribonucleic acid molecules that
serve as a guide for protein synthesis.

Metabolism.—The sum of the physical and chem-
ical processes involved in the maintenance of life
and by which energy is made available.

Mitochondria.—Structures in higher cells that
serve as the “powerhouse” for the cell, producing
chemical energy.

Monoclinal  antibodies.—Antibodies  derived
from a single source or clone of cells which
recognize only one kind of antigen.

Mutants.-Organisms whose visible properties with
respect to some trait differ from the norm of the
population due to mutations in its DNA.

Mutation.—Any change that alters the sequence of
bases along the DNA, changing the genetic ma-
terial.

Myeloma.—A malignant disease in which tumor
cells of the antibody producing system synthesize
excessive amounts of specific proteins.

n-alkanes.—Straight chain  hydrocarbons-the
main constituents of petroleum.

Nif genes.—The genes for nitrogen fixation present
in certain bacteria.

Nucleic acid.—A polymer composed of DNA or
RNA subunits.

Nucleotides.—The fundamental units of nucleic
acids. They consist of one of the four bases—
adenine, guanine, cytosine, and thymine (uracil
in the case of RNA)—and its attached sugar-phos-
phate group.

Organic compounds.—Chemical = compounds
based on carbon chains or rings, which contain
hydrogen, and also may contain oxygen, nitro-
gen, and various other elements.

Parthenogenesis.— Reproduction in animals with-
out male fertilization of the egg.

Pathogen.—A specific causative agent of disease.
Peptide. —Short chain of amino acids.

pH.—A measure of the acidity or basicity of a solu-
tion; on a scale of O (acidic) to 14 (basic): for exam-
pie, lemon juice has a pH of 2.2 (acidic), water has
a pH of 7.0 (neutral), and a solution of baking
soda has a pH of 8.5 (basic).

Phage.—(See bacteriophage.)

Phenotype. —The visible properties of an organism
that are produced by the interaction of the geno-
type and the environment.

Plasmid.—Hereditary material that is not part of a
chromosome. Plasmids are circular and self-repli-
cating. Because they are generally small and rela-
tively simple, they are used in recombinant DNA
experiments as acceptors of foreign DNA.

Plastid.—Any specialized organ of the plant cell
other than the nucleus, such as the chloroplast.

Ploidy. —Describes the number of sets of chromo-
somes present in the organism. For example,
humans are diploid, having two homologous sets
of 23 chromosomes (one set from each parent)
for a total of 46 chromosomes; many plants are
haploid, having only one copy of each chro-
mosome.

Polymer.—A long-chain molecule formed from
smaller repeating structural units.

Polysaccharide. —A long-chain carbohydrate con-
taining at least three molecules of simple sugars
linked together; examples would include cellu-
lose and starch.

Progestogens. —Hormones involved with ovula-
tion.



Prostaglandin.-Refers to a group of naturally oc-
curring, chemically related long-chain fatty acids
that have certain physiological effects (stimulate
contraction of uterine and other smooth muscles,
lower blood pressure, affect action of certain
hormones).

Protein.—A linear polymer of amino acids; proteins
are the products of gene expression and are the
functional and structural components of cells.

Protoplasm.—A cell without a wall.

Protoplasm fusion.—A means of achieving genetic
transformation by joining two protoplasts or join-
ing a protoplasm with any of the components of
another cell.

Recessive gene.—Any gene whose expression is
dependent on the absence of a dominant gene.

Recombinant DNA.-The hybrid DNA produced
by joining pieces of DNA from different sources.

Restriction enzyme.—An enzyme within a bac-
terium that recognizes and degrades DNA from
foreign organisms, thereby preserving the genet-
ic integrity of the bacterium. In recombinant
DNA experiments, restriction enzymes are used
as tiny biological scissors to cut up foreign DNA
before it is recombined with a vector.

Reverse transcriptase.—An enzyme that can syn-
thesize a single strand of DNA from a messenger

RNA, the reverse of the normal direction of proc-
essing genetic information within the cell.

RNA (ribonucleic acid).—In its three forms—mes-
senger RNA, transfer RNA, and ribosomal RNA—
it assists in translating the genetic message of
DNA into the finished protein.

Somatic cell.—One of the cells composing parts of
the body (e.g., tissues, organs) other than'a germ
cell.

Tissue culture.—An in vitro method of propagat-
ing healthy cells from tissues, such as fibroblasts
from skin.

Transduction.—The process by which foreign
DNA becomes incorporated into the genetic com-
plement of the host cell.

Transformation.—The transfer of genetic infor-
mation by DNA separated from the cell.

Vector.—A transmission agent; a DNA vector is a
self-replicating DNA molecule that transfers a
piece of DNA from one host to another.

Virus.—An infectious agent that requires a host cell
in order for it to replicate. It is composed of
either RNA or DNA wrapped in a protein coat.

Zygote.—A cell formed by the union of two mature
reproductive cells.

Xi



Acronyms and Abbreviations

AA — amino acids

ACS — American Cancer Society

ACTH — adrenocorticotropic hormone

Al — artificial insemination

AIPL — Animal Improvement Programs
Laboratory

APAP — acetaminophen

ASM — American Society for Microbiology

bbl - barrel(s)

bbl/d - barrels per day

BOD5 — 5-day biochemical oxygen demand

BBM — Biological Response Modifier Program

bu - bushel

Camv — cauliflower mosaic virus

CCPA — The Court of Customs and Patent
Appeals

CDC — Center for Disease Control

CERB — Cambridge Experimentation Review
Board

DHHS — Department of Health and Human

Services (formerly Health, Education,
and Welfare)

DHI — Dairy Herd Improvement

DNA - deoxyribonucleic acid

DOD — Department of Commerce

DOD — Department of Defense

DOE — Department of Energy

DPAG — Dangerous Pathogens Advisory Group

EOR — enhanced oil recovery

EPA — Environmental Protection Agency

FDA — Food and Drug Administration

FMDV  — foot-and-mouth disease virus

ftz — square foot

ft — foot

FTC — Federal Trade Commission

g - gram

gal - gallon

GH — growth hormone

ha — hectares

HEW — Department of Health, Education, and
Welfare

hGH — human growth hormone

HYV — high-yielding varieties

IBCs — Institutional Biosafety Committees
ICI — Imperial Chemical Industries
IND — Investigational New Drug Application
(FDA)
kg - kilogram
! — liter
Ib - pound
mg — milligram
— microgram
— micrometer (formerly micron)
MUA — Memorandum of Understanding and
Agreement
NCI — National Cancer Institute
NDA — new drug application (FDA)
NDAB — National Diabetics Advisory Board
NDCHIP — National Cooperative Dairy Herd
Program
NIAID — National Institute of Allergy and

Infectious Diseases
NIAMDD — National Institute of Arthritis,
Metabolism, and Digestive Diseases

NIH - National Institutes of Health

NIOSH  — National Institute of Occupational
Safety and Health

NSF — National Science Foundation

OECD — The Organization for Economic
Cooperation and Development

ORDA — Office of Recombinant DNA Activities

PD — predicted difference

pH — unit of measure for acidity/ basicity

ppm - parts per million

R&D — research and development

RAC — Recombinant DNA Advisory Committee

rDNA — recombinant DNA

SCP — single-cell protein

T-DNA  — a smaller segment of the the plasmid

Ti — tumor inducing

TSCA — Toxic Substances Control Act
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Chapter 1

Summary: Issues and Options

The genetic alteration of plants, animals, and
micro-organisms has been an important part of
agriculture for centuries. It has also been an in-
tegral part of the alcoholic beverage industry
since the invention of beer and wine; and for
the past century, a mainstay of segments of the
pharmaceutical and chemical industries.

However, only in the last 20 years have pow-
erful new genetic technologies been developed
that greatly increase the ability to manipulate
the inherited characteristics of plants, animals,
and micro-organisms. One consequence is the
increasing reliance the pharmaceutical and
chemical industries are placing on biotechnol-
ogy. Micro-organisms are being used to manu-
facture substances that have previously been
extracted from natural sources. Animal and
plant breeders are using the new technigues to
help clarify basic questions about biological
functions, and to improve the speed and effi-
ciency of the technologies they already use.
Other industries—from food processing and pol-
lution control to mining and oil recovery—are
considering the use of genetic engineering to in-
crease productivity and cut costs.

Genetic technologies will have a broad impact
on the future. They may contribute to filling
some of the most fundamental needs of man-
kind-from health care to supplies of food and
energy. At the same time, they arouse concerns
about their potential effects on the environment
and the risks to health involved in basic and
applied scientific research and development
(R&D). Because genetic technologies are already
being applied, it is appropriate to begin con-
sidering their potential consequences.

Congressional concern with applied genetics
dates back to 1976, when 30 Representatives re-
guested an assessment of recombinant DNA
(rDNA) technology. Support for the broader
study reported here came in letters to the Office
of Technology Assessment from the then Senate
Committee on Human Resources and the House
Committee on Interstate and Foreign Com-
merce, Subcommittee on Health and the Envi-

ronment. In addition sggacific subtopics are of
interest to other committees, notably those hav-
ing jurisdiction over science and technology and
those concerned with patents.

This report describes the potentials and prob-
lems of applying the new genetic technologies to
a range of major industries. It emphasizes the
present state of the art because that is what
defines the basis for the future applications. It
then makes some estimates of economic, envi-
ronmental, and institutional impacts—where,
when, and how some technologies might be ap-
plied and what some of the results might be.
The report closes with the possible roles that
Government, industry, and the public might
play in determining the future of applied
genetics.

The term applied genetics, as used in this
report, refers to two groups of technologies:

. Classical genetics—natural mating methods
for the selective breeding of organisms
for desired characteristics—e. g., breeding
cows for increased milk production. The
pool of genes available for selection is com-
prised of those that cause natural differ-
ences among individuals in a population
and those obtained by mutation.

. Molecular genetics includes the technologies
of genetic engineering that involve the
directed manipulation of the genetic mate-
rial itself. These technologies—such as
rDNA and the chemical synthesis of genes
—can increase the size of the gene pool for
any one organism by making available ge-
netic traits from many different popula-
tions. Molecular genetics also includes
technologies in which manipulation occurs
at a level higher than that of the gene—at
the cellular level, e.g., cell fusion and in
vitro fertilization.

Significant applications of molecular genetics
to micro-organisms, such as the efforts to man-
ufacture human insulin, are already underway
in several industries. Most of these applications

3



4 Impacts of Applied Genetics—Micro-Organisms, Plants, and Animals

depend on fermentation—a technology in which
substances produced by micro-organisms can
be obtained in large quantities. Applications to

plants and animals, which are biologically more
complex and more difficult to manipulate suc-
cessfully, will take longer to develop.

Biotechnology

Biotechnology-the use of living organisms or
their components in industrial processes—is
possible because micro-organisms naturally pro-
duce countless substances during their lives.
Some of these substances have proved commer-
cially valuable. A number of different industries
have learned to use micro-organisms as natural
factories, cultivating populations of the best
producers under conditions designed to en-
hance their abilities.

Applied genetics can play a major role in im-
proving the speed, efficiency, and productivity
of these biological systems. It permits the ma-
nipulation, or engineering, of the micro-orga-
nisms’ genetic material to produce the desired
characteristics. Genetic engineering is not in
itself an industry, but a technique used at the
laboratory level that allows the researcher to
modify the hereditary apparatus of the cell. The
population of altered identical cells that grows
from the first changed micro-organism is, in
turn, used for various industrial processes. (See
figure 1.)

The first major commercial effects of the ap-
plication of genetic engineering will be in the
pharmaceutical, chemical, and food processing
industries. Potential commercial applications of
value to the mining, oil recovery, and pollution
control industries—which may desire to use ma-
nipulated micro-organisms in the open environ -
ment —are stll somewhat speculative.

The pharmaceutical industry

FINDINGS

The pharmaceutical industry has been the
first to take advantage of the potentials of ap-
plied molecular genetics. Ultimately, it will
probably benefit more than any other, with the
largest percentage of its products depending on
advances in genetic technologies. Already,

micro-organisms have been engineered to pro-
duce human insulin, interferon, growth hor-
mone, urokinase (for the treatment of blood
clots), thymosin-a 1 (for controlling the immune
response), and somatostatin (a brain hormone).
(See figure 2))

The products most likely to be affected by
genetic engineering in the next 10 to 20 years
are nonprotein compounds like most antibiotics,
and protein compounds such as enzymes and
antibodies, and many hormones and vaccines.
Improvements can be made both in the prod-
ucts and in the processes by which they are pro-
duced. Process costs may be lowered and even
entirely new products developed.

The most advanced applications today are in
the field of hormones. While certain hormones
have already proved useful, the testing of
others has been hindered by their scarcity and
high cost. Of 48 human hormones that have
been identified so far as possible candidates for
production by genetically engineered micro-
organisms, only 10 are used in current medical
practice. The other 38 are not, partly because
they have been available in such limited quan-
tities that tests of their therapeutic value have
not been possible.

Genetic technologies also open up new ap-
proaches for vaccine development for such in-
tractable parasitic and viral diseases as amebic
dysentery, trachoma, hepatitis, and malaria. At
present, the vaccine most likely to be produced
is for foot-and-mouth disease in animals. How-
ever, should any one of the vaccines for human
diseases become available, the social, economic,
and political consequences of a decrease in mor-
bidity and mortality would be significant. Many
of these diseases are particularly prevalent in
less industrialized countries; the developments
of vaccines for them may profoundly affect the
lives of tens of millions of people.
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Figure 1.—Recombinant DNA: The Technique of Recombining Genes
From One Species With Those From Another
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For some pharmaceutical products, biotech-
nology will compete with chemical synthesis
and extraction from human and animal organs.
Assessing the relative worth of each method
must be done on a case-by-case basis. But for
other products, genetic engineering offers the
only method known that can ensure a plentiful
supply; in some instances, it has no competition.

By making a pharmaceutical available, genet-
ic engineering may have two types of effects:

. Drugs that already have medical promise

76-565 0 - 81 - 2

Photo credits; Professor F. A. Eiserling, UCLA Molecular Biology Institute

Electron micrograph of Bacillus subtilis in the process of
cell division. The twisted mass in the center of each
daughter cell is the genetic material, DNA

Restriction enzymes recognize certain sites along the DNA
and can chemically cut the DNA at those sites. This makes
it possible to remove selected genes from donor DNA mole-
cules and insert them into plasmid DNA molecules to form
the recombinant DNA. This recombinant DNA can then be
cloned in its bacterial host and large amounts of a desired
protein can be produced.

will be available in ample amounts for clin-
ical testing. Interferon, for example, can be
tested for its efficacy in cancer and viral
therapy, and human growth hormone can
be evaluated for its ability to heal wounds.

. Other pharmacologically active substances
for which no apparent use now exists will
be available in sufficient quantities and at
low enough cost to enable researchers to
explore new uses. As a result, the potential
for totally new therapies exists. Regulatory
proteins, for example, which are an entire
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Figure 2.-The Product Development Process
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The development process begins by obtaining DNA either through organic synthesis (1) or derived from biological sources such as tissues
(2). The DNA obtained from one or both sources is tailored to form the basic “gene” (3) which contains the genetic information to “code” for a
desired product, such as human interferon or human insulin. Control signals (4) contalnlng instructions are added to this gene (5). Circular DNA
molecules called plasmids (6) are isolated from micro-organisms such as E. coli; cut open (7) and spliced back(8) together with genes and con-
trol signals to form “recombinant DNA” molecules. These molecules are then introduced into a host cell 9).

Each plasmid is copied many times in a cell (10). Each cell then translates the information contained in these plasmids into the desired prod-
uct, a process called “expression” (11). Cells divide (12) and pass on to their offspring the same genetic information contained in the parent
cell.

Fermentation of large populations of genetically engineered micro-organisms is first done in shaker flasks (13), and then in small fermenters
(14) to determine growth conditions, and eventually in larger fermentation tanks (15). Cellular extract obtained from the fermentation process is
then separated, purified (16), and packaged (17) either for industrial use (18) or health care applications.

Health care products are first tested in animal studies (19) to demonstrate a product’s pharmacological activity and safety, in the United
States, an investigational new drug application (20) is submitted to begin human clinical trials to establish safety and efficacy. Following

clinical testing (21), a new drug application (NDA) (22) is fried with the Food and Drug Administration (FDA). When the NDA has been reviewed
and approved by the FDA the product maybe marketed in the United States (23).

SOURCE: Genentech, Inc.
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class of molecules that control gene activi-
ty, are present in the body in only minute
quantities. Now, for the first time, they can
be recognized, isolated, characterized, and
produced in quantity.

The mere availability of a pharmacologically
active substance does not ensure its adoption in
medical practice. Even if it is shown to have
therapeutic usefulness, it may not succeed in
the marketplace.

The difficulty in predicting the economic im-
pact is exemplified by interferon. If it is found to
be broadly effective against both viral diseases
and cancers, sales would be in the tens of bil-
lions of dollars annually. If its clinical effec-
tiveness is found to be only against one or two
viruses, sales would be significantly lower.

At the very least, even if there are no im-
mediate medical uses for compounds produced
by genetic engineering, their indirect impact on
medical research is assured. For the first time,
almost any biological phenomenon of medical
interest can be explored at the cellular level.
These molecules are valuable tools for under-
standing the anatomy and functions of cells.
The knowledge gained may lead to the develop-
ment of new therapies or preventive measures
for diseases.

The chemical industry

FINDINGS

The chemical industry’s primary raw materi-
al, petroleum, is now in limited supply. Coal is
one appealing alternative; another is biomass, a
renewable resource composed of plant and ani-
mal material.

Biomass has been transformed by fermenta-
tion into organic chemicals like citric acid, etha-
nol, and amino acids for decades. Other organic
chemicals such as acetone, butanol, and fumaric
acid were at one time made by fermentation un-
til chemical production methods, combined
with cheap oil and gas, proved to be more eco-
nomical. In theory, most any industrial organic
chemical can be produced by a biological proc-
€ss.

Commercial fermentation using genetically
engineered micro-organisms offers several ad-

vantages over current chemical production
techniques.

ie The use of renewable resources. starches,
, ¢ sugars, cellulose, and other components of
;s biomass can serve as the raw material for
si synthesizing organic chemicals. With prop-
ic er agricultural management, biomass can
a assure a continuous renewable supply for
lu the industry.
se The use of physically milder conditions:
:a chemical processes often require high tem-
re peratures and extreme pressures. These
o conditions are energy intensive and pose a
li hazard in case of accidents. Biological proc-
o] esses operate under milder conditions,
ar which are compatible with living systems.
2p One-step production methods:. micro-orga-
i nisms can carry out several steps in a syn-
p1 thetic process, eliminating the need for in-
li; termediate steps of separation and puri-
1. fication.
<« Decreased pollution: because biological
processes are highly specific in the reac-
tions they catalyze, they offer control over
the products formed and decrease undesir-
able side-products. As a result, they pro-
duce fewer pollutants that require manage-
ment and disposal,

o
al

The impact of this technology will cut across
the entire spectrum of chemical groups: plastics
and resin materials, flavors and perfumes mate-
rials, synthetic rubber, medicinal chemicals,
pesticides, and the primary products from pe-
troleum that serve as the raw materials for the
synthesis of organic chemicals. Nevertheless,
the specific products that will be affected in
each group can only be chosen on a case-by-case
basis, with the applicability of genetics de-
pending on a variety of factors. Crude estimates
of the expected economic impacts are in the bil-
lions of dollars per year for dozens of chemicals
within 20 years.

INDUSTRY AND MANPOWER IMPACTS
Although genetic engineering will develop
new techniques for synthesizing many sub-
stances, the direct displacement of any current
industry seems doubtful. Genetic engineering
should be considered simply another industrial
tool. Industries will probably use genetic



8. Impacts of Applied Genetics—Micro-Organisms, Plants, and Animals

engineering to maintain their positions in their
respective markets. This is already illustrated
by the variety of companies in the pharmaceu-
tical, chemical, and energy industries that have
invested in or contracted with genetic engineer-
ing firms. Some large companies are already de-
veloping inhouse genetic engineering research
capabilities.

Any predictions of the number of workers
that will be required in the production phase of
biotechnology will depend on the expected
volume of chemicals that will be produced. At
present, this figure is unknown. An estimated
$15 billion worth of chemicals maybe manufac-
tured by biological processes. This will employ
approximately 30,000 to 75,000 workers for su-
pervision, services, and production. Whether
this will represent a net loss or gain in the num-
ber of jobs is difficult to predict since new jobs
in biotechnology will probably displace some of
those in traditional chemical production.

Food processing industry

FINDINGS

Genetics in the food processing industry can
be used in two ways: to design micro-organisms
that transform inedible biomass into food for
human consumption or into feed for animals;
and to design organisms that aid in food proc-
essing, either by acting directly on the food
itself or by providing materials which can be
added to food.

The use of genetics to design organisms with
desired properties for food processing is an
established practice. Fermented foods and
beverages have been made by selected strains
of mutant organisms (e.g., yeasts) for centuries.
Only recently, however, have molecular tech-
nologies opened up new possibilities. In par-
ticular, large-scale availability of enzymes will
play an increasing role in food processing.

The applications of molecular genetics are
likely to appear in the food processing industry
in piecemeal fashion:

. Inedible biomass, human and animal
wastes, and even various industrial efflu-
ents are now being transformed into edible

micro-organisms high in protein content
(called single-cell protein or SCP). Its pres-
ent cost of production in the United States
is relatively high, and it must compete with
cheaper sources of protein such as soy-
beans and fishmeal, among others.

+ Isolated successes can be anticipated for
the production of such food additives as
fructose (a sugar) and the synthetic sweet-
ener aspartame, and for improvements in
SCP production.

An industrywide impact is not expected in the
near future because of several major conflicting
factors:

+ The basic knowledge of the genetic charac-
teristics that could improve food has not
been adequately developed.

« The food processing industry is conserva-
tive in its expenditures for R&D to improve
processes. Generally, only one-third to one-
half as much is allocated for this purpose as
in technologically intensive industries.

« Products made by new microbial sources
must satisfy the Food and Drug Adminis-
tration’s (FDA) safety regulations, which in-
clude undergoing tests to prove lack of
harmful effects. It may be possible to
reduce the amount of required testing by
transferring the desired gene into micro-
organisms that already meet FDA stand-
ards.

The use of genetically engineered
micro-organisms in the environment

FINDINGS
Genetically engineered micro-organisms are
being designed now to perform in three areas
(aside from agricultural uses) that require their
large-scale release into the environment:

. mineral leaching and recovery,
. enhanced oil recovery, and
« pollution control.

All of these are characterized by:

. the use of large volumes of micro-orga-
nisms,

decreased control over the behavior and
fate of the micro-organisms,
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sil the possibility of ecological disruption, and

e less development in basic R&D (and more
speculation-) than in the industries in which
micro-organisms are used in a controlled
environment.

MINERAL LEACHING AND RECOVERY

Bacteria have been used to leach metals, such
as uranium and copper, from low-grade ores.
Although there is reason to believe leaching
ability is under genetic control in these orga-
nisms, practically nothing is known about the
precise mechanisms involved. Therefore, the
application of genetic technologies in this area
remains speculative. Progress has been slow in
obtaining more information, partly because
very little research has been conducted.

In addition to leaching, micro-organisms can
be used to recover valuable metals or eliminate
polluting metals from dilute solutions such as in-
dustrial waste streams. The process makes use
of the ability of micro-organisms to bind metals
to their surfaces and then concentrate them in-
ternally.

The economic competitiveness of biological
methods is still unproved, but genetic modifica-
tions have been attempted only recently. The
cost of producing the micro-organisms has been
a major consideration. If it can be reduced, the
approach might be useful.

ENHANCED OIL RECOVERY
Many methods have been tried in efforts to
remove oil from the ground when natural
expulsive forces alone are no longer effective.
Injecting chemicals into a reservoir has, in many
cases, aided recovery by changing the oil’s flow
characteristics.

Micro-organisms can produce the necessary
chemicals that help to increase flow. Theoreti-
cally, they can also be grown in the wells
themselves, producing those same chemicals in
situ. The currently favored chemical, xanthan,
is far from ideal for increasing flow. Genetic
engineering should be able to produce chem-
icals with more useful characteristics.

The current research approach, funded by
the Department of Energy (DOE) and independ-
ently by various oil companies, is a two-phase

process to find micro-organisms that can func-
tion in an oil reservoir environment, and then to
improve their characteristics genetically.

The genetic alteration of micro-organisms to
produce chemicals useful for enhanced oil re-
covery has been more successful than the alter-
ation of micro-organisms that may be used in
situ. However, rDNA technology has not been
applied to either case. All attempts have em-
ployed artificially induced or naturally occur-
ring mutations.

POLLUTION CONTROL

Many micro-organisms can consume various
kinds of pollutants, changing them into relative-
ly harmless materials before they die. These
micro-organisms always have had a role in
“natural” pollution control: nevertheless, cities
have resisted adding microbes to their sewerage
systems. Although the Environmental Protec-
tion Agency (EPA) has not recommended addi-
tion of bacteria to municipal sewerage systems,
it suggests that they might be useful in smaller
installations and for specific problems in large
systems. In major marine spills, the bacteria,
yeast, and fungi already present in the water
participate in degradation. The usefulness of
added microbes has not been demonstrated.

Nevertheless, in 1978, the estimated market
of biological products for pollution control was
$2 million to $4 million per year, divided among
some 20 companies; the potential market was
estimated to be as much as $20 million per year.

To date, genetically engineered strains have
not been applied to pollution problems. Restrict-
ing factors include the problems of liability in
the event of health, economic, or environmental
damage; the contention that added organisms
are not likely to be a significant improvement;
and the assumption that selling microbes rather
than products or processes is not likely to be
profitable.

Convincing evidence that microbes could re-
move or degrade an intractable pollutant would
encourage their application. In the meantime,
however, these restrictions have acted to inhibit
the research necessary to produce marked im-
provements.
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CONSTRAINTS IN USING GENETIC ENGINEERING

TECHNOLOGIES IN OPEN ENVIRONMENTS

The genetic data base for the potentially use-
ful micro-organisms is lacking. Only the sim-
plest methods of mutation and selection for de-
sirable properties have been used thus far.
These are the only avenues for improvement
until more is learned about the genetic mech-
anisms.

Even when the scientific knowledge is avail-
able, two other obstacles to the use of geneti-
cally engineered micro-organisms will remain.
The first is the need to develop engineered

systems on a scale large enough to exploit their
biological activity. This will necessitate a con-
tinual dialog among microbial geneticists, geolo-
gists, chemists, and engineers; an interdisci-
plinary approach is required that recognizes the
needs and limitations of each discipline.

The second obstacle is ecological. Introducing
large numbers of genetically engineered micro-
organisms into the environment might lead to
ecological disruption or detrimental effects on
human health, and raise questions of legal lia-
bility.

Issue and Options—Biotechnology

ISSUE: How can the Federal Govern-
ment promote advances in bio-
technology and genetic engi-
neering?

The United States is a leader in applying
genetic engineering and biotechnology to in-
dustry. One reason is the long-standing commit-
ment by the Federal Government to the funding
of basic biological research; several decades of
support for some of the most esoteric basic
research has unexpectedly provided the foun-
dation for a highly useful technology. A second
is the availability of venture capital, which has
allowed the formation of small, innovative com-
panies that can build on the basic research.

The chief argument for Government subsidi-
zation for R&D in biotechnology and genetic
engineering is that Federal help is needed in
areas such as general (generic) research or high-
ly speculative investigations not now being de-
veloped by industry. The argument against the
need for this support is that industry will devel-
op everything of commercial value on its own.

A look at what industry is now attempting in-
dicates that sufficient investment capital is
available to pursue specific manufacturing ob-
jectives. Some high-risk areas, however, that
might be of interest to society, such as pollution
control, may justify promotion by the Govern-
ment, while other, such as enhanced oil recov-
ery might might not be profitable soon enough
to attract investment by industry.

OPTIONS:

A. Congress could allocate funds specifically for
genetic engineering and biotechnology R& Din
the budget of appropriate agencies.

Congress could promote two types of pro-
grams in biotechnology: those with long-range
payoffs (basic research), and those that industry
is not willing to undertake but that might be in
the national interest.

B. Congress could establish a separate Institute
of Biotechnology as a funding agency.

The merits of a separate institute lie in the
possibility of coordinating a wide range of ef-
forts, all related to biotechnology. On the other
hand, biotechnology and genetic engineering
cover such a broad range of disciplines that a
new funding agency would overlap the man-
dates of existing agencies. Furthermore, the
creation of yet another agency carries with it all
the disadvantages of increased bureaucracy and
competition for funds at the agency level.

c. Congress could establish research centers in
universities to foster interdisciplinary ap-
proaches to biotechnology. In addition, a pro-
gram of grants could be offered to train scien-
tists in biological engineering.

The successful use of biological techniques in
industry depends on a multidisciplinary ap-
proach involving biochemists, geneticists, mi-
crobiologists, process engineers, and chemists.
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Little is now being done publicly or privately to
develop the expertise necessary.

D. Congress could use tax incentives to stimulate
biotechnology.

The tax laws could be used to stimulate bio-
technology by expanding the supply of capital
for small, high-risk firms, which are generally
considered more innovative than established
firms because of their willingness to undertake
the risks of innovation. In addition to focusing
on the supply of capital, tax policy could at-
tempt to directly increase the profitability of
potential growth companies.

A tax incentive could also be directed’ at in-
creasing R&D expenditures. It has been sug-
gested that companies be permitted to take tax
credits: 1) on a certain percentage of their R&D
expenses; and 2) on contributions to universities
for research.

E. Congress could improve the conditions under
which U.S. companies collaborate with aca-
demic scientists and make use of the technol-
ogy developed in universities, which has been
wholly or partly supported by tax funds.

Developments in genetic engineering have
kindled interest in this option. Under legislation
that has recently passed both Houses of Con-

Agriculture

gress, small businesses and universities may re-
tain title to inventions developed under federal-
ly funded research. Currently, some Federal
agencies award contractors these exclusive
rights, while others insist on the nonexclusive
licensing of inventions.

F. Congress could mandate support for specific
research tasks such as pollution control using
microbes.

Microbes may be useful in degrading intrac-
table wastes and pollutants. Current research,
however, is limited to isolating organisms from
natural sources or from mutated cultures. More
elaborate efforts, involving rDNA techniques or
other forms of microbial genetic exchange, will
require additional funding.

G. Most efforts could be left to industry and each
Government agency allowed to develop pro-
grams in the fields of genetic engineering and
biotechnology as it sees fit.

Generic research will probably not be under-
taken by any one company. Leaving all R&D in
industry’s hands would still produce major com-
mercial successes, but does not ensure the de-
velopment of needed basic general knowledge
or the undertaking of high-risk projects.

The complexity of plants and animals pre-
sents a greater challenge to advances in applied
genetics than that posed by micro-organisms.
Nevertheless, the successful genetic manipula-
tion of microbes has encouraged researchers in
the agricultural sciences. The new tools will be
used to complement, but not replace, the well-
established practices of plant and animal
breeding.

The applications of genetics to plants

FINDINGS
It is impossible to exactly determine the ex-
tent to which applied genetics has directly con-
tributed to increases in plant yield because of
simultaneous improvements in farm manage-

ment, pest control, and cropping techniques
using herbicides, irrigation, and fertilizers.
Nevertheless, the impacts of breeding technol-
ogies have been extensive.

The plant breeder’s approach is determined
for the most part by the particular biological
factors of the crop being bred. The new genetic
technologies potentially offer additional tools to
allow development of new varieties and even
species of plants by circumventing current bio-
logical barriers to the exchange of genetic
material.

Technologies developed for classical plant
breeding and those of the new genetics should
not be viewed as being competitive; they are
both tools for effectively manipulating genetic
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information. One new technology -e.g., proto-
plasm fusion, or the artificial fusion of two cells—
allows breeders to overcome incompatibility
between plants. But the plant that may result
still must be selected, regenerated, and eval-
uated under field conditions to ensure that the
genetic change is stable and that the attributes
of the new variety meet commercial require-
ments.

In theory, the new technologies will expand
the capability of breeders to exchange genetic
information by overcoming natural breeding
barriers. To date, however, they have not had a
widespread impact on the agricultural industry.

As a note of caution, it must be emphasized
that no plant can possess every desirable trait.
There will always have to be some tradeoff;

A plantlet of loblolly pine grown in Weyerhaeuser Co.’s
tissue culture laboratory. The next step in this procedure
is to transfer the plantlet from its sterile and humid
environment to the soil

often quality for quantity, such as increased
protein content but decreased yield.
NEW GENETIC TECHNOLOGIES FOR
PLANT BREEDING

The new technologies fall into two categories:
those involving genetic transformations
through cell fusion and those involving the in-
sertion or modification of genetic information
through the cloning of DNA and its vectors.
Techniques are available for manipulating
organs, tissues, cells, or protoplasts in culture;
for regenerating plants; and for testing the
genetic basis of novel traits. So far these tech-
niques are routine only in a few species.

The approach to exploiting molecular biology
for plant breeding is similar in some respects to
the genetic manipulation of micro-organisms.
However, there is one major conceptual dif-

’

Photo credits: Weyerhaeuser Co.

A young Douglas fir tree propagated 4 years ago from a
small piece of seedling leaf tissue. Three years ago this was
at the test-tube stage seen in the loblolly pine photograph
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ference. In micro-organisms, the changes made
on the cellular level are the goals of the
manipulation. With crops, changes made on the
cellular level are meaningless unless they can be
reproduced in the entire plant as well. There-
fore, unless single cells in culture can be
selected and grown into mature plants and the
desired traits expressed in the mature plant-
procedures which at this time have had limited
success—the benefits of genetic engineering will
not be widely felt in plant breeding.

Moderate success has been achieved for
growing cells in tissue culture into mature
plants. Tissue culture programs of commercial
significance in the United States include the
asparagus, citrus fruits, pineapples, and straw-
berries. Breeders have had little success, how-
ever, in regenerating mature plants of wide
agronomic importance) such as corn and wheat.

Some success can be claimed for engineering
changes to alter genetic makeup. Both the stable
integration of genetic material into a cell and
the fusion of genetically different cells are still
largely experimental techniques. Technical
breakthroughs have come on a species-by-
species basis, but key discoveries are not often
applicable to all plants. Initial results suggest
that agronomically important traits, such as
disease resistance, can be transferred from one
species to another. Limited success has also
been shown in attempts to create totally new
species by fusing cells from different genera.
Attempts to find both suitable vectors and genes
for transferring one plant genes to another are
only now beginning to show promise.

CONSTRAINTS ON USING MOLECULAR

GENETICS FOR PLANT IMPROVEMENTS
Molecular engineering has been impeded by a
lack of answers to basic questions in molecular
biology and plant physiology owing to insuffi-
cient research. Federal funding for plant molec-
ular genetics in agriculture has come primarily
from the U.S. Department of Agriculture
(USDA) and the National Science Foundation
(NSF). In USDA, research support is channeled
primarily through the flexible competitive
grants program (fiscal year 1980 budget of $15
million) for the support of new research direc-
tions in plant biology. The total support for the

plant sciences from NSF is approximately $25
million, only $1 million of which is specifically
designated for plant genetics.

The shortage of a trained workforce is a
significant constraint. Only a few universities
have expertise in both plants and molecular bi-
ology. In addition, there are only a few people
who have the ability to work with modern mo-
lecular techniques related to whole plant prob-
lems. As a result, a business firm could easily
develop a capability in this area exceeding that
at any individual U.S. university. However, the
building of industrial laboratories and subse-
guent hiring from the universities could easily
deplete the expertise at the university level.
With the recent investment activity by many
bioengineering firms, this trend has already
begun; in the long-run it could have serious con-
sequences for the quality and quantity of uni-
versity research.

GENETIC VARIABILITY, CROP VULNERABILITY,
AND THE STORAGE OF GERMPLASM

Successful plant breeding is based on the
availability of genetically diverse plants for the
insertion of new genes into plants. The number
of these plants has been diminishing for a varie-
ty of reasons. However, the rate and extent of
this trend is unknown; the data simply do not
exist. Therefore, it is essential to have an ade-
quate scientific understanding of how much ge-
netic loss has taken place and how much germ-
plasm (the total genetic variability available to a
species) is needed. Neither of these questions
can be answered completely at this time.

Even if-genetic needs can be adequately iden-
tified, there is disagreement about the quantity
of germplasm to collect. Furthermore, the ex-
tent to which the new genetic technologies will
affect genetic variability, vulnerability, or the
storage technologies of germplasm has not been
determined. As a result, it is currently difficult,
if not impossible, to state how much effort
should be expended by the National Germplasm
System to collect, maintain, and test new gene
resources (in this case as seed).

Finally, even if an adequate level of genetic
variability can be assessed, the real problem of
vulnerability—the practice of planting only a
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single variety—must be dealt with at an institu-
tional or social level. Even if no genetic tech-

nologies existed, farmers would still select only
one or a few “best” varieties for planting.

Issues and Options—Plants

ISSUE: Should an assessment be con-
ducted to determine how much
diversity in plant germplasm
needs to be maintained?

An understanding of how much germplasm
should be protected and maintained would
make the management of genetic resources
simpler.

OPTIONS:

A. Congress could commission a study of how
much genetic variability is necessary or desir-
able to meet present and future needs.

A comprehensive evaluation of the National
Germplasm System’s requirements for collec-
ting, evaluating, maintaining, and distributing
genetic resources for plant breeding and re-
search could serve as a baseline for a further
assessment.

B. Congress could commission a study on the
need for international cooperation to manage
and preserve genetic resources both in natural
ecosystems and in repositories.

This investigation could include an evaluation
of the rate at which genetic diversity is being
lost from natural and agricultural systems along
with an estimate of the effects this loss will
have.

C. Congress could commission a study on how to
develop an early warning system to recognize
the potential vulnerability of crops.

Where high genetic uniformity still exists,
proposals could be suggested to reduce any
risks due to uniformity. Alternatively, the
avenues by which private seed companies could
be encouraged to increase the levels of genetic
diversity could be investigated.

ISSUE: What are the most appropriate
approaches in overcoming the
various technical constraints
that limit the success of molec-
ular genetics for plant improve-
ment?

Although genetic information has been trans-
ferred by vectors and protoplasm fusion, DNA
transformations of commercial value have not
yet been performed. Molecular engineering has
been impeded by the lack of vectors that can
transfer novel genetic material into plants,
by insufficient knowledge about which genes
would be useful for breeding purposes, and by
a lack of understanding of the incompatibility of
chromosomes from diverse sources. Another
impediment has been the lack of researchers
from a variety of disciplines.

OPTIONS:

A. The level of funding could be increased for
plant molecular genetics research supported
by NSF and USDA.

B. Research units devoted to plant molecular ge-
netics could be established under the auspices
of the National Institutes of Health (NIH), with
emphasis on potential pharmaceuticals de-
rived from plants.

C. An ingtitute for plant molecular genetics could
be established under the Science and Educa-
tion Administration at USDA that would in-
clude multidisciplinary teamsto consider both
basic research questions and direct applica-
tions of the technology to commercial needs
and practices.

The discoveries of molecular plant genetics
will be used in conjunction with traditional
breeding programs. Hence, each of the three
options could require additional appropriations
for agricultural research.
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Advances in reproductive biology and
their effects on animal improvement

FINDINGS

Much improvement can be made in the germ-
plasm of all major farm animal species using ex-
isting technology. The expanded use of artificial
insemination (Al) with stored frozen sperm, es-
pecially in beef cattle, would benefit both pro-
ducers and consumers. New techniques for syn-
chronizing estrus should encourage the wider
use of Al. Various manipulations of embryos
will find limited use in producing breeding
stocks, and sex selection and twinning tech-
niques should be available for limited applica-
tions within the next 10 to 20 years.

The most important technology in reproduc-
tive physiology will continue to be Al. Due in
part to genetic improvement, the average milk
yield of cows in the United States has more than
doubled in the past 30 years, while the total
number of milk cows has been reduced by more
than half. Al along with improved management
and the availability and use of accurate progeny
records on breeding stock have caused this
great increase. (See figure 3.)

The improvement lags behind what is theo-
retically possible. In practice, the observed in-
crease is about 100 Ib of milk per cow per year,
while a hypothetical breeding program using Al
would result in a yearly gain of 220 Ib of milk
per cow. The biological limits to this rate of gain
are not known.

In comparison with dairy cattle, the beef cat-
tle industry has not applied Al technology wide-
ly. Only 3 to 5 percent of U.S. beef is artificially
inseminated, compared to 60 percent of the
dairy herd. This low rate for beef cattle can be
explained by several factors, including manage-
ment techniques (range v. confined housing)
and the conflicting objectives of individual
breeders, ranchers, breed associations, and
commercial farmers.

The national calf crop—calves alive at wean-
ing as a fraction of the total number of cows ex-
posed to breeding each year—is only 65 to 81
percent. An improvement of only a few percent-
age points through Al would result in savings of

hundreds of millions of dollars to producers and
consumers.

Coupled with a technology for estrus-cycle
regulation, the use of Al could be expanded for
both dairy and beef breeding. Embryo transfer
technology, already well-developed but still
costly, can be used to produce valuable breed-
ing stock. Sexing technology, which is not yet
perfected, would be of enormous benefit to the
beef industry because bulls grow faster than
heifers.

In the case of animals other than cows:

+ Expanded use of Al for swine production
will be encouraged by the strong trend to
confinement housing, although the poor
ability of boar sperm to withstand freezing
will continue to be a handicap.

+ The benefits of applied genetics have not
been realized in sheep production because
neither Al nor performance testing has
been used. As long as the use of Al con-
tinues to be limited by the inability to
freeze semen and by a lack of agents on the
market for synchronizing estrus, no rapid
major gains can be expected.

*+ Increasing interest in goats in the United
States and the demand for goat products
throughout the world, should encourage
attention to the genetic gains that the use
of Al and other technologies make possible.

+ Poultry breeders will continue to concen-
trate on improved egg production, growth
rate, feed efficiency, and reduced body fat
and diseases. The use of frozen semen
should increase as will the use of Al and
dwarf broiler breeders.

+ Genetics applied to production of fish,
mollusks, and crustaceans in either natural
environments or manmade culture systems
is only at the rudimentary stage.

Breeders must have reliable information
about the genetic value of the germplasm they
are considering introducing. Since farmers do
not have the resources to collect and process
data on the performance of animals other than
those in their own herds, they must turn to out-
side sources. The National Cooperative Dairy
Herd Improvement Program (NCDHIP) is a mod-



16 . The Impacts of Genetics:Applicatjions 0 Micro-Organisms, Plants, and Animals

Figure 3.-The Way the Reproductive Technologies Interrelate
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These 10 calves from Colorado State University were the
result of superovulation, in vitro culture, and transfer to
the surrogate mother cows on the left. The genetic
mother of all 10 calves is at upper right

SOURCE: Office of Technology Assessment.
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el information system and could be adapted to
other species.

Selection—deciding which animals to mate
—is the breeder’s most basic tool. When going
outside his herd to purchase new germplasm,
the breeder needs impartial information about
the quality of the available germplasm. NCDHIP
had recorded 2.8 million of the 10.8 million U.S.
dairy cattle in 1979. In 1978, cows enrolled in
the official plans of NCDHIP outproduced cows
not enrolled by 5,000 Ib of milk per cow, repre-
senting 52 percent more milk per lactation.

No comparable information system exists for
other types of livestock. Beef bulls, for example,
continue to be sold to a large extent on the basis
of pedigrees, but with relatively little objective
information on their genetic merit. Data on
dairy goats in the United States became avail-
able through NCDHIP for the first time in late
1980. No nationwide information systems exist

for other species, although pork production in
the United States would greatly benefit from a
national swine testing program.

The more esoteric methods of genetic manip-
ulation will probably have little impact on the
production of animals or animal products with-
in the next 10 years. other in vitro manipula-
tions, such as cloning, cell fusion, the produc-
tion of chimeras, and the use of rDNA tech-
niques, will continue to be of intense interest,
especially for research purposes. It is less likely,
however, that they will have widespread prac-
tical effects on farm production in this century.

Each technique requires more research and
refinement. Until specific genes of farm animals
can be identified and located, no direct gene
manipulation will be practicable. In addition
this will be difficult because most traits of im-
portance are due to multiple genes.

Issue and Options—Animals

ISSUE: How can the Federal Govern-
ment improve the germplasm of
major farm animal species?

OPTIONS:

A. Programs like the NCDHIP could have in-
creased governmental participation and fund-
ing. The efforts of the Beef Cattle |mprove-
ment Federation to standardize procedures
could receive active support, and a similar in-
formation system for swine could be estab-
lished.

The fastest and least expensive way to up-
grade breeding stock in the United States is
through effective use of information. Computer
technology, along with a network of local repre-

*

The wide variety of applications for genetic
engineering is summarized in figure 4. Genetics
can be used to improve or increase the quality
and output of plants and animals for direct use
by man. Alternatively, materials can be ex-
tracted from plants and animals for use in food,
chemical, and pharmaceutical industries.

sentatives for data collecting, can provide the
individual farmer or breeder with accurate in-
formation on the available germplasm so that he
can make his own breeding decisions.

This option implies that the Federal Govern-
ment would play such a role in new programs,
and expand its role in existing ones.

B. Federal funding could be increased for basic
research in total animal improvement.

This option, in contrast to option A, assumes
that it is necessary to maintain or expand basic
R&D to generate new knowledge that can be
applied to the production of improved animals
and animal products.

*

Biological materials can also be converted to
useful products. In this process, genetic engi-
neering can be used to develop micro-organisms
that will carry out the conversions. Therefore,
genetic manipulation cannot only provide more
or better biological raw materials but can also
aid in their conversion to useful products.
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Figure 4—Applications of Genetics
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Institutions and society

Regulation of genetic engineering

FINDINGS

No evidence exists that any unexpectedly
harmful genetically engineered organism has
been created. Yet few experts believe that mo-
lecular genetic techniques are totally without
risk to health and the environment. Information
that has proved useful in assessing the risks
from these techniques has come from three
sources: experiments designed specifically to
test the consequences of working with rDNA,
experiments designed for other purposes but

relevant to :levant and scientific meetings and
workshops.

A program of risk assessment was established
at NIH in 1979 to conduct experiments and col-
late relevant information. It assesses one form
of genetic engineering, rDNA. On the basis of
these data, conjectured, inadvertent risk is
generally regarded as less likely today than
originally suspected. Risk due to the manipula-
tion of genes from organisms known to be haz-
ardous is considered to be more realistic. There-
fore, microbiological safety precautions that are
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appropriate to the use of the micro-organisms
serving as the source of DNA are required. Nev-
ertheless, it has not been demonstrated that
combining those genes in the form of rDNA is
any more hazardous than the original source of
the DNA.

Perceptions of the nature, magnitude, and ac-
ceptability of the risk differ. In addition, public
concern has been expressed about possible
long-range impacts of genetic engineering. In
this context, the problem facing the policy-
maker is how to address the risk in a way that
accommodates the perceptions and values of
those who bear it.

The NIH Guidelines for Research Involving
Recombinant DNA Molecules and existing Fed-
eral laws appear adequate in most cases to deal
with the risks to health and the environment
presented by genetic engineering. However, the
Guidelines are not legally binding on industry,
and no single statute or combination will clearly
cover all foreseeable commercial applications of
genetic engineering.

The Guidelines are a flexible evolving over-
sight mechanism that combines technical exper-
tise with public participation. They cover the
most widely used and possibly risky molecular
genetic technique-rDNA-prohibiting experi-
ments using dangerous toxins or pathogens and
setting containment standards for other poten-
tially hazardous experiments. Although compli-
ance is mandatory only for those receiving NIH
funds, other Federal agencies follow them, and
industry has proclaimed voluntary compliance.
Rare cases of noncompliance have occurred in
universities but have not posed risks to health
or the environment. As scientists have learned
more about rDNA and molecular genetics, the
restrictions have been progressively and sub-
stantially relaxed to the point where 85 percent
of the experiments can now be done at the
lowest containment levels, and virtually all
monitoring for compliance now rests with ap-
proximately 200 local self-regulatory commit-
tees called institutional biosafety committees
(IRCs). (See table 1.)

Under the Guidelines, NIH serves an impor-
tant oversight role by sponsoring risk assess-

Table I.—Containment Recommended by the
National institutes of Health

Biological—Any combination of vector and host must be
chosen to minimize both the survival of the system
outside of the laboratory and the transmission of the
vector to nonlaboratory hosts. There are three levels
of biological containment:

—itean Requires the use of Escherichia coli K12 or
other weakened strains of micro-organisms that
are less able to live outside the laboratory.

—viomn Requires the use of specially engineered strains
that are especially sensitive to ultraviolet light,
detergents, and the absence of certain
uncommon chemical compounds.

~r~an N0 oOrganism has yet been developed that can
qualify as HV3.

Physical—Special laboratories (P1-P4)

A 1n Good laboratory procedures, trained personnel,
wastes decontaminated

- Biohazards sign, no public access, autoclave in
building, hand-washing facility

P Negative pressure, filters in vacuum line, class Il
safety cabinets

BT Monolithic construction, air locks, all air
decontaminated, autoclave in room, all
experiments in class Il safety cabinets (glove
box), shower room

SOURCE: Office of Technology Assessment.

ment programs, certifying new host-vector sys-
tems, serving as an information clearinghouse,
and coordinating Federal and local activities.
Limitations in NIH’s oversight are that: it lacks
legal authority over industry; its procedures for
advising industry on large-scale projects have
not incorporated sufficient expertise on large-
scale fermentation technology; its monitoring
for either compliance or consistent application
of the Guidelines by individuals or institutions is
virtually nonexistent; and it has not systemati-
cally evaluated other techniques, such as cell fu-
sion, that might present risks.

Federal laws on health and environment will
cover most commercial applications of genetic
engineering. Products such as drugs, chemicals,
and foods can be regulated by existing laws.
However, uncertainty exists about the regula-
tion of either production methods using engi-
neered micro-organisms or their intentional
release into the environment, when the risk has
not been clearly demonstrated. While a broad
interpretation of certain statutes, such as the
Occupational Safety and Health Act and the
Toxic Substances Control Act, might cover these
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situations, regulatory actions based on such in-
terpretations could be challenged in court. In
any evident those agencies that could have

substantial regulatory authority over commer-
cial genetic engineering have not yet officially
acted to assert that authority.

Issue and Options—Regulation

ISSUE: How could Congress address the
risks presented by genetic engi-
neering?

OPTIONS:

A. Congress could maintain the status quo by let-
ting NIH and the regulatory agencies set the
Federal policy.

Congress might determine that legislation to
remedy the limitations in current Federal over-
sight would result in unnecessary and burden-
some regulation. No known harm to health or
the environment has occurred under current
regulation. Also the agencies generally have the
legal authority and expertise to adapt to most
new problems posed by genetic engineering.

The disadvantages are the lack of a central-
ized, uniform Federal response to the problem,
and the possibility that risks associated with
commercial applications will not be adequately
addressed. Conflicting or redundant regulations
of different agencies would result in unneces-
sary burdens on those regulated.

B. Congress could require that the Federal Inter-
agency Advisory Committee on Recombinant
DNA Research prepare a comprehensive re-
port on its members collective authority to
regulate rDNA and on their regulatory inten-
tions.

The Industrial Practices Subcommittee of this
Committee has been studying agency authority
over commercial rDNA activities. Presently,
there is little official guidance on regulatory re-
guirements for companies that may soon mar-
ket products made by rDNA methods. A con-
gressionally mandated report would ensure full
consideration of these issues by the agencies
and expedite the process. On the other hand,
the agencies are studying the situation, which
must be done before they can act. Also, it is
often easier and more efficient to act on each
case as it arises, rather than on a hypothetical
basis before the fact.

C. Congress could require that all recombinant
DNA activity be monitored for a limited num-
ber OF years.

This represents a “wait and see” position by
Congress and the middle ground between the
status quo and full regulation. It recognizes and
balances the following factors: 1) the absence of
demonstrated harm to human health or the en-
vironment from genetic engineering; 2) the con-
tinuing concern that genetic engineering pre-
sents risks; 3) the lack of sufficient knowledge
and experience from which to make a final judg-
ment; 4) the existence of an oversight mech-
anism that seems to be working well, but that
has clear limitations with respect to commercial
activities; 5) the virtual abolition of Federal
monitoring of rDNA activities by recent amend-
ments to the Guidelines; and 6) the expected in-
crease in commercial genetic engineering.

This option would provide a data base that
could be used for: 1) determining the effec-
tiveness of voluntary compliance with the
Guidelines by industry, and mandatory compli-
ance by Federal grantees; 2) determining the
quality and consistency of the local self-regu-
latory actions; 3) continuing a formal risk assess-
ment program; 4) identifying vague or conflict-
ing provisions of the Guidelines for revision; 5)
identifying emerging trends or problems; and 6)
tracing any long-term adverse impacts on health
or the environment to their sources.

The obvious disadvantage of this option
would be the required paperwork and effort by
scientists, universities, corporations, and the
Federal Government.

D. Congress could make the NIH Guidelines ap-
plicable to all rDNA work done in the United
States.

This option would eliminate any concern
about the effectiveness of voluntary compliance
with the Guidelines, and it has the advantage of
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using an existing oversight mechanism. The ma-
jor changes that would have to be made in the
area of enforcement. Present penalties for non-
compliance—suspension or termination of re-
search funds-are obviousty inapplicable to in-
dustry. In addition, procedures for monitoring
compliance would have to be strengthened.

The main disadvantage of this option is that
NIH is not a regulatory agency. Since NIH has
traditionally viewed its mission as promoting
biomedical research, it would have a conflict of
interest between regulation and promotion.
One of the regulatory agencies could be given
the authority to enforce the Guidelines.

E. Congress could require an environmental im-
pact statement and agency approval before
any genetically engineered organism isinten-
tionally released into the environment.

There have been numerous cases where an
animal or plant species has been introduced into
a new environment and has spread in an uncon-
trolled and undesirable fashion. Yet in pollution
control, mineral leaching, and enhanced oil
recovery, it might be desirable to release large
numbers of engineered micro-organisms into
the environment.

The Guidelines currently prohibit deliberate
release of any organism containing rDNA with-
out approval of NIH. One disadvantage of this
prohibition is that it lacks the force of law.
Another is that approval may be granted on a
finding that the release would present “no sig-
nificant risk to health or the environment;” a
tougher or more specific standard may be de-
sirable.

A required study of the possible conse-
guences of releasing a genetically engineered
organism would be an important step in ensur-
ing safety. An impact statement could be filed
before permission is granted to release the
organism. However, companies and individuals
might be discouraged from developing useful
organisms if this process became too burden-
some and costly.

F. Congress could pass legislation regulating all

types and phases of genetic engineering from
research through commercial production.

76-565 0 - 81 - 3

This option would deal comprehensively and
directly with the risks of novel molecular
genetic techniques. A specific statute would
eliminate the uncertainties over the extent to
which present law covers particular applica-
tions of genetic engineering and any concerns
about the effectiveness of voluntary compliance
with the Guidelines. Alternatively, the legisla-
tion could take the form of amending existing
laws to clarify their applicability to genetic
engineering.

Other molecular genetic techniques, while
not as widely used and effective as rDNA, raise
similar concerns. Of the current techniques, cell
fusion is the prime candidate for being treated
like rDNA in any regulatory framework. No risk
assessment of this technique has been done, and
no Federal oversight exists.

The principal argument against this option is
that the current system appears to be working
fairly well, and the limited risks of the tech-
niques may not warrant the significantly in-
creased regulatory burden that would result
from such legislation.

G. Congress could require NIH to rescind the
Guidelines.

Deregulation would have the advantage of al-
lowing money and personnel currently involved
in implementing the Guidelines at the Federal
and local levels to be used for other purposes.

There are several reasons for retaining the
Guidelines. Sufficient scientific concern exists
for the Guidelines to prohibit certain experi-
ments and to require containment for others.
Most experiments can be done at the lowest,
least burdensome containment levels. NIH is
serving an important role as a centralized over-
sight and information coordinating body, and
the system has been flexible enough in the past
to liberalize the restrictions as evidence in-
dicated lower risk than originally thought.

H. Congress could consider the need for regulat-
ing work with all hazardous micro-organisms
and viruses, whether or not they are genet-
ically engineered.

I't was not within the scope of this study to ex-
amine this issue, but it is an emerging one that
Congress may wish to consider.
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Patenting living organisms

On June 16, 1980, in a 5-to-4 decision, the Su-
preme Court ruled that a human-made micro-
organism was patentable under Federal patent
statutes. The decision while hailed by some as
assuring this country’s technological future was
at the same time denounced by others as creat-
ing Aldous Huxley’s Brave New World. It will do
neither.

FINDINGS

1. Meaning and Scope of the Decision.—The
decision held that a patent could not be denied
on a genetically engineered micro-organism that
otherwise met the legal requirements for pat-
entability solely because it was alive. It was
based on the Court’s interpretation of a provi-
sion of the patent law which states that a patent

may be granted on “. . . any new and useful . . .
manufacture, or composition of matter. . . .“ (35
U.S.C. s101)

Itis uncertain whether the case will serve as
a legal precedent for patenting more complex
organisms. Such organisms, however, will prob-
ably not meet other legal prerequisites to paten-
tability that were not at issue here. In any event,
fears that the case would be legal precedent
sometime in the distant future for patenting hu-
man beings are unfounded because the 13th
amendment to the Constitution absolutely pro-
hibits ownership of humans.

2. Impact on the Biotechnology | ndustry.—The
decision is not crucial to the development of the
industry. It will stimulate innovation by encour-
aging the dissemination of technical informa-
tion that otherwise would have been main-
tained as trade secrets because patents are pub-
lic documents that fully describe the inventions.
In addition, the ability to patent genetically engi-
neered micro-organisms will reduce the risks
and uncertainties facing individual companies
in the commercial development of those orga-
nisms and their products, but only to a limited
degree because reasonably effective alterna-
tives exist. These are: 1) maintaining the orga-

nisms as trade secrets; 2) patenting microbio-
logical processes and their products; and 3) pat-
enting inanimate components of micro-orga-
nisms, such as genetically engineered plasmids.

3. Impact on the Patent Law and the Patent and
Trademark Office.— Because of the complexity,
reproducibility, and mutability of living orga-
nisms, the decision may cause some problems
for a body of law designed more for inanimate
objects than for living organisms. It raises ques-
tions about the proper interpretation and appli-
cation of the patent law requirements of novel-
ty, nonobviousness, and enablement. In addi-
tion, it raises questions about how broad the
scope of patent coverage on important micro-
organisms should be, and about the continuing
need for two statutes, the Plant Patent Act of
1930 and the Plant Variety Protection Act of
1970. These uncertainties could result in in-
creased litigation, making it more difficult and
costly for owners of patents on living organisms
to enforce their rights.

The impact on the Patent and Trademark Of-
fice is not expected to be significant in the next
few years. Although the number of patent ap-
plications on micro-organisms have almost
doubled during 1980, the approximately 200
pending applications represent less than 0.2
percent of those processed each year by the Of-
fice. While the number of such applications is
expected to increase in the next few years
because of of the decision and developments in
the field, the Office should be able to ac-
commodate the increase. A few additional ex-
aminers may be needed. ,

4. Impact on Academic Research.—Because the
decision may encourage academic scientists to
commercialize the results of their research, it
may inhibit the free exchange of information,
but only if scientists rely on trade secrecy
rather than patents to protect their inventions
from competitors in the marketplace. In this re-
spect, it is not clear how molecular biology dif-
fers from other research fields with commercial
potential.
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Issue and Options—Patenting Living Organisms

ISSUE: To what extent could Congress
provide for or prohibit the pat-
ent ing of living organisms?

OPTIONS:

The Supreme Court stated that it was under-
taking only the narrow task of determining
whether or not Congress, in enacting the patent
statutes, had intended a manmade micro-orga-
nism to be excluded from patentability solely
because it was alive. Moreover, the opinion
specifically invited Congress to overrule the
decision if it disagreed with the Court’s inter-
pretation. Congress can act to resolve the ques-
tions left unanswered by the Court, overrule
the decision, or develop a comprehensive statu-
tory approach. Most importantly, Congress can
draw lines; it can decide which organisms, if
any, should be patentable.

A. Congress could maintain the status quo.

Congress could choose not to address the
issue of patentability and allow the law to be
developed by the courts. The advantage of this
option is that issues will be addressed as they
arise, in the context of a tangible, nonhypo-
thetical case.

There are two disadvantages to this option: a
uniform body of law may take time to develop;
and the Federal judiciary is not designed to take
sufficient account of the broader political and
social interests involved.

B. Congress could pass legislation dealing with
the specific legal issues raised by the Court's
decision.

Many of the legal questions are so broad and
varied that they do not readily lend themselves
to statutory resolution, The precise meaning of
the requirements for novelty, nonobviousness,
and enablement as applied to biological inven-
tions will be most readily developed on a case-
by-case basis by the Patent Office and the
Federal courts. On the other hand, some ques-
tions are fairly narrow and well-defined; thus,
they could be better resolved by statute. The
most important question is whether there is a
continuing need for the two plant protection

acts that grant ownership rights to plant
breeders who develop new and distinct
varieties of plants.

c. Congress could mandate a study of the Plant
Patent Act of 1930 and the Plant Variety Pro-
tection Act of 1970.

These Acts could serve as models for studying
the broader, long-term potential impacts of
patenting living organisms. Such a study would
be timely not only because of the Court’s deci-
sion, but also because of allegations that the
Acts have encouraged the planting of uniform
varieties, loss of genetic diversity, and increased
concentration in the plant breeding industry.

D. Congress could prohibit patents either on any
living organism or on organisms other than
those already subject to the plant protection
Acts.

By prohibiting patents on any living or-
ganisms, Congress would be accepting the
arguments of those who consider ownership
rights in living organisms to be immoral, or who
are concerned about other potentially adverse
impacts of such patents, A total prohibition
would slow but not stop the development of
molecular. genetic techniques and the biotech-
nology iNAustry because there are severa] good
alternatives for maintaining exclusive control of
biological inventions. Development would be
slowed primarily because information that
might otherwise become public would be
withheld as trade secrets. A major consequence
would be that desirable products would take
longer to reach the market.

Alternatively, Congress could overrule the
Supreme Court’s decision by amending the pat-
ent law to prohibit patents on organisms other
than the plants covered by the two statutes
mentioned in option C. This would demonstrate
congressional intent that living organisms could
be patented only by specific statute.

E. Congress could pass a comprehensive law cov-
ering any or all organisms (except humans).

This option recognizes that Congress can
draw lines where it sees fit in this area. It could
specifically limit patenting to micro-organisms,
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or it could encourage the breeding of agricul-
turally important animals by granting patent
rights to breeders of new and distinct breeds. In
the interest of comprehensiveness and uniform-
ity, one statute could cover plants and all other
organisms that Congress desires to be patent-
able.

Genetics and society

FINDINGS

Continued advances in science and technol-
ogy are beginning to provide choices that strain
human value systems in areas where previously
no choice was possible. Existing ethical and
moral systems do not provide clear guidelines
and directions for those choices. New programs,
both in public institutions and in the popular
media, have been established to explore the
relationships among science, technology, socie-
ty, and value systems, but more work needs to
be done.

Genetics-and other areas of the biological
sciences—have in common a much closer rela-
tionship to certain ethical questions than do
most advances in the physical sciences or
engineering. The increasing control over the

characteristics of organisms and the potential
for altering inheritance in a directed fashion
raise again questions about the relationship of
humans to each other and to other living things.
People respond in different ways to this poten-
tial; some see it (like many predecessor develop-
ments in science) as a challenging opportunity,
others as a threat, and still others respond with
vague unease. Although many people cannot ar-
ticulate fully the basis for their concern, ethical,
moral, and religious reasons are often cited.

The public’s increasing concern about the ad-
vance of science and impacts of technology has
led to demands for greater participation in deci-
sions concerned with scientific and technologi-
cal issues, not 7™ in the United States but
throughout the world. The demands imply new
challenges to systems of representative govern-
ment. In every Western country, new mecha-
nisms have been devised for increasing citizen
participation.

The public has already become involved in
decisionmaking with regard to genetics. As the
science develops, additional issues in which the
public will demand involvement can be antici-
pated for the years ahead. The question then be-
comes one of how best to involve the public in
decisionmaking.

Issues and Options—Genetics and Society

How should the public be in-
volved in determining policy re-
lated to new applications of ge-
netics?

Issue:

Because public demands for involvement are
unlikely to diminish, ways to accommodate
these demands must be considered.

OPTIONS:

A. Congress could specify that public opinion
must be sought in formulating all major pol-
icies concerning new applications of genetics,
including decisions on the funding of specific
research projects. A “Public Participation
Statement” could be mandated for all such
decisions.

B. Congress could maintain the status quo, allow-

ing the public to participate only when it
decides to do so on its own initiative.

If option A were followed, there would be no
cause for claiming that public involvement was
inadequate (as occurred after the first set of
Guidelines for Recombinant DNA Research was
promulgated). Option A poses certain problems:
How to identify a major policy and at what stage
public involvement would be required. Should
it take place only when technological develop-
ment and application are imminent, or at the
basic research stage?

Option B would be less cumbersome to effect.
It would permit the establishment of ad hoc
mechanisms when necessary.
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ISSUE: How can the level of public
knowledge concerning genetics

and its potential be raised?

There are some educators who believe that
too little time is spent on genetics within the
traditional educational System. outside the
traditional school system, a number of sources
may contribute to increased public understand-
ing of science and the relationship between
science and society.

Efforts to increase public understanding
should, of course, be combined with carefully
designed evaluation programs so that the effec-
tiveness of a program can be assessed.

OPTIONS:

A. Programs could be deveioped to inCrease
public understanding of science and the rela-
tionship between science, technology, and
society.

Public understanding of science in today's

world is essential, and there is concern about
the adequacy of the public's knwledge.

B. programs could be established to monitor the
level of public understanding of genetics and
of science in general, and to determine wheth-
er public concern with decisionmaking in
science and technology is increasing.

Selecting this option would indicate that
there is need for additional information, and
that Congress is interested in involving the
public indeveloping science policy.

C. The copyright laws could be amended to per-
mit schools to videotape television programs
for educational purposes.

Under current copyright law, videotaping tel-
evision programs as they are being broadcast
may infringe on the rights of the program’s
owner, generally its producer. The legal status
of such tapes is presently the subject of litiga-
tion.

In favor of this option, it should be noted that
many of the programs are made at least in part
with public funds. Removing the copyright con-
straint on schools would make these programs
more available for another public good, educa-

tion. On the other hand, this option could have
significant economic consequences to the copy-
right owner, whose market is often limited to
educational institutions.

ISSUE: Should Congress begin prepar-
ing now to resolve issues that
have not yet aroused much pub-
lic debate but which may in the

future?

As scientific understanding of genetics and
the ability to manipulate inherited character-
istics develops, society may face some difficult
guestions that could involve tradeoffs between
individual freedom and the needs of society.
This will be increasingly the case as genetic
technologies are applied to humans. Develop-
ments are occurring rapidly. Recombinant DNA
technology was developed in the 1970’s. In the
spring of 1980, investigators succeeded in the
first gene replacement in mammals; in the fall
of 1980, the first gene substitution in humans
was attempted.

Although this study was restricted to nonhu-
man applications, many people assume from
these and other examples that what can be done
with lower animals can be done with humans
and will be. Therefore, some action might be
taken to better prepare society for decisions on
the application of genetic technologies to
humans.

OPTIONS:

A. A commission could be established to identify
central issues, the probable time frame for ap-
plication of various genetic technologies to
humans, and the probable effects on society,
and to suggest courses of action. The commis-
sion might also consider the related area of
how participatory democracy might be com-
bined with representative democracy in deci-
sionmaking.

B. The life of the President Commission could
be extended for the study of Ethical problems
in Medicine and Biomedical and Behavioral Re-
search, for the purpose of addressing these
issues.
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This 1 I-member ‘Commission was established
in November 1978 and terminates on December
31, 1982. It could be asked to broaden its cover-
age to additional areas. This would require that
the life span of the commission be extended and
additional funds be appropriated.

A potential disadvantage to using the existing
commission to address societal issues associated
with genetic engineering is that a number of

issues already exist, and more are likely to arise
in the years ahead. Yet there are also other
issues in medicine and biomedical and behav-
ioral research not associated with genetic engi-
neering that also need review. Whether all
these issues can be addressed by one commis-
sion should be considered. Comments from the
existing commission would assist in deciding the
most appropriate course of action.
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Chapter 2
Introduction

Humankind is gaining an increasing under-
standing of heredity and variation among living
things—the science of genetics. This report ex-
amines both the critical issues arising from the
science and technologies that spring from ge-
netics, and the potential impacts of these ad-
vances on society. They are the most rapidly
progressing areas of human knowledge in the
world today.

Genetic technologies exist only within the
larger context of a maturing science. The key to
planning for their potential is understanding
not simply a particular technology, or breeding
program, or new opportunity for investment,
but how the field of genetics works and how it
interacts with society as a whole.

The technologies that this report assesses can
be expected to have pervasive effects on life in
the future. They touch on the most fundamen-
tal and intimate needs of mankind: health care,
supplies of food and energy, and reproduction.
At the same time, they trigger concerns in areas

The origins of genetics

For the past 10,000 years, a period encom-
passing less than one-half of 1 percent of man’s
time on Earth, the human race has developed
under the impetus of applied genetics. As tech-
niques for planning, cultivating, and storing
crops replaced subsistence hunting and forag-
ing, the character of humanity changed as well.
From the domestication of animals to the devel-
opment of permanent settlements, from the rise
of modern science to the dawn of biotech-
nology, the genetic changes that mankind has
directed have, in turn, affected the nature of his
society.

Applied genetics depends on a fundamental
principle-that organisms both resemble and
differ from their parents. It must have required
great faith on the part of Neolithic man to bury

equally as important: the dwindling supplies of
natural resources, the risks involved in basic
and applied scientific research and develop-
ment, and the nature of innovation itself.

As always, some decisions concerning the use
of the new technologies will be made by the
marketplace, while others will be made by var-
ious institutions, both public and private. In the
coming years, the public and its representatives
in Congress and other governmental bodies will
be called on to make difficult decisions because
of society’s knowledge about genetics and its
capabilities.

This report does not make recommendations
nor does it attempt to resolve conflicts. Rather,
it clarifies the bases for making judgments by
defining the likely impacts of a group of technol-
ogies and tracing their economic, societal, legal,
and ethical implications. The new genetics will
be influential for a long time to come. Although
it will continue to change, it is not too early to
begin to monitor its course.

perfectly good grain during one season in the
hope of growing a new crop several months
later—faith not only that the seed would indeed
return, but that it would do so in the form of the
same grain-producing crop from which it had
sprung. This permanence of form from one
generation to the next has been scientifically
understood only within the past century, but
the understanding has transformed vague be-
liefs in the inheritance of traits into the science
of genetics, and rule-of-thumb animal and plant
breeding into the modern manipulations of
genetic engineering.

The major conceptual boost for the science
of genetics required a shift in perspective,
from the simple observation that characteristics

29
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passed from parents to offspring, to a study of
the underlying agent by which this transmission
is accomplished. That shift began in the garden
of Gregor Mendel, an obscure monk in mid-19th
century Austria. By analyzing generations of
controlled crosses between sweet pea plants,
Mendel was able to identify the rudimentary
characteristics of what was later termed the
gene.

Mendel reasoned that genes were the vehicle
and repository of the hereditary mechanism,
and that each inherited trait or function of an
organism had a specific gene directing its devel-
opment and appearance. An organism’s observ-
able characteristics, functions, and measurable
properties taken together had to be based some-
how on the total assemblage of its genes.

Mendel’s analysis showed that the genes of
his pea plants remained constant from one gen-
eration to the next, but more importantly, he
found that genes and observable traits were not
simply matched one-for-one. There were, in
fact, two genes involved in each trait, with a
single gene contributed by each parent. When
the genes controlling a particular trait are iden-
tical, the organism is homozygous for that trait;
if they are not, it is heterozygous.

In the Mendelian crosses, homozygous plants
always retained the expected characteristics.
But heterozygous plants did not simply display a
mixture of their different genes; one of the two
tended to predominate. Thus, when homozy -
gous yellow-seed peas were crossed with homo-
zygous green-seed plants, all the offspring were
now heterozygous for seed color, possessing a
“green” gene from one parent and a “yellow”
from the other. Yet all of them turned out to be
indistinguishable from the yellow-seed parent:
Yellow-seed color in peas was dominant to
green.

But even though the offspring resembled
their dominant parent, they could be shown to
contain a genetic difference. For when the het-
erozygotes were now crossed with each other, a
certain number of recessive green-seed plant
again appeared among the offspring. This oc-
curred whenever an offspring was endowed
with a pair of genes that was homozygous for

the green-seed trait—and it occurred at a rate
consistent with the random selection of one of
two genes from each parent for passage to the
new generation. (See figure 5.)

Genes were real—Mendel’s work made that
clear. But where were they located, and what
were they? The answer, lay within the nucleus
of the cell. Unfortunately, most of the contents
of the nucleus were unobtainable by biologists
in Mendel’s time, so his published findings were
ignored. Only during the last decades of the
19th century did improved microscopes and
new dyes permit cells to be observed with an
acuity never before possible. And only by the

Figure 5.-The Inheritance Pattern of Pea Color

Y =yellow gene

g =green gene

Each parent contributes only one seed-color gene to the off-
spring. When the two YY and gg homozygotes are crossed,
the genetic composition of all offspring is Yg:

Offspring

All Yg offspring are heterozygous, and all have yellow
seeds, indicating that the Y yellow gene is dominant over
the g green gene.

When these Yg heterozygotes are crossed with each other:

Thus, 3/4 of these offspring will have yellow seeds, but their
individual genetic composition, YY of Yg, maybe different.

SOURCE: Office of Technology Assessment.
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beginning of the 20th century did scientists
rediscover Mendel’s work and begin to appre-
ciate fully the significance of the cell nucleus
and its contents.

Even in the earliest microscopic studies,
however, certain cellular components stood
out; they were deeply stained by added dye. As
a result, they were dubbed ‘(colored bodies, ” or
chromosomes. Chromosomes were seen rela-
tively rarely in cells, with most cells showing
just a central dark nucleus surrounded by an
extensive light grainy cytoplasm. But periodi-
cally the nucleus seemed to disappear, leaving
in its place long thready material that con-
solidated to form the chromosomal bodies. (See
figure 6a.) Once formed, the chromosomes
assembled along the middle of the cell, copied
themselves, and then moved apart while the cell
pinched itself in half, trapping one set of
chromosomes in each of the two halves. Then
the chromosomes themselves seemed to dis-
solve as two new nuclei appeared, one in each
of the two newly formed cells. (See figure 6b. )

Thus, the same number of chromosomes ap-
peared in precisely the same form in every cell
of an organism except the germ, or sex, cells.
Furthermore, the chromosomes not only re-
mained constant in form and number from one
generation to the next, but were inherited in
pairs. They were, in short, manifesting all the

traits that Mendel had prescribed for genes
almost three decades earlier. By the beginning
of the 20th century, it was clear that chromo-
somes were of central importance to the life his-
tory of the cell, acting in some unspecified man-
ner as the vehicle for the Mendelian gene.

If this conclusion was strongly implied by the
events of cell division, it became obvious when
reproduction in whole organisms was analyzed.
It had been established by the latter part of the
19th century that the germ cells of plants and
animals—pollen and ovum, sperm and egg—ac-
tually fuse in the process of fertilization. Germ
cells differ from other body cells in one impor-
tant respect—they contain only half the usual
number of chromosomes. This chromosome
halving within the cell was apparently done
very precisely, for every sperm and egg con-
tained exactly one representative from each
chromosome pair. When the two germ cells
then fused during fertilization, the offspring
were supplied with a fully reconstituted chro-
mosome complement, half from each parent.
Clearly, chromosomes were the material link
from one generation to the next. Somewhere
locked within them was the substance of both
heredity—the fidelity of traits between genera-
tions; and diversity—the potential for genetic
variation and change.
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Figure 6.—Chromosomes
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Optical micrograph of chromosomal material from the salivary gland of the larva of the
common fruit fly, Drosophila melanogaster

6a. An example of a chromosome body from a higher organism. Step 5

Step 3 Step 4

Step 1

6b. In Step 1, the chromosome bodies are still uncondensed.

In Steps 2 and 3, the chromosomes condense into thread-like bodies and align themselves near the center of the cell.
In Steps 4 and 5, the chromosomes begin to separate and are pulled to the opposite poles of the cell.

In Step 6, the chromosomes return to an uncondensed state and the cell begins to constrict about the middle to form
two new cells.

SOURCE: Office of Technology Assessment.



Ch. 2—introduction . 33

(kinetics in the 20th century

During the first few decades of the 20th cen-
tury, scientists searched for progressively
simpler experimental organisms to clarify pro-
gressively more complex genetic concepts. First
was Thomas Hunt Morgan’s Drosophila—gnat-
sized fruit flies with bulbous eyes. These insects
have a simple array of four easily distinguish-
able chromosome pairs per cell. They repro-
duce rapidly and in large numbers under the
simplest of laboratory conditions, supplying a
new generation every month or so. Thus, re-
searchers could carry out an enormous number
of crosses employing a whole catalog of dif-
ferent fruit fly traits in a relatively brief time.

It became obvious from the extensive Dros-
ophila data that certain traits were more likely
to be inherited together than others. Yellow
bodies and ruby eyes, for instance, almost al-
ways went together, with both in turn, appear-
ing more frequently than expected with the
trait known as “forked bristles. ” All three traits,
however, showed up only randomly with
curved wings. Certain genes thus seemed to be
linked to one another. The entire Drosophila
genome, in fact, fell into four distinct linkage
groups. The physical basis for these groups, not
surprisingly, consisted of the four fruit fly
chromosomes. Linked genes behaved as they
did because they were located on the same
chromosome.

Soon, scientists learned that they could not
only assign particular genes to particular Droso-
phila chromosomes but could identify the rela-
tive locations of different genes on a given
chromosome. This gene mapping was possible

The riddle of the gene

With all this research, nobody yet knew what
the gene was made of. The first evidence that
it consisted of deoxyribonucleic acid (DNA)
emerged from the work of Oswald Avery, Colin
MacLeod, and Maclyn McCarty at the Rockefel-
ler Institute in New York in the early 1940’s.
Avery’s group took as its starting point some in-

because linkage itself was not permanent,
linked genes sometimes separated. For instance,
while yellow bodies, ruby eyes, and forked bris-
tles were all linked traits, the first two stayed
together far more frequently than either did
with the third.

The degree of linkage between two genes was
hypothesized to be directly proportional to the
distance between them on the chromosome,
mainly because of a unique event that occurs
during the development of germ cells. Before
the normal chromosome number is halved, the
chromosomes crowd together in the center of
the cell, coiling tightly around each other, prac-
tically fusing along their entire length. It is in
this state that crossing-over (or natural recombi-
nation)—the actual physical exchange of parts
between chromosomes—occurs. No chromo-
some emerges from the exchange in the same
condition as before; the lengths of chromo-
somes are reshuffled before being transferred
to the next generation.

The idea of linkage meant that Mendel’s for-
mulations had to be modified. Clearly, genes
were not completely independent units. Further
work with Drosophila in the 1920’s showed that
genes were also not permanent and could
change over time. Although natural mutations
occurred at a very slow rate, exposing fruit flies
to X-rays accelerated their frequency enor-
mously. Exposure of a parental fly population
led to an array of new traits among their off-
spring—traits which, if they were neither lethal
nor sterilizing, could be passed from one gen-
eration to the next.

triguing observations made a decade earlier by
a British physician, Fred Griffith. He had
worked with two types of pneumococcus (the
bacteria responsible for pneumonia) and with
two different bacteria within each type. One
bacterium in each type was coated in a polysac-
charide capsule; the other was bare. Bare bac-
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teria gave rise only to bare progeny, while those
with capsules produced only encapsulated
forms. Only the encapsulated forms of both
types Il and 11l could cause disease; bare bac-
teria were benign. (See figure 7a.) But when
Griffith took some encapsulated type 111 bacteria
that had been killed and rendered harmless and
mixed them with bare bacteria of type Il, the
presumably safe mixture became virulent: Mice
injected with it died of a massive pneumonia in-
fection, Bacteria recovered from these animals
were found to be of type 11—the only living bac-
teria the mice had received—now wrapped in
type ni capsules. (See figure 7b.)

Avery’s group recognized Griffith’s finding as
a genetic phenomenon; the dead type 111 bacte-
ria must have delivered the gene for making
capsules into the genetic complement of the
living type 11 recipients. By meticulous research,
Avery’s group found that the substance which
caused the genetic transformation was DNA.

It had been in 1868, just 3 years after Mendel
had published his findings, that DNA was dis-
covered by Friedrich Miescher. It is an extreme-
ly simple molecule composed of a small sugar
molecule, a phosphate group (a phosphorous
atom surrounded by four oxygen atoms), and
four kinds of simple organic chemicals known
as nitrogenous (nitrogen-containing) bases. To-
gether, one sugar, one phosphate, and one base
form a nucleotide—the basic structural unit of
the large DNA molecule. Because it is so simple,
DNA had appeared to be little more than a
monotonous conglomeration of simple nucleo-
tides to scientists in the early 20th century. It
seemed unlikely that such a prosaic molecule
could direct the appearance of genetic traits
while faithfully reproducing itself so that in-
formation could be transferred between gen-
erations. Although Avery’s results seemed clear
enough, many were reluctant to accept them.

Those doubts were finally laid to rest in a
brief report published in 1953 by James Watson
and Francis Crick. By using X-ray crystallo-
graphic techniques and building complex mod-
els—and without ever having actually seen the
molecule itself—Watson and Crick reported that
they had discovered a consistent scientifically
sound structure for DNA.

Figure 7.—The Griffith Experiment

7a. There are two types of pneumococcus, each of which
can exist in two forms:

where R represents the rough, nonencapsulated, benign
form; and

S represents the smooth, encapsulated, virulent
form.
7b. The experiment consists of four steps:

#/ \

Mice injected with the vi

Virulent strain

ang

Nonvirulent
strain Iv3)

Mice injected with nonvirulent R,do not become infected.

6/ \

Virulent
strain,
heat-killed
(3)
The virulent S,is heat-killed. Mice injected with it do not
die.
939 —_—
909
Ry
Nonvurulent /\
Sm i
Virulent but |

heat-killed ”

)
When mice are injected with the nonvirulent R ,and the
heat-killed S,, they die. Type Il bacteria wrapped in type llI
capsules are recovered from these mice.

SOURCE: Office of Technology Assessment.
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The structure that Crick and Watson uncov-
ered solved part of the genetic puzzle. Accord-
ing to them, the phosphates and sugars formed
two long chains, or backbones, with one nitrog-
enous base attached to each sugar. The two
backbones were held together like the supports
of a ladder by weak attractions between the
bases protruding from the sugar molecules. Of
the four different nitrogenous bases—adenine,
thymine, guanine, and cytosine—attractions ex-
isted only between adenine(A) and thymine(T),
and between guanine(G) and cytosine(C). (See
figure 8a) Thus, if a stretch of nucleotides on
one backbone ran:

VAL

the other backbone had to contain the directly
opposite complementary sequence:

T-A-G-A-A-T-T. . .

The complementary pairing between bases run-
ning down the center of the long molecule was
responsible for holding together the two other-
wise independent chains. (See figure 8b. ) Thus,
the DNA molecule was rather like a zipper, with
the bases as the teeth and the sugar-phosphate
chains as the strands of cloth to which each zip-
per half was sewn. Crick and Watson also found
that in the presence of water, the two poly -
nucleotide chains did not stretch out to full
length, but twisted around each other, forming
what has undoubtedly become the most glori-
fied structure in the history of biology-the dou-
ble helix. (See figure 8c.)

The structure was scientifically elegant. But it
was received enthusiastically also because it im-
plied how DNA worked. As Crick and Watson
themselves noted:

If the actual order of the bases on one of the
pair of chains were given, one could write down
the exact order of the bases on the other one,
because of the specific pairing. Thus one chain
is, as it were, the complement of the other, and
it is this feature which suggests how the desoxy-
ribonucleic acid molecule might duplicate
itself. ’

When a double-stranded DNA molecule is un-
Zipped, it consists of two separate nucleotide
chains, each with a long stretch of unpaired
bases. In the presence of a mixture of nucleo-
tides, each base attracts its complementary
match in accordance with the inherent affinities
of adenine for thymine, thymine for adenine,
guanine for cytosine, and cytosine for guanine.
The result of this replication is two DNA mole-
cules, both precisely identical to each other and
to the original molecule—which explains the
faithful duplication of the gene for passage from
one generation to the next. (See figure 9.)

Crick and Watson’s work solved a major rid-
dle in genetic research. Because George Beadle
and Edward Tat urn had recently discovered
that genes control the appearance of specific
proteins, and that one gene is responsible for
producing one specific protein, scientists now
knew what the genetic material was, how it rep-
licated, and what it produced. But they had yet
to determine how genes expressed themselves
and produced proteins.

son an D. Watson and Francis Crick, lications ¢ Implications of

the Structures of Deoxyribose Nucleic Acid, ” 53. Pp. 171, 1953. pp.
737-8.
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Figure 8.—The Structure of DNA

ytosine

Guanine

Adenine

8a. The pairing of the four nitrogenous bases of DNA:
Adenine (A) pairs with Thymidine (T) ,
Guanine (G) pairs with Cytosine (C) 0

&sugar -phospha
backbone

8b. The four bases form the four letters in the alphabet of
the genetic code. The sequenceof the bases along the
sugar-phosphate backbone encodes the genetic in-

formation.

A schematic diagram of the DNA double helix. A three-dimensional representation of the DNA double helix.

&. The DNA molecule is a double helix composed of two chains. The sugar-phosphate backbones twist around the out-
side, with the paired bases on the inside serving to hold the chains together.

SOURCE: Office of Technology Assessment.
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Figure 9.—Replication of DNA

old New New Old

When DNA replicates, the original strands unwind and
serve as templates for the building of new complementary
strands. The daughter molecules are exact copies of the
parent, with each having one of the parent strands.

SOURCE: Office of Technology Assessment.

The genetic code

Proteins are the basic materials of cells. Some
proteins are enzymes, which catalyze reactions
within a cell. In general, for every chemical re-
action in a living organism, a specific enzyme is
required to trigger the process. Other proteins
are structural, comprising most of the raw ma-
terial that forms cells.

76565 0 - 81 - 4

Ironically, proteins are far more complex and
diverse than the four nucleotides that help
create them. Proteins, too, are long chains made
up of small units strung together. In this case,
however, the units are amino acids rather than
nucleotides—and there are 20 different kinds of
amino acids. Since an average protein is a few
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hundred amino acids in length, and since any
one of 20 amino acids can fill each slot, the num-
her of possible proteins is enormous. Neverthe-
less, each protein requires the strictest ordering
of amino acids in its structure. Changing a
single amino acid in the entire sequence can
drastically change the protein’s character.

It was now possible for scientists to move
nearer to an appreciation of how genes func-
tioned. First had come the recognition that DNA
determined protein; now it was evident that the
sequence of nucleotides in DNA determined a
linear sequence of amino acids in proteins.

By the early 1980's, the way proteins were

manufactured, how their synthesis was regu-
lated, and the role of DNA in both processes
were understood in considerable detail. The
process of transcribing DNA’s message-carry-
ing the message to the cell’s miniature protein
factories and building proteins-took place
through a complex set of reactions. Each amino
acid in the protein chain was represented by
three nucleotides from the DNA. That three-
base unit acted as a word in a DNA sentence
that spelled out each protein-the genetic code.
(See figure 10.)

Through the genetic code, an entire gene—a
linear assemblage of nucleotides-could now be

Figure 10.—The Genetic Code

_THIRD BASE

THIRD BASE
BASE

L
| 1 C G A ¢ Amino acid symbol
= alanine ala
Al |phef | | ghe u ! Al I $er!] ] spr ( arginine arg
LI  asparagine asn
aspartic acid asp
L g [T  asn and/or asp asx
2 1G] | |ev eu Eu Iqu e |G ro fo | cysteine Cys
g E L1  glutamine gln
5 o =r glutamic acid glu
9 C .
g | T11ieu] | |iteu iJeu met C(T] | rr thr [ 4 g:;c?ﬂglor o g:s);
LT I histidine his
1 1T isoleucine ileu
C al al al vil Cj|3ia a'a h  leucine leu
} i 1 lysine lys
methionine met
phenylaianine phe
SECOND gase HIRD BASE masEH|RD BASE P oline o
T A G T c C I A G serine ser
| B threonine thr
Al tyr tyr och*]} |imb* Al lcys cys q tryptophan trp
-—J - tyrosine tyr
- valine val
u w
g gin 2 |G| |arg arg
q m L
; é) [ Each amino acid is determined by a
4 lys wTfser ser three letter code (A, G, T, or C) along
~| the DNA. If the first letter in the code
is A, the second is T, and third is A,
glu Clligly gly [ the amino acid will be tyrosine (or tyr)
_ in the complete protein molecule. For
leucine (or leu), the code is GAT, and

e och (ochre); amb (ambert, and end are step signals
signals the end of synthesis of the protein chain.

SOURCE: Office of Technology Assessment.

for translation, i.e.,

so forth. The dictionary above gives
the entire code,

ATA  GAT AGA TAC

T

tyr leu - ser - il
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read like a book. By the 1970's, researchers had
learned to read the code of certain proteins,
synthesize their DNA, and insert the DNA into
bacteria so that the protein could be produced.
(See figure 11)

Meanwhile, other scientists were studying
the genetics of viruses and bacteria. The com-
bination of these studies with those investigat-
ing the genetic code led to the innovations of
genetic engineering.

Developing genetic technologies

In the early 1960's, scientists discovered ex-
actly how genes move from one bacterium to
another. One such mechanism uses bacterio-
phages-viruses that infect bacteria-as inter-
mediaries. Phages act like hypodermic needles,
injecting their DNA into bacterial hosts, where
it resides before being passed along from one
generation to the next as part of the bacterium’s
own DNA. Sometimes, however, the injected
DNA enters an active phase and produces a crop
of new virus particles that can then burst out of
their host. Often during this process, the viral
DNA inadvertently takes a piece of the bacterial

Figure 11.—The Expression of Genetic Information
in the Cell

speciﬂc prate&ﬂ
SOURCE: Office of Technology Assessment.

DNA along with it. Thus, when the new virus
particles now infect other bacteria, they bring
along several genes from their previous host.
This viral transduction-the transfer of genes
by an intermediate viral vector or vehicle-
could be used to confer new genetic traits on
recipient bacteria. (See figure 12.)

Bacteria also transfer genes directly in a proc-
ess called "conjugation, in which one bacterium
attaches small projections to the surface of a
nearby bacterium. DNA from the donor bacte-
rium is then passed to the recipient through the

Figure 12.—Transduction: The Transfer of Genetic Material in Bacteria by Means of Viruses

Bacterial
Bacterium Empty C?:gmn?sr?gle
viral coat  viral coat g

Step 2

Infection

A Step 1
Viral

M Q

New virus

bacterium

In step 1 of viral transduction, the infecting virus injects its DNA into the cell. In step 2 when the new viral particles are
formed, some of the bacterial chromosomal fragments, such as gene A, may be accidently incorporated into these progeny
viruses instead of the viral DNA. In step 3 when these particles infect a new cell, the genetic elements incorporated from the
first bacterium can recombine with homologous segments in the second, thus exchanging gene A for gene a.

SOURCE: Office of Technology Assessment
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projections. The ability to form projections and
donate genes to neighbors is a genetically con-
trolled trait. The genes controlling this trait,
however, are not located on the bacterial chro-
mosomes. Instead, they are located on separate
genetic elements called plasmids-relatively
small molecules of double-stranded DNA, ar-
ranged as closed circles and existing autono-
mously within the bacterial cytoplasm. (See
figure 13.)

Plasmids and phages are two vehicles—or
vectors-for carrying genes into bacteria. As
such, they became tools of genetic engineering;
for if a specifically selected DNA could be intro-
duced into these vectors, it would then be pos-
sible to transfer into bacteria the blueprints for
proteins—the building blocks of genetic charac-
teristics.

But bacteria had been confronting the inva-
sion of foreign DNA for millennia, and they had
evolved protective mechanisms that preserved
their own DNA while destroying the DNA that
did not belong. Bacteria survive by producing
restriction enzymes. These cut DNA molecules
in places where specific sequences of nucleo-
tides occur—snipping the foreign DNA, yet leav-
ing the bacteria’s own genetic complement
alone. The first restriction enzyme that was iso-

lated, for instance, would cut DNA only when it
located the sequence:

(G-A-A-)

(C-T-T)
If the sequence occurred once in a circular plas-
mid, the effect would simply be to open the
circle. If the sequence were repeated several
times along a length of DNA, the DNA would be
chopped into several small pieces.

By the late 1970’s, scores of different restric-
tion enzymes had been isolated from a variety
of bacteria, with each enzyme having a unique
specificity for one specific nucleotide sequence.
These enzymes were another key to genetic en-
gineering: they not only allowed plasmids to be
opened up so that new DNA could be inserted,
but offered a way of obtaining manageable
pieces of new DNA as well. (See figure 14.)
Using restriction enzymes, almost any DNA
molecule could be snipped, shaped, and
trimmed with precision.

Cloning DNA—that is obtaining a large quanti-
ty of exact copies of any chosen DNA molecule
by inserting it into a host bacterium-became
technically almost simple. The piece in question
was merely snipped from the original molecule,
inserted into the vector DNA, and provided with

Figure 13.—Conjugation: The Transfer of Genetic Material in Bacteria by Mating

Plasmid

Plasmid

|Recombi- ‘
ation

In conjugation, & plasmid inhabiting a bacterium Can transfer the bacterial chromosome to @ second cell where homologous
segments of DNA can recombine, thus exchanging gene B from the first bacterium for gene b from the second.

SOURCE: Office of Technology Assessment.
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Figure 14.—Recombinant DNA: The Technique of
Recombining Genes From One Species
With Those From Another

Restrlctlon New DNA
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T enzymes new DNA Cl
+ tc
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duces large bproduces

amount of DNA protein

Restriction enzymes recognize certain sites along the DNA
and can chemically cut the DNA at those sites. This makes
it possible to remove selected genes from donor DNA mole-
cules and insert them into plasmid DNA molecules to form
the recombinant DNA. This recombinant DNA can then be
cloned in its bacterial host and large amounts of a desired
protein can be produced.

SOURCE: Office of Technology Assessment.

a bacterial host as a suitable environment for
replication. The desired piece of DNA could be
recombined with a plasmid vector, a procedure
that gave rise to recombinant DNA (rDNA), also
known as gene splicing. Since bacteria can be
grown in vast quantities, this process could
result in large-scale production of otherwise
scarce and expensive proteins.

Although placing genes inside of bacteria is
now a relatively straightforward procedure, ob-
taining precisely the right gene can be difficult.
Three techniques are currently available:

« Ribonucleic acid—RNA—is the vehicle
through which the message of DNA is read
and transcribed to form proteins. The RNA
that carries the message for the desired
protein is first isolated. An enzyme, called
‘reverse transcriptase, is then added to the
RNA. The enzyme triggers the formation of
DNA—reversing the normal process of pro-
tein production. The DNA is then inserted

into an appropriate vector. This was the
procedure used to obtain the gene for hu-
man insulin in 1979. (See figure 15.)

+ The gene can also be synthesized, or
created, directly, since the nucleotide se-
guence of the gene can be deduced from
the amino acid sequence of its protein
product. This procedure has worked well
for small proteins—Ilike the growth regu-
latory hormone somatostatin—which have
relatively short stretches of DNA coding.
But somatostatin is a tiny protein, only 14
amino acids long. With three nucleotides
coding for each amino acid, scientists had
to synthesize a DNA chain 42 nucleotides
long to produce the complete hormone. For
larger proteins, the gene-synthesis ap-
proach rapidly becomes highly impractical.

« The third method is also the most con-
troversial. In this “shotgun” approach, the
entire genetic complement of a cell is
chopped up by restriction enzymes. Each
of the DNA fragments is attached next to
vectors and transferred into a bacterium;
the bacteria are then screened to find those
making the desired product. Screening
thousands of bacterial cultures was part of
the technique that enabled the isolation of
the human interferon gene. *

At present, these techniques of recombina-
tion work mainly with simple micro-organisms.
Scientists have only recently learned how to in-
troduce novel genetic material into cells of
higher plants and animals. These higher cells
are being ‘engineered’ in totally different ways,
by growing plant or animal cells in ‘tissue cul-
ture’ systems, in vitro.

Tissue culture systems work with isolated
cells, with entire pieces of tissue, and to a far
more limited extent, with whole organs or even
early embryos. The techniques make it possible
to manipulate cells experimentally and under
controlled conditions. Several techniques are
available. For example, in one set of experi-
ments, complete plants have been grown from
single cells—a breakthrough that may permit

“Strictly speaking, RNA was transcribed using the shotgun

approach into DNA, which was then cloned into bacteria and
screened.
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Figure 15.-An Example of How the Recombinant DNA Technique May Be Used
To Insert New Genes Into Bacterial Cells

The first part of the technique involves the manipula- 11. A bacterial plasmid, which is a small piece of circular
tions necessary to isolate and reconstruct the desired DNA, serves as the vehicle for introducing the new gene
gene from the donor: (obtained in part | above) into the bacterium:
a) The RNA that carries the message (mMRNA) for the a) The circular plasmid is cleaved by the appropriate
desired protein product is isolated. restriction enzyme.
b) The double-stranded DNA is reconstructed from the b) The enzyme terminal transerase extends the DNA
MRNA. strands of the broken circle with identical bases

c¢) in the final step of this sequence, the enzyme ter-
minal transferase acts to extend the ends of the
DNA strands with short sequences of identical
bases (in this case four guanines).

I
Messenger RNA

from animal cell

a)
Enzymatic
reconstruction
Double-strand DNA t
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lll. The final product, a bacterial plasmid containing the
new gene, is obtained. This plasmid can then be in-
serted into a bacterium where it can be replicated and
produce the desired protein product:

a) The gene obtained in part i and the plasmid DNA
from part ii are mixed together and iathar
because of the complementary base-pairing be-
tween them.

Bacterial enzymes fill in any gaps in the circle,

sealing the connection between the plasmid DNA

and the inserted DNA to generate an intact cir-
cular plasmid now containing a new gene.

=3
-

(four cytosines in this case, to allow complemen-
tary base pairing with the guanines added to the
gene obtained in part i).

Bacterial plasmid DNA
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Uptake by cell;

Mix and

a) anneal b)

SOURCE: Office of Technology Assessment.
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hundreds of plants to be grown asexually from
a small sample of plant material. Just as with
bacteria, the cells can be induced to take up
pieces of DNA in a process call transformation.
They can also be exposed to mutation-causing
agents so that they produce mutants with de-
sired properties. in another set of experiments,
two different cells have been fused to form a
new, single-cell “hybrid” that contains the
genetic complements of both antecedents. In
both cases, the success of tissue culture and cell

The basic issues

fusion* can be used to direct efficient, fast ge-
netic changes in plants. (See ch. 8.)

Cell culture techniques, while not strictly ge-
netic manipulation, form a major aspect of mod-
ern biotechnology. Combined with genetic ap-
proaches, their potential is only on the verge of
being realized.

o A related technique is protoplasm fusion, or the fusion of cells
whose walls have been removed to leave only membrane-bound

cells. The cells of bacteria, fungi, and plants must all be freed of
their walls before they can be fused.

Applied genetics is like no other technology.
By itself, it may enable tremendous advances in
conguering diseases, increasing food produc-
tion, producing new and cheaper industrial sub-
stances, cleaning up pollution, and understand-
ing the fundamental processes of life. Because
the technology is so powerful, and because it in-
volves the basic roots of life itself, it carries with
it potential hazards, some of which might arise
from basic research, others of which may stem
from its applications.

As the impacts of genetic technologies are dis-
cussed, two fundamental questions must be
kept in mind:

How will applied genetics be used?

Interest in the industrial use of biological
processes stems from a merging of two paths:
the revolution in scientific understanding of the
nature of genetics; and the accelerated search
for a sustainable society in which most indus-
trial processes are based on the use of renew-
able resources. The new genetic technologies
will spur that search in three ways: they will
provide a means of doing something biolog-
ically—with renewable raw materials—that pre-
viously required chemical processes using non-
renewable resources; they will offer more ef-
ficient, more economical, less polluting ways for
producing both old and new products; and they
will increase the yield of the plant and animal
resources that are responsible for providing the
world’s supplies of food, fibers, and some fuels.

What are the dangers?

Even before scientists recognized the poten-
tial power of applied genetics, some questioned
its consequences; for with its benefits, appeared
hypothetical risks. Although most experts today
agree that the immediate hazards of the basic
research itself appear to be minimal, nobody
can be certain about all the consequences of
placing genetic characteristics in micro-orga-
nisms, plants, and animals that have never car-
ried them before. There are at least three sepa-
rate areas of concern:

First, genetically engineered micro-organisms
might have potentially deleterious effects on hu-
man health, other living organisms, or the envi-
ronment in general. Unlike toxic chemicals, or-
ganisms may reproduce and spread of their
own accord; if they are released into the envi -
ronment, they may be impaossible to control.

Second, some observers question whether
sufficient knowledge exists to allow the extinc-
tion of diverse species of “genetically inferior”
plants and animals in favor of a few strains of
“superior” ones. Evolution thus far has de-
pended, in part, on genetic diversity; replacing
in nature diverse inferior strains by genetically
engineered superior strains may increase the
susceptibility of living things to disease and en-
vironmental insults.

Finally, this new knowledge affects the un-
derstanding of life itself. It is tied to the ultimate
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questions of how humans view themselves and
what they legitimately control in the world.

Because of the significant and wide-ranging
scope of applied genetics, society as whole must
begin to debate the issues with a view toward al-

locating and monitoring its benefits and bur-
dens. That process requires knowledge. The fol-
lowing sections of the report describe the im-
pacts of applied genetics on specific industries,
and assess many of their consequences.
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Chapter 3

Genetic Engineering and
the Fermentation Technologies

Biotechnology—an

Biotechnology involves the use in industry of
living organisms or their components (such as
enzymes). It includes the introduction of geneti-
cally engineered micro-organisms into a variety
of industrial processes.

The pharmaceutical, chemical, and food proc-
essing industries, in that order, are most likely
to take advantage of advances in molecular ge-
netics. Others that might also be affected, al-
though not as immediately, are the mining,
crude oil recovery, and pollution control in-
dustries.

Because nearly all the products of biotechnol-
ogy are manufactured by micro-organisms, fer-
mentation is an indispensable element of bio-
technology’s support system. The pharmaceuti-
cal industry, the earliest beneficiary of the new
knowledge, is already producing pharmaceu-
ticals derived from genetically engineered
micro-organisms. The chemical industry will
take longer to make use of biotechnology, but
the ultimate impact may be enormous. The food
processing industry will probably be affected
last.

This report examines many of the pharma-
ceutical industry’s products in detail, as well as

Fermentation

introduction

some of the secondary impacts that the technol-
ogies might have. Because the chemical and
food industries will feel the major impact of bio-
technology later, specific impacts are less cer-
tain and particular products are less identifi-
able. The mining, oil recovery, and pollution
control industries are also candidates for the
use of genetic technologies. However, because
of technical, scientific, legal, and economic un-
certainties, the success of applications in these
industries is more speculative.

The generalizations made with respect to
each of the industries should be viewed as just
that—generalizations. Because a wide array of
products can be made biologically, and because
different factors influence each instance of pro-
duction, isolated examples of success may ap-
pear throughout the industries at approximate-
ly the same time. In almost every case, specific
predictions can only be made on a product-by-
product basis; for while it may be true that bio-
technology’s overall impact will be profound,
identifying many of the products most likely to
be affected remains speculative.

There are several ways that DNA can be cut,
spliced, or otherwise altered. But engineered
DNA by itself is a static molecule. To be any-
thing more than the end of a laboratory exer-
cise, the molecule must be integrated into a sys-
tem of production; to have an impact on society
at large, it must become a component of an in-
dustrial or otherwise useful process.

The process that is central to the economic

success of biotechnology has been around for
centuries. It is fermentation, essentially the
process used to make wine and beer. It can also
produce organic chemical compounds using
micro-organisms or their enzymes.

Over the years, the scope and efficiency of
the fermentation process has been gradually im-
proved and refined. Two processes now exist,
both of which will benefit from genetic engi-

49
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neering. In fermentation technology, living or-
ganisms serve as miniature factories, convert-
ing raw materials into end products. In enzyme
technology, biological catalysts extracted from
those living organisms are used to make the
products.

Fermentation industries

The food processing, chemical, and pharma-
ceutical industries are the three major users of
fermentation today. The food industry was the
first to exploit micro-organisms to produce
alcoholic beverages and fermented foods. Mid-
16th century records describe highly sophisti-
cated methods of fermentation technology. Heat
processing techniques, for example, anticipated
pasteurization by several centuries.

[n the early 20th century, the chemical in-
dustry began to use the technology to produce
organic solvents like ethanol, and enzymes like
amylase, used at the time to treat textiles. The
chemical industry’s interest in fermentation
arose as the field of biochemistry took shape
around the turn of the century. But it was not
until World War | that wartime needs for the
organic solvent acetone—to produce the cor-
dite used in explosives-substantially increased
research into the potential of fermentation.
Thirty years later after World War 11, the phar-
maceutical industry followed the chemical in-
dustry’s lead, applying fermentation to the pro-
duction of vitamins and new antibiotics.

Today, approximately 200 companies in the
United States and over 500 worldwide use
fermentation technologies to produce a wide
variety of products. Most use them as part of
production processes, usually in food process-
ing. But others manufacture either proteins,
which can be considered primary products, or a
host of secondary products, which these pro-
teins help produce. For genes can make en-
zymes, which are proteins; and the enzymes
can help make alcohol, methane, antibiotics,
and many other substances.

Proteins, the primary products, function as:

enzymes such as asparaginase which are
used in the treatment of leukemia;

« structural components, such as collagen,
used in skin transplants following burn
trauma;

+ certain hormones, such as insulin and
human growth hormone;

+ substances in the immune system, such as
antibodies and interferon; and

+ specialized functional components, such as
hemoglobin.

Fermentation technologies are so useful for pro-
ducing proteins partly because these are the
direct products of genes. But proteins (as en-
zymes) can also be used in thousands of addi-
tional conversions to produce practically any
organic chemical and many inorganic ones as
well: (See figure 16.)

Figure 16.-Diagram of Products Available
From Cells
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In (A) DNA directs the formation of a protein, such as in-
sulin, which is itself the desired product. In (B), DNA directs
the formation of an enzyme which, in turn, converts some
raw material, such as sugar, to a product, such as ethanol.

SOURCE: Office of Technology Assessment.
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vc carbohydrates, such as fructose sweeten-
ers;

u lipids, such as vitamins A, E, and K;

s, alcohols, such as ethanol,

r¢ other organic compounds, such as acetone;
and

e inorganic chemicals, such as ammonia, for
use in fertilizers.

Fermentation is not the only way to manufac-
ture or isolate these products. Some are tradi-
tionally produced by other methods. If a change
from one process to another is to occur, both
economic and societal pressures will help deter-
mine whether an innovative approach will be
used to produce a particular product. Alan Bull
has identified four stimuli for change and in-
novation: '

1. abundance of a potentially useful raw
material;

2. scarcity of an established product;

3. discovery of a new product; and

4. environmental concerns.

And conditions existing today have added a fifth
stimulus:

5. scarcity of a currently used raw material.

Each of these factors has tended to accelerate
the application of fermentation.

1. Abundance of a potentially useful raw ma-
terial.—The use of a raw material can be
the driving force in developing a process.
When straight chain hydrocarbons (n-al-
kanes) were produced on a large scale as
petroleum refinery byproducts, fermenta-
tion processes were developed to convert
them to single-cell proteins for use in ani-
mal feed.

2. Scarcity of an established product.—The
new-found potential for producing human
hormones through fermentation technol-
ogy is a major impetus to the industry to-
day. Similarly, many organic compounds
once obtained by other processes—Iike
citric acid, which was extracted directly

Codvood and o Ratled . Alie Rat ledge, nology: nlant
Future ‘rospets. 291 Prospects, 1im o Symposium fo the Society
nhiology at Universit ¢ (':’Imhl‘i‘dl ' l‘l)l'il 1979 B
ngland: Can oridge University Pross, 1979), pn. 3-8 pp. ir'g

from citrus fruits—are now made by fer-
mentation. As a result of more efficient
technology, products from vitamin B,to
steroids have come into wider use.

3. Discovery of a new product—The discovery
that antibiotics were produced by micro-
organisms sparked searches for an entirely
new group of products. Several thousand
antibiotics have been discovered to date, of
which over a hundred have proved to be
clinically useful.

4. Environmental concerns.—The problems of
sewage treatment and the need for new
sources of energy have triggered a search
for methods to convert sewage and munici-
pal wastes to methane, the principal com-
ponent of natural gas. Because micro-orga-
nisms play a major role in the natural cy-
cling of organic compounds, fermentation
has been one method used for the conver-
sion.

5. Scarcity of a currently used raw materi-
a/.—Because the Earth’s supplies of fossil
fuels are rapidly dwindling, there is intense
interest in finding methods for converting
other raw materials to fuel. Fermentation
offers a major approach to such conver-
sions.

Fermentation technologies can be effective in
each of these situations because of their out-
standing versatility and relative simplicity. The
processes of fermentation are basically identi-
cal, no matter what organism is selected, what
medium used, or what product formed. The
same apparatus, with minor modifications, can
be used to produce a drug, an agricultural prod-
uct, a chemical, or an animal feed supplement.

Fermentation using whole living cells

Originally, fermentation used some of the
most primitive forms of plant life as cell fac-
tories. Bacteria were used to make yogurt and
antibiotics, yeasts to ferment wine, and the
filamentous fungi or molds to produce organic
acids. More recently, fermentation technology
has begun to use cells derived from higher
plants and animals under growth conditions
known as cell or tissue culture. In all cases,
large quantities of cells with uniform character-
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istics are grown under defined, controlled con-
ditions.

In its simplest form, fermentation consists of
mixing a micro-organism with a liquid broth
and allowing the components to react. More so-
phisticated large-scale processes require control
of the entire environment so that fermentation
proceeds efficiently and, more importantly, so
that it can be repeated exactly, with the same
amounts of raw materials, broth, and micro-
organisms producing the same amount of prod-
uct. Strict control is maintained of such vari-
ables as pH (acidity/alkalinity), temperature, and
oxygen supply. (See figure 1?.) The newest mod-
els are regulated by sensors that are monitored
by computers. The capacity of industrial-sized
fermenters can reach 50,000 gal or more. The
one-shot system of fermentation is called batch
fermentation—i.e., fermentation in which a
single batch of material is processed from start
to finish.

In continuous fermentation, an improvement
on the batch process, fermentation goes on
without interruption, with a constant input of

Figure 17.-Features of a Standard Fermenter
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SOURCE: Eli Lilly & Co.

raw materials and other nutrients and an at-
tendant output of fermented material. The most
recent approaches use micro-organisms that
have been immobilized in a supporting struc-
ture. (See figure 18.) As the solution containing
the raw material passes over the cells, the
micro-organisms process the material and re-
lease the products into the solution flowing out
of the fermenter.

In general, products obtained by fermenta-
tion also can be produced by chemical synthe-
sis, and to a lesser extent can be isolated by ex-
traction from whole organs or organisms. A
fermentation process is usually most competi-
tive when the chemical process requires several

Figure 18.-immobilized Cell System
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Typically, a solution of raw materials is pumped through a
bed of immobilized micro-organisms which convert the
materials to the desired product.

SOURCE: Office of Technology Assessment.
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individual steps to complete the conversion. In a
chemical synthesis, the raw material (shown in
figure 19 as a) might have to be transformed to
an intermediate b, which, in turn, might have to
be converted to intermediates ¢ and d before
final conversion to the product e-each step
necessitating the recovery of its products before
the next conversion. In fermentation technol-
ogy, all steps take place within those miniature
chemical factories, the micro-organisms; the
microbial chemist merely adds the raw material
aand recovers the product e.

A wide variety of carbohydrate raw materials
can be used in fermentation. These can be pure
substances (sucrose or table sugar, glucose, or
fructose) or complex mixtures still in their
original form (cornstalks, potato mash, sugar-
cane, sugar beets, orcellulose). They can be of
recent biological origin (biomass) or derived
from fossil fuels (methane or oil). The availabili-
ty of raw materials varies from country to coun-
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product e, intermediates d c, and 2 must be synthe-
sized. Each intermediate must be recovered and purified
before it can be used in the next step of the conversion.

>¢ A cell can perform the same conversion of ato e, but
with the advantage that the chemist does not have to
deal with the intermediates: the raw material a simply
added and the final product e, recovered.
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try and even from region to region within a
country; the economics of the production proc-
ess varies accordingly.

The cost of the raw material can contribute
significantly to the cost of production. Usually,
the most useful micro-organisms are those that
consume readily available inexpensive raw ma-
terials. For large volume, low-priced products
(such as commodity chemicals), the relationship
between the cost of the raw material and the
cost of the end product is significant. For low
volume, high-priced products (such as certain
pharmaceuticals), the relationship is negligible.

The process of enzyme technology

Although live yeast had been used for several
thousand years in the production of fermented
foods and beverages, it was not until 1878 that
the active agents of the fermentation process
were given the name “enzymes” (from the
Greek, meaning “in yeast”). The inanimate
nature of enzymes was demonstrated less than
two decades later when it was shown that ex-
tracts from yeast cells could effect the conver-
sion of glucose to ethanol. Finally, their actual
chemical nature was established in 1926 with
the purification and crystallization of the
enzyme urease.

Fermentation carried out by live cells pro-
vided the conceptual basis for designing fer-
mentation processes based on isolated enzymes.
A single enzyme situated within a living cell is
needed to convert a raw material into a prod-
uct. A lactose-fermenting organism, e.g., can be
used to convert the sugar lactose, which is
found in milk, to glucose (and galactose). But if
the actual enzyme responsible for the conver-
sion is identified, it can be extracted from the
cell and used in place of a living cell. The
purified enzyme carries out the same conver-
sion as the cell, breaking down the raw material
in the absence of any viable micro-organism. An
enzyme that acts inside a cell to convert a raw
material to a product can also do this outside of
the cell.

Both batch and continuous methods are used
in enzyme technology. However, in the batch
method, the enzymes cannot be recovered eco-
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nomically, and new enzymes must be added for
each production cycle. Furthermore, the en-
zymes are difficult to separate from the end
product and constitute a potential contaminant.
Because enzymes used in the continuous meth-
od are reusable and tend not to be found in the
product, the continuous method is the method
of choice for most processes. Depending on the
desired conversion, the immobilized micro-
organisms of figure 18 could be replaced by an
appropriate immobilized enzyme.

Although more than 2,000 enzymes have
been discovered, fewer than 50 are currently of
industrial importance. Nevertheless, two major
features of enzymes make them so desirable:
their specificity and their ability to operate
under relatively mild conditions of temperature
and pressure. (The most frequently used. en-
zymes are listed in table 2.)

Comparative advantages of
fermentations using whole cells
and isolated enzymes

At present, it is still uncertain whether the
use of whole cells or isolated enzymes will be
more useful in the long run. There are advan-
tages and disadvantages to each. The role of ge-
netic engineering in the future of the industry,

Table 2—Enzyme Products

Commercially

available before: pr%gchet?c:n
Source/name 1900 1950 1980 tons/yr
Animal
Rennet. . . ............ X 2
Trypsin............... X 15
Pepsin............... X 5
Plant
Malt amylase. . . ....... X 10,000
Papain............... X 100
Microbial
Koji. .. oo X
Fungal protease . . ... .. X 10
Bacillus protease. ... .. X 500
Amyloglucosidase . . . .. X 300
Fungal amylase. . . ... .. X 10
Bacterial amylase. . . . .. X 300
Pectinase. ............ X 10
Glucose isomerase. . . . . X 50
Microbial rennet . . . .. .. X 10

SOURCE: Office of Technology Assessment.

however, will be partly determined by which
method is chosen. With isolated enzymes, ge-
netic manipulation can readily increase the sup-
ply of enzymes, while with whole organisms, a
wide variety of manipulations is possible in con-
structing more productive strains.

The relationship of genetics
to fermentation

Applied genetics is intimately tied to fermen-
tation technology, since finding a suitable spe-
cies of micro-organism is usually the first step in
developing a fermentation technique. Until re-
cently, geneticists have had to search for an
organism that already produced the needed
product. However, through genetic manipula-
tion a totally new capability can be engineered,;
micro-organisms can be made to produce sub-
stances beyond their natural capacities. The
most striking successes have been in the phar-
maceutical industry, where human genes have
been transferred to bacteria to produce insulin,
growth hormone, interferon, thymosin a-1, and
somatostatin, (See ch. 4.)

In general, once a species is found, conven-
tional methods have been used to induce muta-
tions that can produce even more of the desired
compound. The geneticist searches from among
hundreds of mutants for the one micro-orga-
nism that produces most efficiently. Most of the
many methods at the microbiologist’s disposal
involve trial-and-error. Newer genetic tech.
nologies, such as the use of recombinant DNA
(rDNA), allow approaches in which useful genet
ic traits can be inserted directly into the micro
organism.

The current industrial approach to fermenta
tion technologies therefore considers two prob
lems: First, whether a biological process car
produce a particular product; and second, wha
micro-organism has the greatest potential for
production and how the desired characteristic;
can be engineered for it. Finding the desired
micro-organism and improving its capability i
so fundamental to the fermentation industry
that geneticists have become important mem
bers of fermentation research teams.
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Genetic engineering can increase an orga-
nism’s productive capability (a change that can
make a process economically competitive); but it
can also be used to construct strains with char-
acteristics other than higher productivity. Prop-
erties such as objectionable color, odor, or slime
can be removed. The formation of spores that
could lead to airborne spread of the micro-
organism can be suppressed. The formation of
harmful byproducts can be eliminated or re-
duced. Other properties, such as resistance to
bacterial viruses and increased genetic stability,
can be given to micro-organisms that lack them.

Applying recent genetic engineering tech-
niques to the production of industrially valuable
enzymes may also prove useful in the future.
For example, a strain of micro-organism that
carries the genes for a desired enzyme may be
pathogenic. If the genes that express (produce)
the enzyme can be transferred to an innocuous
micro-organism, the enzyme can be produced
safely.

CURRENT TECHNICAL LIMITS ON
GENETIC ENGINEERING
Despite the many genetic manipulations that
are theoretically possible, there are several
notable technical limitations:

+ Genetic maps—the identification of the lo-
cation of desired genes on various chromo-
somes have not been constructed for most
industrially useful micro-organisms.

« Genetic systems for industrially useful
micro-organisms, such as the availability of
useful vectors, are at an early stage of
development.

« Physiological pathways—the sequence of
enzymatic steps leading from a raw mate-
rial to the desired product, are not known
for many chemicals. Much basic research
will be necessary to identify all the steps.
The number of genes necessary for the con-
version is a major limitation. Currently,
rDNA is most useful when only a single
easily identifiable gene is needed. It is more
difficult to use when several genes must be
transferred. Finally, the problems are for-
midable, if not impossible, when the genes
have not yet been identified. This is the

case with many traits of agronomic impor-
tance, such as plant height.

Even if the genes are identified and suc-
cessfully transferred, methods must be de-
veloped to recognize the bacteria that re-
ceived them. Therefore, the need to devel-
op appropriate selection methods has im-
peded the application of molecular ge-
netics.

As a consequence of these limitations, genetic
engineering will be applied to the development
of capabilities that require the transfer of only
one or a few identified genes.

Fermentation and industry

Genetic engineering is not in itself an indus-
try, but a technology used at the laboratory
level. It allows the researcher to alter the hered-
itary apparatus of a living cell so that the cell
can produce more or different chemicals, or
perform completely new functions. The altered
cell, or more appropriately the population of
altered identical cells is, in turn, used in indus-
trial production. It is within this framework that
the impacts of applied genetics in the various in-
dustries is examined.

Regardless of the industry, the same three
criteria must be met before genetic technologies
can become commercially feasible. These cri-
teria represent major constraints that industry
must overcome before genetic engineering can
play a part in bringing a product to market.
They include the need for:

1.a useful biochemical product;

2. a useful biological fermentation approach
to commercial production; and

3. a useful genetic approach to increase the
efficiency of production.

The three criteria interrelate and can be met
in any order; the demonstration of usefulness
can begin with any of the three. Insulin, e.g.,
was first found to have value in therapy;
fermentation was then shown to be useful in
its production; and, now genetic engineering
promises to make the fermentation process eco-
nomically competitive. In contrast, the value of
thymosin a-1, has not yet been proved, although
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the usefulness of genetic engineering and fer-
mentation in its production have been demon-
strated.

As these examples indicate, the limits on a
product’s commercial potential vary with the
product. In some cases, the usefulness of the
product has already been shown, and the use-

fulness of genetic technologies must be proved.
In others, the genetic technologies make pro-
duction at the industrial level possible, but their
market has not yet been established. In still
others, the feasibility of fermentation is the ma-
jor problem.
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Chapter 4

The Pharmaceutical Industry

Background

The domestic sales of prescription drugs by
U.S. pharmaceutical companies exceeded $7.5
billion in 1979. Of these, approximately 20 per-
cent were products for which fermentation
processes played a significant role. They in-
cluded anti-infective agents, vitamins, and bio-
logical, such as vaccines and hormones. Genet-
ics is expected to be particularly useful in the
production of these pharmaceuticals and bio-
logical) which can only be obtained by extrac-
tion from human or animal tissues and fluids.

Although the pharmaceutical industry was
the last to adopt traditional fermentation tech-
nologies, it has been the first industry to make
widespread use of such advanced genetic tech-
nologies as recombinant DNA (rDNA) and cell
fusion. Two major factors triggered the use of
genetics in the pharmaceutical industry:

« The biological sources of many pharmaco-
logically active products are micro-orga-
nisms, which are readily amenable to ge-
netic engineering.

« The major advances in molecular genetic
engineering have been made under an in-
stitutional structure that allocates funds
largely to biomedical research. Hence, the
Federal support system has tended to fos-
ter studies that have as their ostensible goal
the improvement of health.

Two factors, however, have tended to dis-
courage the application of genetics in the chem-
cal and food industries. In the former, econom-
¢ considerations have not allowed biological
production systems to be competitive with the
existing forms of chemical conversion, with
rare exceptions. And in the latter, social and in-
stitutional considerations have not favored the
development of foods to which genetic engi-
neering might make a contribution.

Past uses of genetics

Genetic manipulation of biological systems
for the production of pharmaceuticals has two
general goals:

1. to increase the level or efficiency of the
production of pharmaceuticals with prov-
en or potential value; and

2. to produce totally new pharmaceuticals
and compounds not found in nature.

The first goal has had the strongest influence
on the industry. It has been almost axiomatic
that if a naturally occurring organism can pro-
duce a pharmacologically valuable substance,
genetic manipulation can increase the output.
The following are three classic examples.

« The genetic improvement of penicillin pro-
duction is an example of the elaborate long-
term efforts that can lead to dramatic
increases. The original strains of Penicilli-
um chrysogenum, NRRL-1951 were treated
with chemicals and irradiation through
successive stages, as shown in figure 20,
until the strain E-15.1 was developed. This
strain had a 55-fold improvement in pro-
ductivity over the fungus in which penicil-
lin was originally recognized-the Fleming
strain.

+ Chemically induced mutations improved a
strain of Escherichia coli to the point where
it produced over 100 times more L-asparag-
inase (which is used to fight leukemia) than
the original strain. This increase made the
task of isolating and purifying the pharma-
ceutical much easier, and resulted in low-
ering the cost of a course of therapy from
nearly $15,000 to approximately $300.

+ Genetic manipulation sufficiently improved
the production of the antibiotic, gentami-

59
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Figure 20.—The Development of a High Penicillin=
Producing Strain via Genetic Manipulation
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cin, so that Schering-Plough, its producer,
did not have to build a scheduled manufac-
turing plant, thereby saving $50 million.

Most industry analysts agree that, overall,
genetic manipulation has been highly significant
in increasing the availability of many pharma-
ceuticals or in reducing their production costs.

The second major goal of genetic manipula-
tion, the production of new compounds, has
been achieved to a lesser degree. A recent new
antibiotic, deoxygentamicin, was obtained by
mutation and will soon be clinically tested in
man. Earlier, an important new antibiotic,
amikacin, was produced through classical mo-
lecular genetic techniques. And before that, the
well-known antibiotic, tetracycline, which is
normally not found in nature, was produced by
a strain of the bacterium, Streptomyces, after
appropriate genetic changes had been carried
out in that bacterium.
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Potential uses of molecular genetic technologies —

Polypeptides—proteins—are the first abun-
dant end products of genes. They include pep-
tide hormones, enzymes, antibodies, and cer-
tain vaccines. Producing them is the goal of
most current efforts to harness genetically
directed processes. However, it is just a matter
of time and the evolution of technology before
complex nonproteins like antibiotics can also be
manufactured through rDNA techniques.

Hormones

The most advanced applications of genetics
today, in terms of technological sophistication
and commercial development, are in the field of
hormones, the potent messenger molecules that
help the body coordinate the actions of various
tissues. (See Tech. Note 1, p. 80.) The capacity to
synthesize proteins through genetic engineer-
ing has stemmed in large part from attempts to
prepare human peptide hormones (like insulin
and growth hormone). The diseases caused by
their deficiencies are presently treated with ex-
tracts made from animal or human glands.

The merits of engineering other peptide hor-
mones depend on understanding their actions
and those of their derivatives and analogs.
Evidence that they might be used to improve
the treatment of diabetes, to promote wound
healing, or to stimulate the regrowth of nerves
will stimulate new scientific investigations.
Other relatively small polypeptides that influ-
ence the sensation of pain, appetite suppression,
and cognition and memory enhancement are
also being tested. If they prove useful, they will
unguestionably be evaluated for production via
fermentation.

While certain hormones have already at-
tained a place in pharmacology, their testing
and use has been hindered to some extent by
their scarcity and high cost. Until recently,
animal glands, human-cadaver glands, and
urine were the only sources from which they
could be drawn. Their use is also limited
because polypeptide hormones must be ad-
ministered by injection. They are digested if

they are taken orally, a process that curtails
their usefulness and causes side-effects.

There are four technologies for producing
polypeptide hormones and polypeptides:

. extraction from human or animal organs,

serum, or urine;

. chemical synthesis;

. production by cells in tissue culture; and

. production by microbial fermentation after
genetic engineering.

One major factor in deciding which technol-
ogy is best for which hormone is the length of
the hormone’s amino acid chains. (See table 3.)
Modern methods of chemical synthesis have
made the preparation of low-molecular weight
polypeptides a fairly straightforward task, and
chemically synthesized hormones up to at least
32 amino acids (AA) in length—Ilike calcitonin

Table 3.—Large Human Polypeptides Potentially
Attractive for Biosynthesis

Amino acid Molecular
residues weight
Proactin . .................... 198
Placental lactogen ............. 192
e Growth hormone.............. 191 22,005
Nerve growth factor ............ 118 13,000
Parathyroid hormone (PTH). ... .. 84 9,562 bovine
............................. 82
Insulin-like growth factors
(IGF-1&IGF-2) . ...t 70,67 7,649,7471
Epidermal growth factor ........ 6,100
einsulin...................... 51 5,734
Thymopoietin . ................ 49
Gastric inhibitory polypeptide
GIP) .o 43 5,104 porcine
® Corticotropin (ACTH) . ......... 39 4,567 porcine
Cholecystokinin (CCK-39) ... .... 39
Big gastrin (BG).. . ............. 34
Active fragment of PTH......... 34 4,109 bovine
Cholecystokinin (CCK-33) ... .... 33 3,918 porcine
e Calcitonin ................... 32 3,421 human
3,435 salmon
Endorphins . .................. 31 3,465
® Glucagon.................... 29 3,483 porcine
Thymosin-al.................. 28 3,108
Vasoactive intestinal peptide (VIP) 28 3,326 porcine
e Secretin..................... 27
e Active fragment of ACTH. .. .. .. 24
Motilin . .......... .. .. ...... 22 2,698

® Currently used in medical practice.
SOURCE: Office of Technology Assessment.
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—have become competitive with those derived
from current biological sources. Since frag-
ments of peptide hormones often express activ-
ities comparable or sometimes superior to the
intact hormone, a significant advantage of
chemical synthesis for research purposes is that
analogs having slight pharmacological differ-
ences from natural hormones can be prepared
by incorporating different amino acids into
their structures. In principle however, geneti-
cally engineered biosynthetic schemes can be
devised for most desirable peptide hormones
and their analogs, although the practicality of
doing so must be assessed on a case-by-case
basis. Ultimately, the principal factors bearing
on the practicality of the competing alternatives
are:

« The cost of raw materials. For genetically
engineered biosynthesis, this includes the
cost of the nutrient broth plus some amor-
tization of the cost of developing the syn-
thetic organism. In the case of chemical
synthesis, it includes the cost of the pure
amino acid subunits plus the chemicals
used as activating, protecting, coupling, lib-
erating, and supporting agents in the proc-
ess.

« The different costs of separating the de-
sired product from the cellular debris and
the culture medium in biological produc-
tion, and from the supporting resin, by-
products, and excess reagents in chemical
synthesis.

+ The cost of purification and freedom from
toxic contaminants. The process is more
expensive for biologically produced materi-
al than for materials produced by conven-
tional chemistry, although hormones from
any source can be contaminated.

« Differences in the costs of labor and equip-
ment. Chemical synthesis involves a se-
quence of similar (but different) operations
during a time period roughly proportional
to the length of the amino acid chain (three
AA per day) in an apparatus large enough
to produce 100 grams (g) to 1 kilogram (kg)
per batch; biological fermentations use vats
—with capacities of several thousand gal-
lons—for a few days, regardless of the
length of the amino acid chain.

. The cost and suitability of comparable
materials gathered from organs or fluids
obtained from animals or people.

In the past decade, some simpler hormones
have been chemically synthesized and a few are
being marketed. However, synthesizing glyco-
proteins—proteins bound to carbohydrates—is
still beyond the capabilities of chemists. Data
obtained from companies directly involved in
the production of peptides by chemical synthe-
sis indicate that the cost of chemically preparing
polypeptides of up to 50 AA in length is ex-
tremely sensitive to volume (see Tech. Note 2, p.
80,); although the costs are high, the production
of large quantities by chemical synthesis offers
a competitive production method.

Nevertheless, rDNA production, also known
as molecular cloning, has already been used to
produce low-molecular weight polypeptides. In
1977, researchers at Genentech, Inc., a small
biotechnology company in California, inserted a
totally synthetic DNA sequence into an E. coli
plasmid and demonstrated that it led to the pro-
duction of the 14 AA polypeptide sequence cor-
responding to somatostatin, a hormone found in
the brain. The knowledge of somatostatin’s
amino acid sequence made the experiment pos-
sible, and the existence of sensitive assays al-
lowed the hormone’s expression to be detected.
Although the primary motive for using this par-
ticular hormone for the first demonstration was
simply to show that it could be done, Genentech
has announced that it plans to market its
genetically engineered molecule for research
purposes. (See figure 21.)

Somatostatin is one of about 20 recognized
small human polypeptides that can be made
without difficulty by chemical synthesis. (See
table 4.) Unless a sizable market is found for one
of them, it is unlikely that fermentation meth
ods will be developed in the foreseeable future
Some small peptides that may justify the devel
opment of a biosynthetic process of production
are:

« The seven AA sequence known as MSH
ACTH 4-10, which is reputed to influence
memory, concentration, and other psyche
logical-behavioral effects: should such
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Figure 21.—The Product Development Process for Genetically Engineered Pharmaceuticals
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The development process begins by obtaining DNA either through organic synthesis (1) or derived from biological sources such as tissues
(2). The DNA obtained from one or both sources is tailored to form the basic “gene” (3) which contains the genetic information to “code” for a
desired product, such as human interferon or human insulin. Control signals(4) containing plasmids (6) are isolated from micro-organisms such
as E. coli; cut open (7) and spliced back (8) together with genes and control signals to form “recombinant DNA” molecules. These molecules are
then introduced into a host cell (9).

Each plasm id is copied many times in a cell (10). Each cell then translates the information contained in these plasmids into the desired pro-
duct, a process called “expression” (11). Cells divide (12) and pass on to their offspring the same genetic information contained in the parent
cell.

Fermentation of large populations of genetically engineered micro-organisms is first done in shaker flasks (13), and then in small fermenters
(14) to determine growth conditions, and eventually in larger fermentation tanks (15). Cellular extract obtained from the fermentation process is
then separated, purified (16), and packaged (17) for health care applications.

Health care products are first tested in animal studies (18) to demonstrate a product’s pharmacological activity and safety, In the United
States, an investigational new drug application (19) is submitted to begin human clinical trials to establish safety and efficacy. Following
clinical testing (20), a new drug application (N DA) (21) is filed with the Food and Drug Administration (FDA). When the NDA has been reviewed
and approved by the FDA the product maybe marketed in the United States (22).

SOURCE: Genentech, Inc.
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Table 4.-Naturally Occurring Small Peptides of
Potential Medical interest

Number of Molecular
amino acids weight

Dynorphin . ................... 17
Little gastrin (LG) .. ............ 17 2,178
Somatostatin. . . ............... 14 1,639
Bombesin ........... ... . ..., 14 1,620
Melanocyte stimulating hormone. 13 1,655
Active dynorphin fragment . . . . .. 13
Neurotensin . ................. 13
Mini-gastrin (G13) . .. ........... 13
Substance? . .................. 11 1,347bovine
Luteinizing hormone-releasing

hormone(LNRH). . .. ......... 10
Active fragment of CCK. . . ... ... 10
Angiotensin | .................. 10 1,297
Caerulein ..................... 10 oen
Bradykinin .. .................. 9 1,060
® Vasopressin(ADH) . ........... 9
® Oxytocin.................... 9 1,007
Facteur thymique serique(FTH).. 9
Substance P(4-11)octapeptide. . . 8
Angiotensin Il . ................ 8 1,046
Angiotensin lll. . . .............. 7 931
MSH/ACTH4-10 . . . . ........... 7
Enkephalins. . . ............. ... 5 575
Active fragment of thymopoietin

(TP5). . o 5
® Thyrotropin releasing hormone

(TRY) . oo 3 362

.Currently used in medical practice.
SOURCE: Office of Technology Assessment

agents prove of value in wider testing, they
have an enormous potential for use.

Both cholecystokinin (33 AA) and bombesin
(10 AA), which have been shown to sup-
press appetite, presumably as a satiety
signal from stomach to brain: there is a
large market for antiobesity agents-ap-
proximately $85 million per year at the
manufacturer’s level.

Several hormones, such as somatostatin,
which are released by nerves in the hypo-
thalamus of the brain to stimulate or in-
hibit release of hormones by the pituitary
gland: hormones produced by these glands
are crucial in human fertility; analogs of
some are being investigated as possible
contraceptives.

Calcitonin (32 AA), which is currently the
largest polypeptide produced by chemical
synthesis for commercial pharmaceutical
use: it is useful for pathologic bone dis-
orders, such as Paget’s disease, that affect

up to 3 percent of the population over 40
years of age, in WesternEurope.

. Adrenocorticotropic hormone (ACTH) (39
AA), which promotes and maintains the
normal growth and development of the
adrenalglands and stimulates the secretion
of other hormones: in the United States,
ACTH is used primarily as a diagnostic
agent for adrenal insufficiency, but in
principle, ACTH might be used for at least
one-third of the medical indications—Ilike
rheumatic disorders, allergic states, and
eye inflammation—for which about 5 mil-
lion Americans annually receive corticos-
teroids.

Within the last 5 years, other small polypep-
tides have been identified in many tissues and
have been linked to a variety of activities. Some
certainly bind to the same receptor sites as the
pain-relieving opiates related to the morphine
family. These peptides are called endogenous
opiates: the smaller (5 AA) peptides are called
enkephalins and the larger (3 AA), endorphins.

Certain enkephalins produce brief analgesia
when injected directly into the brains of mice.
Synthetic analogs that are less susceptible to en-
zymatic inactivation produce longer analgesia
even if they are injected intravenously, as does
the larger endorphin molecule. Very recently,
a 17 AA polypeptide, dynorphin, was reported
to be the most potent pain Killer yet found—it is
1,200 times more powerful than morphine.

The preparation of new analgesic agents ap-
pears a likely outcome of the new research, but
problems similar to those associated with clas-
sical opiates must be overcome. Consequently,
unnatural analogs—including some made with
amino acids not found in micro-organisms—
might prove more useful. The value of microbi-
al biosynthesis for these substances is ques-
tionable at this time. However, the importance
of genetic technologies in clarifying the
underlying mechanisms should not be under-
estimated.

Higher molecular weight polypeptides cannot
be made practically by chemical synthesis, and
must be extracted from human or animal tis-
sues or produced in cells growing in culture.
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Now they can also be manufactured by fermen-
tation using genetically designed bacteria, as
has been demonstrated by the production of in-
sulin and human growth hormone.

INSULIN

Insulin, is composed of two chains—A and B—
of amino acids. It is initially produced as a
single, long chain called pre-proinsulin, which is
cut into a shorter chain, proinsulin. Proinsulin,
in turn, is cut into the A and B chains when a
piece is cleaved from the middle. (See figure 22.)
Work on the genetic engineering of insulin has

proceeded quickly. A year after one group re-
ported that the insulin gene had been incorpo-
rated into E. coli without expression, a second
group managed to grow colonies of E. coli that
actually excreted rat proinsulin. Then, within a
couple of months, workers at Genentech, in col-
laboration with a group at City of Hope Medical
Center, announced the separate synthesis of the
A (21 AA) and B (30 AA) chains of human insulin.
The synthesis of the DNA sequences depended
on advances in organic chemistry as well as in
genetics. Six months were required simply to
synthesize the necessary building blocks.

Figure 22.—The Amino Acid Sequence of Proinsulin

Connecting peptide

B chain

Proinsulin is composed of 84 amino acid residues. When the connecting peptide is removed,
the retaining A and B chains form the insulin molecule. The A chain contains 21 amino acids;

the B chain contains 30 amino acids.

SOURCE: Office of Technology Assessment.
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A comparison with the traditional source of
animal insulin is interesting. If 0.5 milligram
(mg) of pure insulin can be obtained from a liter
of fermentation brew, 2,000 liters (1) (roughly
500 gal) would yield 1 g of purified insulin—the
amount produced by about 16 Ib of animal pan-
creas. If, on the other hand, the efficiency of
production could be increased to that achieved
for asparaginase (which is produced commer-
cially by the same organism, E. coli), 2,000
would yield 100 g of purified insulin—the
amount extracted from 1,600 Ib of pancreas.
(The average diabetic uses the equivalent of
about 2 mg of animal insulin per day.)

The extent of the actual demand for insulin is
a controversial issue. Eli Lilly & Co. estimates
that there are 60 million diabetics in the world
(35 million in underdeveloped countries, where
few are diagnosed or treated). Of the 25 million
in the developed countries, perhaps 15 million
have been diagnosed; according to Lilly’s esti-
mate, 5 million are treated with insulin. Only
one-fourth of those diabetics treated with in-
sulin live in the United States, but they use 40 to
50 percent of the insulin consumed in the
world. A number of studies indicate that while
the emphasis on diet (alone) and oral antidia-
betic drugs varies, approximately 40 percent of
American patients in large diabetes clinics or
practices take insulin injections. In the United
States, diabetes ranks as the fifth most common
cause of death and second most common cause
of blindness. Roughly 2 million persons require
daily injections of insulin.

Today, at least, there is no real shortage of
glands from slaughter houses for the produc-
tion of animal (principally bovine and porcine)
insulin. A study conducted by the National Dia-
betes Advisory Board (NDAB) concluded that a
maximum demand and a minimum supply
would lead to shortages in the 1990’s. Eli Lilly’s
projection, presented in that report, also antici-
pates these shortages. But, Novo Industri, a ma-
jor world supplier of insulin, told the NDAB that
it estimates that the 1976 free-world consump-
tion of insulin of 51 X 10°units constituted only
23 percent of the potential supply, and the
87X 10°units projected for 1996 would only
equal 40 percent of the supply, assuming that
the animal population stays constant.

For insulin, therefore, the limitation on bring-
ing the fruits of genetic engineering to the
marketplace is not technological but institu-
tional. The drug must first be approved by the
Food and Drug Administration (FDA) and then
marketed as a product as good as or better than
the insulin extracted by conventional means.
Lilly has stated that it anticipates a 6-month
testing period in humans. Undoubtedly, FDA
will examine the evidence presented in the in-
vestigational new drug application (INDA) with
special care. Its review will establish criteria
that may influence the review of subsequent ap-
plications in at least the following requirements:

ir evidence that the amino acid sequence of

a the material is identical to that of the nor-

o) Mal human hormone;

~¢ freedom from bacterial endotoxins that

lli may cause fever at extremely low concen-

II; trations—an inherent hazard associated

e With any process using E. coli; and

~. freedom from byproducts, including sub-
stances of very similar structure that may
give rise to rare acute or chronic reactions
of the immune system.

Furthermore, as development continues, FDA
might require strict assurances that the mole-
cules produced from batch to batch are not sub-
ject to subtle variations resulting from their
genetic origin.

If the insulin obtained from rDNA techniques
manages to pass FDA requirements, it must
overcome a second obstacle—competition in the
marketplace. The clinical rationale for using
human rather than animal insulin rests on the
differences in structure among insulins pro-
duced by different species. Human and porcine
insulins for example, differ in a single amino
acid, while human and cattle insulins differ
with respect to three. As far as is known, these
variations do not impair the effectiveness of the
insulin, but no one has ever been in a position to
conduct a significant test of the use of human
insulin in a diabetic population. Many conse-
guences of the disease, such as retinopathy (ret-
inal disease) and nephropathy (kidney disease),
are not prevented by routine injection of animal
insulin. Patients also occasionally respond ad-
versely or produce antibodies to animal insulin,
with subsequent allergic or resistant reaction.
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It remains to be seen how many patients will
be better off with human insulin. The proof that
it improves therapy will take years. Progress on
the etiology of the disease—especially in identi-
fying it in those at risk or in improving the
dosage form and administration of insulin-may
have far more significant effects than new de-
velopments in insulin production. Nevertheless,
as long as private enterprise sees fit to invest in
such developments, and as long as the cost of
treating diabetics who respond properly to ani-
mal insulin is not increased, biological produc-
tion of human insulin may become a kind of in-
surance for diabetics within the next few
decades.

GROWTH HORMONE

The second polypeptide hormone currently a
candidate for FDA approval is growth hormone
(GH). It is one of a family of closely related, rel-
atively large pituitary peptide hormones—sin-
gle-chain polypeptides 191- to 198-AA in length.
It is best known for the growth it induces in
many soft tissues, cartilage, and bone, and it is a
requirement for postnatal growth in man.

The growth of an organism is a highly com-
plex process that depends on the correct bal-
ance of many variables: The action of GH in the
body for example, depends on the presence of
insulin, whose secretion is stimulated by GH.
Under some circumstances, one or more inter-
mediary polypeptides produced under the in-
fluence of GH by the liver (and possibly the
kidneys) may actually be the proximate causes
of some of the effects attributed to GH. In any
case, the biological significance of GH is most
clearly illustrated by the growth retardation
that characterizes its absence before puberty,
and by the benefits of replacement therapy.

In the United States, most of the demand for
human growth hormone (hGH) is met by the Na-
tional Pituitary Agency, which was created in
the early 1960’s by the College of Pathologists
and the National Institute of Arthritis, Metab-
olism, and Digestive Diseases (NIAMDD) to col-
lect pituitary glands from coroners and private
donors. Under the programs of the NIAMDD,
hGH is provided without charge to treat chil-
dren with hypopituitarism, or dwarfism (about

1,600 patients, each of whom receives therapy
for several years), and for research.

While the National Pituitary Agency feels that
it can satisfy the current demand for hGH (see
Tech. Note 3, p. 80.), it welcomes the promise of
additional hGH at relatively low cost to satisfy
areas of research that are handicapped more by
a scarcity of funds than by a scarcity of the hor-
mone. However, if hGH is shown to be thera-
peutically valuable in these areas, widespread
use could severely strain the present supply. At
present, the potential seems greatest for pa-
tients with:

« senile osteoporosis (bone decalcification);

« other nonpituitary growth deficiencies such
as Turner’s syndrome (1 in 3,000 live
female births);

« intrauterine growth retardation;

+ bleeding ulcers that cannot be controlled
by other means; and

+ burn, wound, and bone-fracture healing

Two groups have already announced the
preparation of micro-organisms with the capaci-
ty for synthesizing GH. (See Tech. Note 4, p. 80.)
In December 1979, one of these groups—Genen-
tech —requested and received permission from
the National Institutes of Health (NIH), on the
recommendation of the Recombinant DNA Ad-
visory Committee (RAC), to scale-up its process.
Its formation of a joint-venture with Kabi Gen
AB is typical of the kind of alliance that develops
as a result of the different expertise of groups in
the multidisciplinary biomedical field. Kabi has
been granted a New Drug Application (NDA)
under which to market pituitary GH imported
from abroad.

OTHER HORMONES

Additional polypeptide hormones targeted
for molecular cloning (rDNA production) in-
clude:

« Parathyroid hormone (84 AA), which may
be useful alone or in combination with cal-
citonin for bone disorders such as osteo-
porosis.

+ Nerve growth factor (118 AA), which influ-
ences the development, maintenance, and
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repair of nerve cells and thus could be sig-
nificant for nerve restoration in surgery.

. Erythropoietin, a glycopeptide that is large-
ly responsible for the regulation of blood
cell development. Its therapeutic applica-
tions may range from hemorrhages and
burns to anemias and other hematologic
conditions. (See Tech. Note 5, p. 80.)

Immunoproteins

Immunoproteins include all the proteins that
are part of the immune system—antigens, inter-
feron, cytokines, and antibodies. Since poly-
peptides, the primary products of every molec-
ular cloning scheme, are at the heart of immu-
nology, developments made possible by recent
breakthroughs will presumably affect the entire
field. There is little doubt that applied genetics
will play a critical role in developing a pharma-
cology for controlling immunologic functions,
since it provides the only apparent means of
synthesizing many of the agents that will com-
prise immunopharmacology.

ANTIGENS (VACCINES)

One early dramatic benefit should be in the
area of vaccination, where genetic technologies
may lead to the production of harmless sub-
stances capable of eliciting specific defenses
against various stubborn infectious diseases.

Vaccination provides effective immunity by
introducing relatively harmless antigens into
the immune system thereby allowing the body
to establish, in advance, adequate levels of anti-
body and a primed population of cells that can
grow when the antigen reappears in its virulent
form. Obviously, however, the vaccination itself
should not be dangerous. As a result, several
methods have been developed over the past two
centuries to modify the virulence of micro-orga-
nisms used in vaccines without destroying their
ability to trigger the production of antibodies.
(See Tech. Note 6, p. 80.)

Novel pure vaccines based on antigens syn-
thesized by rDNA have been proposed to fight
communicable diseases like malaria, which have
resisted classical preventive efforts. Pure vac-
cines have always been scarce; if they were
available, they might reduce the adverse effects

of conventional vaccines and change the meth-
ods and the dosages in which vaccines are
administered.

Some vaccines are directed against toxic pro-
teins (like the diphtheria toxin produced by
some organisms), preparing the body to neutral-
ize them. Molecular cloning might make it pos-
sible to produce inactivated toxins, or better
nonvirulent fragments of toxins, by means of
micro-organisms that are incapable of serving
as disease-causing organisms.

Immunity conferred by live vaccines invari-
ably exceeds that conferred by nonliving anti-
genic material-possibly because a living micro-
organism creates more antigen over a longer
period of time, providing continuous “booster
shots.” Engineered micro-organisms might be-
come productive sources of high-potency anti-
gen, offering far larger, more sustained, doses
of vaccine without the side-effects from the con-
taminants found in those vaccines that consist
of killed micro-organisms.

However, it is clear that formidable Federal
regulatory requirements would have to be met
before permission is granted for a novel living
organism to be injected into human subjects.
Because of problems encountered with live vac-
cines, the most likely application will lie in the
area of killed vaccines (often using only parts of
micro-organisms).

It is impossible in the scope of this report to
discuss the pros, cons, and consequences of de-
veloping a vaccine for each viral disease. How-
ever, the most commercially important are the
influenza vaccines, with an average of 20.8 mil-
lion doses given per year from 1973 to 1975-a
smaller number than the 25.0 million doses per
year of polio vaccine, but more profitable.

Influenza is caused by a virus that has re-
mained uncontrolled largely because of the fre-
guency with which it can mutate and change its
antigenic structures. It has been suggested that
antigenic protein genes for influenza could be
kept in a “gene bank” and used when needed. In
addition, the genetic code for several antigens
could be introduced into an organism such as E.
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coli, so that a vaccine with several antigens
might be produced in one fermentation.

Two more viral diseases deserve at least brief
comment. Approximately 800 million doses of
foot-and-mouth disease virus (FMDV) vaccine
are annually used worldwide, making it the
largest volume vaccine produced. This vaccine
must be given frequently to livestock in areas
where the disease is endemic, which includes
most of the world outside of North America.
The present methods of producing the vaccine
require that enormous quantities of hazardous
virus be contained. Many outbreaks are attrib-
uted to incompletely inactivated vaccine or to
the escape of the virus from factories. (See
figure 23.)

Molecular cloning of the antigen could pro-
duce a stable vaccine at considerably less ex-
pense, without the risk of the virus escaping. On
the basis of that potential, RAC has approved a
joint program between the U.S. Department of
Agriculture (USDA) and Genentech to clone
pieces of the FMDV genome to produce pure an-
tigen. The RAC decision marked the first excep-
tion to the NIH prohibition against cloning DNA
that is derived from a virulent pathogen.”FMDV.
vaccine made by molecular cloning will prob-
ably be distributed commercially by 1985, al-
though not in the United States. It will be the
first vaccine to achieve that status, and illus-
trates the potential veterinary uses of genetic
technologies.

Hepatitis has also received significant atten-
tion. Vaccines against viral hepatitis, which af-
fects some 300,000 Americans each year, may
be produced by molecular cloning. This disease
is second only to tuberculosis as a cause of
death among reportable infectious diseases. R is
extremely difficult to cultivate the causative
agents. Hepatitis A has a good chance of being
the first human viral disease for which the in-
itial preparation of experimental vaccine will in-
volve molecular cloning. A vaccine against hepa-
titis B, made from the blood of chronic carriers,

I For other aspects of vaccine production see: Office of Technol-
ogy Assessment, U.S. Congress, working Papers, The impacts of
s ie...c.. Vol 2. (Springfield, Va.: National Technical Information
Service, 1981).

‘Ibid.
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Figure 23.-Recombinant DNA Strategy for Making
Foot-and-Mouth Disease Vaccine

Plasmid isolated
from E. coli
bacterium

/P, protein *

3 VP, codons

3
l\ ‘
RNA is template
L Lk for DNA synthesis

p—

VRN/\ DNA
N’agmems

Spli

plice

VPs-specific -~

DNA fragment s
into plasmids

Insert
bioengineered
plasmid into

E. coli bacterium

Growing E. cofi bacteria may produce VP, for use as vaccine
for foot-and-mouth disease. No virus or infectious RNA is
produced by the harmless bacteria strain.

e VP, is the protein from the shell of the virus, which can act
as a vaccine for immunizing livestock against foot-and-
mouth disease. The idea outlined above is to make this
protein without making any virus or infectious RNA.

SOURCE: Office of Technology Assessment.

is in the testing stage, but cloning is being in-
vestigated as a better source of an appropriate
antigen. The causative agent for a third form of
hepatitis has not even been identified. Since at
least 16 million U.S. citizens are estimated to be
at high risk of contracting hepatitis, there is
keen interest in the development of vaccines
among academic and industrial researchers.’
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More hypothetically, molecular cloning may
lead to three other uses of antigens as well: vac-
cination against parasites, such as malaria and
hookworm (see Tech. Note 7, p. 80.); immuniza-
tion in connection with cancer treatment; and
counteracting abnormal antibodies, which are
made against normal tissues in the so-called
“autoimmune diseases, ” such as multiple sclero-
sis. (See Tech. Note 8, p. 81.)

INTERFERON

Interferon are glycoproteins normally made
by a variety of cells in response to viral infec-
tion. All interferon (see Tech. Note 9, p. 81) can
induce an antiviral state in susceptible cells. In
addition, interferon has been found to have at
least 15 other biochemical effects, most of
which involve other elements of the immune
system.

promising preliminary studies have sup-
ported the use of interferon in the treatment of
such viral diseases as rabies, hepatitis, varicella-
zoster (shingles), and various herpes infections.
To date, the effect of interferon has been far
more impressive as a prophylactic than as a
therapeutic agent. The interferon produced by

Genentech, for example, has been shown to pro-
tect squirrel monkeys from infection by the le-
thal myocarditis virus. Once interferon is avail-
able in quantity, large-scale tests on human pop-
ulations can be conducted to confirm its ef-
ficacy in man.

Several production techniques are being ex-
plored. (See Tech. Note 10, p. 81.) Extraction of
interferon from leukocytes (white blood cells),
the current method of choice, may have to com-
pete with tissue culture production as well as
rDNA. (See table 5.)

Recombinant DNA is widely regarded as the
key to mass production of interferon, and
important initial successes have already been
achieved. Each of the four major biotechnology
companies is working on improved production
methods, and all have reported some success.

An enormous amount remains to be learned
about the interferon system. It now appears
that the interferon are simply one of many
families of molecules involved in physiological
regulation of response to disease. Only now
have molecular biology and genetics made their
study—and perhaps their use—possible.

Table 5.—Summary of Potential Methods for Interferon Production

Types of Potential
interferon for Present projected Potential for
Means of Production produced scale-up ($/10°units) Problems improvement
“Buffy coat” leukocytes leukocyte, 95% No - —Ilack of scale up —minimal
fibroblast, 5% —pathogen contamination
Lymphoblastoid cells leukocyte, 80% Yes —poor yields —improved yields
fibroblast, 20% —cells derived from tumor  —expression of
fibroblast
interferon
Fibroblasts fibroblast Yes 43-200 . 1-10 —cell culture —improved yields
—economic competition —improved cell-
with recombinant DNA culture
technology
—expression of
leukocyte-type
interferon
Recombinant DNA leukocyte or Yes —does not produce —improved yields

fibroblast

interferon
—in vitro drug stability
—poor yields —modified
interferon

—drug approval

—possible economic
competition with fibroblast
cell production

SOURCE: Office of Technology Assessment.
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The interferon are presently receiving atten-
tion largely because studies in Sweden and the
United States stimulated the appropriation of
$5.4 million by the American Cancer Society
(ACS) for expanded clinical trials in the treat-
ment of cancer. That commitment by the non-
profit ACS-the greatest by far in its history-
was followed by a boost in NIH funding for in-
terferon research from $7.7 million to $19.9
million for fiscal year 1980. Much of the cost of
interferon research is allotted to procuring the
glycopeptide. Initially, the ACS bought 40 billion
units of leukocyte interferon from the Finnish
Red Cross for $50 per million units. In March
1980, Warner-Lambert was awarded a contract
to supply the National Cancer Institute (NCI)
with 50 billion units of leukocyte interferon
within the next 2 years at an average price of
$18 per million units. NCI is also planning to
purchase 50 billion units each of fibroblast and
lymphoblastoid interferon.

The bulk of the NIH funding is included in
NCI’s new Biological Response Modifier (BRM)
program—interferon accounts for $13.9 million
of the $34.1 million allocated for BRM work in
fiscal year 1980. (NCI expenditures on inter-
feron in 1979 were $2.6 million, 19 percent of
the amount budgeted for 1980.) Other impor-
tant elements of that BRM program concern
immunoproteins known as lymphokines and
thymic hormones, for which molecular genetics
has major implications. The program is aimed at
identifying and testing molecules that control
the activities of different cell types.

LYMPHOKINES AND CYTOKINES

Lymphokines and cytokines are regulatory
molecules that have begun to emerge from the
obscure fringes of immunology in the past 10
years. (Interferon is generally considered a lym-
phokine that has been characterized sufficiently
to deserve independent status.)

Lymphokines are biologically active soluble
factors produced by white blood cells. Studied
in depth only within the last 15 years, they are
being implicated at virtually every stage in the
complex series of events that make up the im-
mune response. They now include about 100
different compounds. Cytokines, which have ef-

fects similar to lymphokines, include several
compounds associated with the thymus gland,
referred to as thymic hormones.’

In 1979, the BRM subcommittee concluded
that several of these agents probably have great
potential for cancer treatment. Nevertheless,
adequate quantities for laboratory and clinical
testing of many of them will probably not be
available until the problems of producing glyco-
proteins by molecular cloning are overcome. No
system is currently available for the industrial
production of glycoproteins, although yeasts
may prove to be the most useful micro-orga-
nisms.

ANTIBODIES

Antibodies are the best known and most ex-
ploited protein components of the immune sys-
tem. Until recently, all antibodies were obtained
from the blood of humans or animals; and they
were often impure. Within the past 5 years,
however, it has become possible to produce an-
tibodies from cells in culture, and to achieve
levels of purity previously unattainable. As with
previous advances in antibody technology, re-
searchers are examining ways to put this new
level of purity to use. There have been hun-
dreds, if not thousands, of examples of new
diagnostic and research methods, new methods
of purification, and new therapies published
within the first 3 years that the technique has
been available. (See Tech, Note 11, p. 81.)

This high level of purity was attained by the
development of monoclinal antibodies. These
antibodies that recognize only one kind of anti-
gen were the unanticipated fruit of fundamen-
tal immunological research conducted by Drs.
Caesar Milstein and Georges Kohler at the Med-
ical Research Council in England in 1975. They
fused two types of cells-myeloma and plasma-
spleen cells—to form hybridomas that produce
the monoclinal antibodies. (See Tech. Note 12,
p. 81.) Not only are the antibodies specific, but
because the hybridomas can be grown in mass
culture, a virtually limitless supply is available.

The most immediate medical application for
monoclinal antibodies lies in diagnostic testing.

‘For 40 of the best characterized footnote 1see footnote 1, p.
69.
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Over the past 20 years, large segments of the
diagnostic and clinical laboratory industries
have sprung up to detect and quantify particu-
lar substances in specimens. Because monoclon-
al antibodies are so specific, hybridomas seem
certain to replace animals as the source of anti-
bodies for virtually all diagnosis and monitor-
ing. Their use will not only improve the accu-
racy of tests and decrease development costs,
but should result in a more uniform product.

Today, such assays are used to:

determine hormone levels in order to
assess the proper functioning of an endo-
crine gland or the inappropriate produc-
tion of a hormone by a tumor;

detect certain proteins, the presence of
which has been found to correlate with a
tumor or with a specific prenatal condition;
detect the presence of illicit drugs in a per-
son’s blood, or monitor the blood or tissue
level of a drug to ensure that the dosage
achieves a therapeutic level without ex-
ceeding the limits that could cause toxic ef-
fects; and

identify microbial pathogens.

The extent of the use of antibodies and the
biochemical properties that they can identify is
suggested by table 6. No one assay constitutes a
major market, and short product lifetime has
been characteristic of this business.

Other applications of monoclinal antibodies
include:

the improvement of the acceptance of kid-
ney (and other organ) transplants by injec-
tion of the recipient with antibodies against
certain antigens;

passive immunization against an antigen in-
volved in reproduction, as a reversible im-
munological approach to contraception.
localizing tumors with tumor-specific anti-
bodies (see Tech. Note 13, p. 81); and
targeting cancer cells with antibodies that
have anticancer chemicals attached to
them.

Enzymes and other proteins

ENZYMES

Enzymes are involved in virtually every bio-
logical process and are well-understood. Never-
theless, despite their potency, versatility, and
diversity, they play a small role in the practice
of medicine today. Therapeutic enzymes ac-
counted for American sales of about $70 million
(wholesale) in 1978, but one-half of those sales
involved the blood-plasma-derived coagulation
factors used to treat hemophilia. Although the
figure is difficult to estimate, the total number
of patients receiving any type of enzyme ther-
apy in 1980 probably does not exceed 50,000.

Enzymes cannot be synthesized by conven-
tional chemistry. Almost all those presently
employed in medicine are extracted from
human blood, urine, or organs, or are produced
by micro-organisms. Already the possibility of
using rDNA clones as the source of enzymes—
primarily to reduce the cost of production—is
being explored.

However, problems associated with the use of
nonhuman enzymes (such as immune and feb-
rile responses) and the scarcity of human en-
zymes, have hindered research, development,
and clinical exploitation of enzymes for ther-
apeutic purposes. Today, the experimental ge-
netic technologies of rDNA and somatic cell fu-
sion and culture open the only conceivable
routes to relatively inexpensive production of
compatible human enzymes.

The genetic engineering of enzymes is prob-
ably the best example of a dilemma that ham-
pers the exploitation of rDNA: Without a clinical
need large enough to justify the investment,
there is no incentive to produce a product; yet
without adequate supplies, the therapeutic pos-
sibilities cannot be investigated. The substances
that break this cycle will probably be those that
are already produced in quantity from natural
tissue.

The only enzymes administered today are
given to hemophiliacs-and they are actually
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Table 6-Immunoassays .

Analgesics and narcotics

Antipyrine
Codeine
Etorphine
Fentanyl
Meperidine
Methadone
Morphine
Pentazocine
Antibiotics
Amikacin
Chloramphenicol
Clindamycin
Gentamicin
Isoniazid
Penicillin
Sisomycin
Tobramycin
Anticonvulsants
Clonazepam
Phenytoin
Primidone
Anti-inflammatory agents
Colchicine
Indomethacin
Phenyibutazone
Antineoplastic agents
Adriamycin
Bleomycin
Daunomycin
Methotrexate
Bronchodilators
Theophylline
Cardiovascular drugs
Cardiac glycosides
Acetylstrophanthidin

Digitoxin
Digoxin
Gitoxin

Hallucinogenic drugs
Mescaline
Tetrahydrocannabi nol

Hypoglycemic agents
Butylbiguanide
Glibenclamid

Insecticides
Aldrin
DDT
Dieldrin

Malathion
Narcotic antagonists
Cyclazocine
Naloxone

Peptide hormones
Angiotensin
Anterior pituitary
Bradykinin
Gastric
Hypothalamic
Intestinal
Pancreatic
Parathyroid
Posterior pituitary
Thyroid (calcitonin)

Plant hormones
Indole-3-acetic acid
Gibberelilic acid

Polyamides
Spermine

Prostaglandins

Sedatives and
tranquilizers
Barbiturates

Barbital

Pentobarbital

Phenobarbital
Chlordiazepoxide
Chlorpromazine
Desmethylimipramine
Diazepam and

N-desmethyldiazepam

Methyl digoxin
Ouabain
Proscillaridin
Dihydroergotamine
Propranolol
Quinidine
CNS stimulants
Amphetamine
Benzoyl ecgonine
(cocaine metabolize)
Methamphetamine
Pimozide
Diuretics
Bumetanide
Hallucinogenic drugs
Bile acid conjugates
Cholylglycine
Cholyltaurine
Catecholamines
Epinephrine
Norepinephrine
Tyramine
Fibrinopeptides
Fibrinopeptide A
Fibrinopeptide B
Indolealkylamines
Melatonin
Serotonin
Insect hormones
Ecdysone
Nucleosides and
nucleotides
Cyclic AMP
Cyclic GMP
N*-Dimethylguanosine
7-Methylguanosine
Pseudouridine
Thymidine
Glutethimide
Methaqualone

Steroid hormones

Skeletal muscle relaxants
e

Synthetic peptides
DDAVP

Synthetic steroids
Anabolic steroids
Trienbolone acetate
Androgens
Fluoxymesterone
Estrogens
Diethylstilbestrol
Ethinylestradiol
Mestranol
Glucocorticoids
Dexamethasone
Methyl prednisolone
Prednisolone
Prednisone
Metyrapone
Progestins
Medroxyprogesterone
acetate
Norethindrone
Norethisterone
Norgestrel

Toxins

Aflatoxin B,

Genistein

Nicotine and metabolizes
A

Paralytic shellfish poison

Thyroid hormones

Thyroxine
Triodothyronine

Vitamins

Vitamin B12
Vitamin D

SOURCE: fDrugs—Compr of Drugs-Comprehensive Immunology,” 0/oav. Hi dden Caffey (el |} (New ‘ork: Pl (cd.) 1Pre:is.19 Plenum Press, 1977), , 325.

proenzymes, which are converted to active en-
zymes in the body when needed. The most com-
mon agents are called Factor VIII and Factor IX,
which are found in serum albumin and are cur-
rently extracted from human blood plasma.
Hemophilia A and Hemophilia B—accounting for
over 90 percent of all

major

bleeding disor-
ders—are characterized by a deficiency of these
factors. Supplies of the proenzymMeS will exceed
demand well beyond 1980 if the harvesting and
processing of plasma continues as it has. Never-
theless, the risk of hepatitis associated with the

use of human plasma-derived products is ex-
tremely high. One recent study found chronic
hepatitis in a significant percentage of asymp-
tomatic patients treated with Factor VIII and

Factor [IX.

The plasma fractionation industry, which
produces the proenzymes, is currently faced

with excess capacity,

intense competition, high

plasma costs, and tight profit margins.sThe cost
and availability of any one plasma protein is

‘For details of the factors governing the industry. see footnote 1,

p. 69.
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coupled to the production of the others. Hence,
the industry would still have to orchestrate the
production of the other proteins even if just one
of them, such as Factor VIII, becomes a target
for biological production.

Another enzyme, urokinase, has been tar-
geted for use in removing unwanted blood clots,
which lead to strokes, myocardial infarctions,
and pulmonary emboli. Currently, the drug is
either isolated from urine or produced in tissue
culture. (See Tech. Note 14, p. 81.)

Urokinase is thus far the only commercial
therapeutic product derived from mammalian
cell culture. Nevertheless, some calculations
suggest that production by E. coli fermentation
would have economic advantages. The costs im-
plicit in having to grow cells for 30 days on fetal
calf serum (or its equivalent) or in having to col-
lect and fractionate urine-as reflected in uroki-
nase’s market price ($150/mg at the manufac-
turer’s level) —should be enough incentive to en-
courage research into its production. In fact, in
April 1980, Abbott Laboratories disclosed that
E. cali had been induced to produce urokinase
through plasmid-borne DNA.

The availability of urokinase might be guar-
anteed by the new genetic technologies, but its
useis not. For a variety of reasons, the Amer-
ican medical community has not accepted the
drug as readily as have the European and Japa-
nese communities. Studies to establish the use
of urokinase for deep vein thrombosis, for ex-
ample, are now being conducted almost exclu-
sively in Europe.’

OTHER PROTEINS

In addition to the proteins and polypeptides
already mentioned, the structural proteins,
such as the collagens (the most abundant pro-
teins in the body), elastins and keratins (the
compounds of extracellular structures like hair
and connective tissue), albumins, globulins, and
a wide variety of others, may also be susceptible
to genetic engineering. Structural proteins are
less likely to be suitable for molecular genetic
manipulations: On the one hand, their size and

additional information about howon about | came to play a
role in therapy, see footnote 1, p. 69.

complexity exceed the synthetic and analytic
capabilities that will be available in the next few
years; on the other, either their use in medicine
has yet to be established or material derived
from animals appears adequate, as is the case
with collagen, for which uses are emerging.

Plasma, the fluid portion of the blood, con-
tains about 10 percent solids, most of which are
proteins. During World War 11, a simple pro-
cedure was developed to separate the various
components. It is still used today.

Serum albumin is the smallest of the main
plasma proteins but it constitutes about half of
plasma’s total mass. Its major therapeutic use is
to reverse the effects of shock. p It is a reason-
able candidate for molecular cloning, although
its relatively high molecular weight complicates
purification, and its commercial value is rela-
tively low. The market value of normal serum
albumin is approximately $3/g, but the volume
is such that domestic sales exceed $150 million.
Including exports, annual production is in the
range of 100,000 kg.

Normal serum albumin for treating shock is
already regarded as too expensive compared
with alternative treatments, to expand its use
would require a lower price. On the other hand,
the Federal Government—and especially the De-
partment of Defense—might disregard the im-
mediate economic prospects and conclude that
having a source of human serum albumin that
does not depend on payments to blood donors
might be in the national interest. Since many na-
tions import serum albumin, products derived
from molecular cloning could be exported.

Serum albumin is presently the principal
product of blood plasma fractionation, a change
in the way it is manufactured would significant-
ly affect that industry. Because a number of
other products (such as clotting factors) are also
derived from fractionation, a growth in the
need for plasma-derived albumin could have a
significant impact on the availability and the
cost of these byproducts.

'For a detailed discussion of the costs and benefits of using albu-
min and the structure of the industry, see footnote 1, p. 69,
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Antibiotics industrially important higher fungi, the pres-

L . .ence of chromosomal aberrations in micro-orga-
Antimicrobial agents for the treatment of isms improved by mutation, and a number of

fectious diseases have been the largest sellingper problems. Furthermore, natural recom-
prescription pharmaceuticals in the world fQfination is most advantageous when strains of
the past three decades. Most of these agents afgremely diverse origins are mated; the pro-
antibiotics—antimicrobials naturally prOdu_Ceg*ietary secrets protecting commercial strains
by micro-organisms rather than by chemicgkqa)ly” prevent the sort of divergent “competi-

synthesis or by iso_lation frqm_higher organismt%rn strains most likely to produce vigorous
However, one major antibiotic, chlorampheniyprigs from being brought together.
col—originally produced by a micro-organism,

is now synthesized by chemical methods. The The technique of protoplasm or cell fusion
field of antibiotics, in fact, provides most of th@rovides a convenient method for establishing a
precedent for employing microbial fermentatecombinant system in strains, species, and
tion to produce useful medical substances. Th@enera that lack an efficient natural means for
United States has been prominent in theipating. For example, as many as four strains of
development, production, and marketing, witithe antibiotic-producing bacterium Streptomy-
the result that American companies account fé¢s have been fused together in a single step to
about half of the roughly $5 billion worth of arkield recombinant that inherit genes from four
timicrobial agents sold worldwide each yearparents. The technique is applicable to nearly
The American market share has been growirfdl antibiotic producers. It will help combine the
as new antibiotics are developed and introbenefits developed in divergent lines by muta-
duced every year. tion and selection.

For 30 yearshigh-yielding, antibiotic-pro- In addition, researchers have compared the
ducing micro-organisms have been identified bguality of an antibiotic-producing fungus, Ceph-
selection from among mutant strains. InitialB/osporimn acremonium, produced by mating to
organisms producing new antibiotics are isoon€ produced by protoplasm fusion. (See Tech.
lated by soil sampling and other broad screenNote 15, p. 82.) They concluded that protoplasm
ing efforts. They are then cultured in the lafusion was far superior for that purpose. What

oratory, and efforts are made to improve thei{ more, protoplasm fusion can give rise to hun-
productivity. dreds of recombinants—including one isolate

that consistently produced the antibiotic ceph-
Antibiotics are complex, usually nonproteinalosporin C in 40 percent greater yield than the
substances, which are generally the end prodhest producer among its parents-without los-
ucts of a series of biological steps. While knowl-ing that parent strain’s rare capacity to use in-
edge of molecular details in metabolism hagrganic sulfate, rather than expensive methio-
made some difference, not a single antibiotipine, as a source of sulfur. It also acquired the
has had its complete biosynthetic pathway eluckapid growth and sporulation characteristics of
dated. This is partly because there is no singlés less-productive parent. Thus, desirable at-
gene that can be isolated to produce an antibi-triputes from different parents were combined
otic. However, mutations can be induced within jn an important industrial organism that had

the original micro-organism so that the level ofproved resistant to conventional crossing.

production can be increased. L e
Even more significant are the possibilities for

Other methods can also increase production, preparation by protoplasm fusion between dif-
and possibly create new antibiotics. Microbiaferent species or genera of hybrid strains,
mating, for example, which leads to naturalhich could have unique biosynthetic capaci-
recombination, has been widely investigated asties. One group is reported to have isolated a
a way of developing vigorous, high-yielding an- novel antibiotic, clearly not produced by either
tibiotic producers. However, its use has been parent, in an organism created through fusion
limited by the mating incompatibility of manyof actinomycete protoplasts, (See Tech. Note 16,
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p. 82.) The value of protoplasm fusion, therefore,
lies in potentially broadening the gene pool.

Protoplasm fusion is genetic recombination on
a large scale, Instead of one or a few genes be-
ing transferred across genus and species bar-
riers, entire sets of genes can be moved. Success
is not assured, however; a weakness today is the
inherited instability of the “fused” clones. The
preservation of traits and long-range stability
has yet to be resolved. Furthermore, it seems
that one of the most daunting problems is
screening—determining what to look for and
how to recognize it. (See Tech. Note 17, p. 82.)

Recombinant DNA techniques are also being
examined for their ability to improve strains,
Many potentially useful antibiotics do not reach
their commercial potential because the micro-
organisms cannot be induced to produce suffi-
cient quantities by traditional methods. The syn-
thesis of certain antibiotics is controlled by
plasmids, and it is believed that some plasmids
may nonspecifically enhance antibiotic produc-
tion and excretion.

It may also be possible to transfer as a group,
all the genes needed to produce an antibiotic
into a new host. However, increasing the num-
ber of copies of critical genes by phage or plas-
mid transfer has yet to be achieved in antibiotic-
producing organisms because little is known of
the potential vectors. The genetic systems of
commercial strains will have to be understood
before the newer genetic engineering ap-
proaches can be used. Genetic maps have been
published for only 3 of the 24 or more indus-
trially useful bacteria.

Since 2,000 of the 2,400 known antibiotics are
produced by Streptomyces, that is the genus of
greatest interest to the pharmaceutical indus-
try. Probably every company conducting re-
search on Streptomyces is developing vectors,
but little of the industrial work has been re-
vealed to date.

Nonprotein pharmaceuticals

In both sales and quantity, over 80 percent of
the pharmaceuticals produced today are not
made of protein. Instead, they consist of a varie-

ty of organic chemical entities. These drugs, ex-
cept for antibiotics, are either extracted from
some natural plant or animal source or are syn-
thesized chemically.

Some of the raw materials for pharmaceuti-
cals are also obtained from plants; micro-orga-
nisms are then used to convert the material to
useful drugs in one or two enzymatic steps.
Such conversions are common for steroid hor-
mones.

In 1949, when cortisone was found to be a
useful agent in the treatment of arthritis, the
demand for the drug could not be met since no
practical method for large-scale production ex-
isted. The chemical synthesis was complicated
and very expensive. In the early and mid-1950’s,
many investigators reported the microbial
transformation of several intermediates to com-
pounds that corresponded to the chemical syn-
thetic scheme. By saving many chemical steps
and achieving higher yields, manufacturers
managed to reduce the price of steroids to a
level where they were a marketable commodi-
ty. A conversion of progesterone, for example,
dropped the price of cortisone from $200 to
$6/g in 1949. Through further improvements,
the price dropped to less than $1/g. The 1980
price is $0.46/9.

Developments based on genetic techniques to
increase the production and secretion of key en-
zymes could substantially improve the econom-
ics of some presently inefficient processes. Cur-
rently, assessments are being carried out by
various companies to determine which of the
many nonprotein pharmaceuticals can be man-
ufactured more readily or more economically
by biological means.

Approximately 90 percent of the pharmaceu-
ticals used in the treatment of hypertension are
obtained from plants, as well as are miscel-
laneous cardiovascular drugs. Morphine and
important vasodilators are obtained from the
opium poppy, Papaver somniferum. All these
chemical substances are produced by a series of
enzymes that are coded by corresponding genes
in the whole plant. The long-term possibility
(over 10 years) of using fermentation methods
will depend on identifying the important genes.



Ch. 4—The Pharmaceutical Industry . 77

The genes that are transferred from plant to
bacteria must obviously be determined on a
case-by-case basis. The case study on acetamino-
phen (the active ingredient in analgesics such as
Tylenol) demonstrates the steps in such a feasi-
bility study. (See app. I-A.)

The first step in such a study is to determine
whether and where enzymes exist to carry out
the necessary transformation for a given prod-
uct. Acetaminophen for instance, can be made
from aniline, a relatively inexpensive starting
material. The two necessary enzymes can be

Impacts

found in several fungi. Either the enzymes can
be isolated and used directly in a two-step con-
version or the genes for both enzymes can be
transferred into an organism that can carry out
the entire conversion by itself.

Given the cost assumptions outlined in the
case study and the assumptions on the efficien-
cy of converting aniline to acetaminophen, the
cost of producing the drug by fermentation
could be 20 percent lower than production by
chemical synthesis.

Genetic technologies can help provide a varie-
ty of pharmaceutical products, many of which
have been identified in this report. But the tech-
nologies cannot guarantee how a product will
be used or even whether it will be used at all.
The pharmaceuticals discussed have illustrated
the kinds of major economic, technical, social,
and legal constraints that will play a role in the
application of genetic technologies.

Clearly, the major direct impacts of genetic
technologies will be felt primarily through the
type of products they bring to market. Never-
theless, each new pharmaceutical will offer its
own spectrum and magnitude of impacts. Tech-
nically, genetic engineering may lead to the pro-
duction of growth hormone and interferon with
equal likelihood; but if the patient population is
a thousandfold higher for interferon, and if its
therapeutic effect is to alleviate pain and lower
the cancer mortality rate, its impact will be sig-
nificantly greater.

Many hormones and human proteins cannot
be extensively studied because they are still
either unavailable or too expensive. Until the
physiological properties of a hormone are
understood, its therapeutic values remain un-
known. Recombinant DNA techniques are being
used to overcome this circular problem. In one
laboratory, somatostatin is being used as a re-
search tool to study the regulation of the hor-
monal milieu of burn patients. A single experi-
ment may use as much as 25 mg of the hor-

mone, which, as a product of solid state chem-
ical synthesis, costs as much as $12,000. Re-
ducing its cost would allow for more extensive
research on its physiological and therapeutic
qualities.

By making a pharmaceutical available, genet-
ic engineering can have two types of impacts.
First, pharmaceuticals that already have med-
ical promise will be available for testing. For ex-
ample, interferon can be tested for its efficacy
in cancer and viral therapy, and human growth
hormone can be evaluated for its ability to heal
wounds. For these medical conditions, the in-
direct, societal impact of applied genetics could
be widespread.

Second, other pharmacologically active sub-
stances that have no present use will be avail-
able in sufficient quantities and at a low enough
cost to enable researchers to explore their possi-
bilities, thus creating the potential for totally
new therapies. Genetic technologies can make
available for example, cell regulatory proteins, a
class of molecules that control gene activity and
that is found in only minute quantities in the
body. The cytokines and lymphokines typify the
countless rare molecules involved in regulation,
communication, and defense of the body to
maintain health. Now, for the first time, genetic
technologies make it possible to recognize, iso-
late, characterize, and produce these proteins.

The potential importance of this class of phar-
maceuticals—the new cell regulatory mole-
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cules—is underscored by the fact that half of
the 22 active INDs for new molecular entities
that have been rated by FDA as promising im-
portant therapeutic gains are in the Metabolic
and Endocrine Division, which oversees such
drugs. It is reasonable to anticipate that they
will be employed to treat cancer, to prevent or
combat infections, to facilitate transplantation
of organs and skin, and to treat allergies and
other diseases in which the immune system has
turned against the organism to which it belongs.
(See table 7.)

At the very least, even if immediate medical
uses cannot be found for any of these com-
pounds, their indirect impact on medical re-
search is assured. For the first time, almost any
biological phenomenon of medical interest can
be explored at the cellular level by the appli-

cable 7.-Diseases Amenable to Drugs Produced by
Genetic Engineering in the Pharmaceutical Industry

Drug potentially produced by

Disease or condition genetically engineered organism

Diabetese Insulin
Atherosclerosis Platelet-derived growth factor

Virus diseases Interferon
Influenza
Hepatitis
Polio
Herpes
Common cold
Cancer Interferon
Hodgkin's disease
Leukemia
Breast cancer
Anovulation Human Hu gonadotropin
Dwarfism * Human growth hormone
Pain and endorphins
Wounds and burns Human growth hormone
Inflammation,

a

rheumatic diseases

Bone disorders, e.g.,
Paget's disease®

Nerve damage
Anemia, hemorrhage
Hemophilia

Blood clots®

Shock®

Immune disorders

Adrenocorticotrophic hormone

Calcitonin and parathyroid
hormone

Nerve growth factor growt

morrhage |

Factor VIII and Factor IX
a
Serum albumin
sorders

=currently treated by urre ntly TrsatedT
SOURCE: Office of Technology Assessment.

cation of available scientific tools. These new
molecules are valuable tools for dissecting the
structure and function of the cell. The knowl-
edge gained may lead to the development of
new therapies or preventive measures for
diseases.

The increased availability of new vaccines
might also have serious consequences. But the
extent to which molecular cloning will provide
useful vaccines for intractable diseases is still
unknown. For some widespread diseases, such
as amebic dysentery, not enough is known
about the interaction between the micro-orga-
nism and the patient to help researchers design
a rational plan of attack. For others, such as
trachoma, malaria, hepatitis, and influenza,
there is only preliminary experimental evidence
that a useful vaccine could be produced. (See
table 8.) To date, the vaccine that is most likely
to have an immediate impact combats foot-and-
mouth disease in veterinary medicine. There is
little doubt however, that should any one of the
vaccines for human diseases become available,
the societal, economic, and political conse-
guences of a decrease in morbidity and mortali-
ty would be significant. Many of these diseases
are particularly prevalent in less-developed
countries. The effects of developing vaccines

Table 8.-Major Diseases for Which Vaccines
Need To Be Developed

Parasitic diseases

Hookworm

Trachoma

Malaria

Schistosomiasis (river blindness)
Sleeping sickness

viruses

Hepatitis

Influenza

Foot-and-mouth disease (for cloven-hoofed animals)
Newcastle disease virus (for poultry)

Herpes simplex

Mumps

Measles

Common cold rhinoviruses

Varicella-zoster (shingles)

Dysentery

Typhoid fever
Cholera

Traveller's diarrhea

SOURCE: office of Technology Assessment.
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for them will be felt on an international scale
and will involve hundreds of millions of people.

The new technologies may also lower the
risks of vaccine production. For example, the
FMDV vaccine produced by Genentech is con-
structed out of 17 of the 20 genes in the entire
virus—enough to confer resistance, but too few
to develop into a viable organism.

The new technology may also supply pharma-
ceuticals with effects beyond therapy. At least
two promise impacts with broad consequences:
MSH/ACTH 4-10 can be expected to be used on a
wide scale if it is shown to improve memory;
and bombesin and cholecystokinin might ex-
pand the appetite suppression market. But nei-
ther of these compounds has yet been found to
be useful. While genetic technologies may pro-
vide large supplies of the drugs, they do not
guarantee their value.

Antibody-based diagnostic tests, developed
through genetic engineering, may eventually in-
clude early warning signals for cancer; they
should be able to recognize any one of the
scores of cancers that cause about a half-million
deaths per year in the United States. If anti-
bodies prove successful as diagnostic screening
agents to predict disease, large-scale screening
of the population can occur, accelerating the
trend toward preventive medicine in the United
States.

In addition to drugs and diagnostic agents,
proteins could be produced for laboratory use.
Expensive, complex media such as fetal calf
serum are presently required for growing most
mammalian tissue cells. Genetic cloning could
make it possible to synthesize vital constituents
cheaply, and could markedly reduce the costs of
cell culture for both research and production.
Ironically, genetic cloning could make economi-
cally competitive the very technology that of-
fers an alternative production method for many
drugs: tissue culture.

Nevertheless, the mere availability of a phar-
macologically active substance does not ensure
its adoption in medical practice. Even if it is
shown to have therapeutic usefulness, it may
not succeed in the marketplace. Consumer re-
sistance limits the use of some drugs. The Amer-

ican aversion to therapies that require frequent
injection, for instance, is illustrated by the opin-
ion of some that a drug like ACTH offers few, if
any, advantages over steroids.

The use of ACTH is somewhat greater abroad
than in the United States. This is due in part
because physicians in other cultures make far
less use of systemic steroids than their Amer-
ican counterparts, and in part because frequent
injections are more acceptable hence more com-
mon. Sales of ACTH in Great Britain—with
its much smaller population—equal American
sales.

At present, the need for injection is a far
more likely deterrent to the wider use of ACTH
than the cost of the drug itself. Reports that it
can be applied by nasal spray suggest that its
use may grow. Implantable controlled-release
dosages may also become available within the
next 5 years. This dependence on appropriate
drug delivery mechanisms may lead to another
line of research-increased attempts to develop
technologies for drug-delivery.

As new pharmaceuticals become available,
disruption can be expected to occur in the sup-
ply of some old ones. Pharmaceuticals whose
production is tied to the production of others
might become increasingly expensive to pro-
duce. Clotting factors, for example, are ex-
tracted with other blood components from
plasma. Nevertheless, producing any of the 14
currently approved blood plasma products by
rDNA would reduce the incidence of hepatitis
caused by contamination from natural blood
sources.

Whether new pharmaceuticals are produced
or new production methods for existing phar-
maceuticals are devised, future sources for the
drugs may change. Currently, the sources are
diverse, including many different plants, nu-
merous animal organs, various tissue culture
cells, and a wide range of raw materials used
for chemical synthesis. A massive shift to fer-
mentation would narrow the selection. The im-
pacts on present sources can only be judged on
a case-by-case basis. The new sources—micro-
organisms and the materials that feed them—
offer the guarantee that the raw materials won’t
dry up. If one disappears, another can be found.
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Clearly, there is no simple formula to identify
all the impacts of applied genetics on the phar-
maceutical industry. Even projections of eco-
nomic impacts must remain crude estimates.
Nevertheless, the degree to which genetic engi-
neering and fermentation technologies might
potentially account for drug production in spe-
cific categories is projected in appendix I-B.

Technical notes

Given the assumptions described, the immedi-
ate direct economic impact of using genetic ma-
nipulation in the industry, measured as sales,
can be estimated in the billions of dollars, with
the indirect impacts (sales for suppliers, savings
due to decreased sick days, etc.) reaching
several times that value.

1. Many hormones are simply chains of amino acids (poly -
peptides); some are polypeptides that have been mod-
ified by the attachment of carbohydrates (glycopep-
tides). Hormones usually trigger events in cells remote
from the cells that produced them. Some act over
relatively short distances—between segments in the
brain, or in glands closely linked to the brain, others
act on distant sites in tissues throughout the body.

2. For peptides about 30 AA in length, the cost may ap-
preach $1 per mg as the volume approaches the kilo-
gram level-a level of demand rarely existing today but
likely to be generated by work in progress. Today, the
cost of the 32 AA polypeptide, calcitonin, which is syn-
thesized chemically and marketed as a pharmaceutical
product by Armour, is probably in the range 0f$20 per
mg, since the wholesale price in vials containing ap-
proximately 0.15 mg is about $85/mg. (That price is an
educated guess, since such costs are closely guarded
secrets and since the price of a pharmaceutical in-
cludes so many variables that the cost of the agent
itself is a small consideration. )

3. In addition to those helped by the National Pituitary
Agency, another 100 to 400 patients are treated with
hGH from comercial sources. The commercial price
is approximately $15 per unit (roughly $30/mg). The
production cost at the National Pituitary Agency is
about $0.75/unit ($1.50/mg). The National Pituitary
Agency produces 650,000 international units ion:
(about 325 g) of hGH, along With the thyroid-stimulat-
ing hormone, prolactin, and other hormones, from
about 60,000 human pituitaries collected each year.
That is enough hGH both for the current demand and
for perhaps another 100 hypopituitary patients.

4. Workers at the Howard Hughes Medical Institute of
the University of California, San Francisco, isolated
messenger RNA from a human pituitary tumor and
converted it into a DNA-sequence that could be put into
E. coli. The sequence, however, was a mixture of hGH
and non-hGH material. It has been reported that Eli Lil-
ly & Co., which has provided some grant money to the
Institute, has obtained a license to the patents relating
to this work. Grants from the National Institutes of
Health and the National Science Foundation were also
acknowledged in the publication.

At practically the same time, researchers at Genen-
tech, in conjunction with their associates at City of
Hope National Medical Center disclosed the production
of an hGH analog. This was the first time that a human
polypeptide was directly expressed in E. coli in func-
tional form. The work was supported by Kabi Gen AB,
and Kabi has the marketing rights.

The level of hGH production reported in the scientif-
ic account of the Genentech work was on the same
order as that reported for the insulin fragments—
approximately 186,000 hGH molecules per cell—a level
that might be competitive even before efforts are made
to increase yield. Genentech stresses the point that de-
sign, rather than classical mutation and selection, is the
logical way to improve the system, since the hormone’s
“blueprint” is incorporated in a plasmid that can be
moved between strains of E. coli, between species, or
even from simple bacteria into more complex orga-
nisms, such as yeast.

5. Since erythropoietin is a glycoprotein, it may not be
feasible to synthesize the active hormone with present-
ly available rDNA techniques.

6. Antigens are surface components of pathogenic orga-
nisms, toxins, or other proteins secreted by pathogenic
micro-organisms. They are also the specific counter-
parts of antibodies: antibodies are formed by the
body’s immune system in response to their presence.
Antibodies are synthesized by white blood cells and are
created in such a way that they are uniquely struc-
tured to bind to specific antigens.

7. Many of the most devastating infectious diseases in-
volve complex parasites that refuse to grow under lab-
oratory conditions. The first cultivation of the most
malignant of the species of protozoa that causes ma-
laria, using human red blood cells, was described in
1976 by a Rockefeller University parasitologist, William
Rager. Experimental immunogens were prepared and
showed promise in monkeys, but concern about the ex-
istence of the red blood cell remnants—which could
give rise to autoimmune reactions—curtailed the pros-
pect for making practical vaccines by that route. Sever-
al biotechnology firms are currently trying to synthe-
size malaria antigens by molecular cloning. This effort
may produce technical solutions to such scourges as
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10.

11.

schistosomiasis (bilharzia), filariasis (onchocerciasis
and elephantiasis), leshmaniasis, hookworm, amebic in-
fections, and trypanosomiasis (sleeping sickness and
e). disease).

. Another potential use of antigens is suggested by the

experimental treatment of stage | lung cancer patients

with vaccines prepared from purified human lung

cancer antigens, which appears to substantially pro-

long survival. And the Salk Institute is expanding clin-

ical trials in which a procine myelin protein prepared

by Eli Lilly & Co. is injected into multiple sclerosis pa-
tients to mop up the antimyelin antibodies that those

patients are producing. Fifteen to forty-two g of myelin

have been injected without adverse effects, suggesting
a new therapeutic approach to auto-immune diseases.

The protein appears to suppress the symptoms of ex-

perimental allergic encephalomyelitis, an animal dis-

ease resembling multiple sclerosis. Should this re-

search succeed, the use of molecular clones to produce
human protein antigens seems inevitable.

. There are at least two distinct kinds of “classical” inter-

ferons—Ileukocyte interferon and fibroblast interferon,

so-called for the types of cells from which they are ob-
tained. A third kind, called lymphoblastoid because it is

produced from cells derived from a Burkitt’s lympho-

ma, appears to be a mixture of the other two inter-

feron. All produce the antiviral state and are induced

by viruses. A fourth kind, known as “immune” inter-

feron, is produced by lymphocytes. Some evidence in-
dicates that it may be a more potent antitumor agent

than the classical types. Currently, interferon is ob-

tained chiefly from white blood cells (leukocytes) from

the blood bank in Helsinki that serves all of Finland, or

from fibroblasts grown in cell culture.

Recently, G. D. Searle & Co. announced that new tech-
nology developed at its R&D facility in England has in-

creased the yield of fibroblast interferon by a factor of
60. On the basis of this process, Searle expects to sup-

ply material for the first large-scale clinical trial of

fibroblast interferon. Abbott Laboratories also recently

announced plans to resume production of limited

quantities of fibroblast interferon for clinical studies it
plans to sponsor.

Unlike leukocytes and specially treated fibroblasts,
which can be used only once, lymphoblasts derived
from the tumor Burkitt’s lymphoma grow freely in
suspension and produce the least costly interferon
presently obtainable. However, they also produce a dis-
advantageous mixture of both leukocyte and fibroblast
interferon. The Burroughs-Wellcome Co. produces
lymphoblastoid interferon in 1,000-1 fermenters and
has begun clinical trials in England, but the U.S. FDA
has generally resisted efforts to make use of products
derived from malignant cells. It is used extensively in
research, and FDA is considering evidence from Bur-
roughs-Wellcome that may lead to a relaxation of the
prohibition, under pressure from the National Cancer
Institute.

What may be a landmark patent has been issued to
Hilary Koprowski and Carlos Croce of the Wistar Insti-

12.

13.

14.

tute (for work done under the then Department of
Health, Education, and Welfare funding) on the pro-
duction of monoclinal antibodies against tumor cells.
In a number of examples, these researchers demon-
strated that an animal can be immunized with tumor
cells, and that hybridomas derived from that animal
will produce antibodies that demonstrate a specificity
for the tumor.

The final sentence of the patent text provides the ra-
tionale for the use of antibodies in both cancer and in-
fectious disease therapies: “If the (tumor) antigen is
present, the patient can be given an injection of an anti-
body as an aid to react with the antigen. ” (U.S.
4,172,124.)

Myeloma cells grow vigorously in culture and have the
unique characteristic of producing large quantities of
antibodies. Each spleen cell of the immune type, on the
other hand, produces an antibody that recognizes a
single antigen, but these do not grow well in culture.
When normal immune spleen cells are fused with mye-
loma cells, the resulting mixture of genetic capacities
forms a cell, called a “hybridoma,” which displays the
desired characteristics of the parent cells: 1) it secretes
the antibody specified by the genes of the spleen cell;
and 2) it displays the vigorous growth, production, and
longevity that is typical of the myeloma cell.

The use of high-correlation antibody assays in cancer
studies has only just begun. Antibodies that have been
treated so they can be seen with X-rays and that are
specific for a tumor, can be used early to detect the oc-
currence or spread of tumor cells in the body. Because
some 785,000 new cancer cases will be detected in
1980 with current diagnostic methods, because cancer
will cause 405,000 deaths, and because early detection
is the major key to improving survival, the implications
are indeed enormous.

In the late 1950’s, Lederle Laboratories marketed a
preparation of 95-percent pure streptokinase (a bac-
terially produced enzyme that dissolves blood clots) for
intravenous administration. They withdrew the prod-
uct from the market around 1960 because it caused
allergic reactions, which dampened clinical enthusiasm
for its therapeutic potential.

The presence in human urine of urokinase, an en-
zyme also capable of removing blood clots, was also dis-
covered in the early 1950’s. Urokinase was purified,
crystallized, and brought into clinical use in the mid-
1960’s. From the beginning it was apparent that “an in-
tense thrombolytic state could be achieved with a
much milder coagulation defect than occurred with
streptokinase; no pyrogenic or allergic reactions were
noted, and no antibodies resulted from its administra-
tion ... There did not appear to be as great variation in
patient responsiveness.” In 1967-68 and 1970-73, the
National Heart and Lung Institute organized clinical
trialsthat compared urokinase with streptokinase and
heparin, an anticoagulant, in the treatment of pul-
monary embolism. The trials indicated that strep-
tokinase and urokinase were equivalent and superior
to heparin over the short term, although their long-
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term benefits were not established. Since then, clinical
investigation of urokinase has been hampered by
domestic regulatory problems, which have raised the
cost of production and restricted its availability in the
United States.

In January 1978, Abbott Laboratories obtained a
new drug application for urokinase and introduced the
product Abbokinase; by that time, however, the sales
of urokinase in Japan were already pushing $90 million
per year. Recently, Sterling Drug has begun marketing
a urokinase product (Breokinase) manufactured by
Green Cross of Japan: “According to Japanese reports,
urokinase is the first Japanese-made drug formulation
to receive production and sales approval from FDA.
Green Cross estimates that within 3 years of the start
of Sterling’s marketing activities, the value of uro-
kinase exports will reach Yen 500 million ($2.12 mil-
lion) per month, and considers that its profits from ex-
porting a finished product will probably be better than
those from bulk drug sales or the licensing of technol-
ogy. ” The Green Cross product is made from human
urine collected throughout Korea and Japan, and takes
advantage of technology licensed from Sterling. Ab-
bott’s product, on the other hand, is derived from
kidney-cell culture.

15.

16.

17.

Intergeneric hybrids have extremely interesting pos-
sibilities. For example, it would be beneficial to cepha-
losporin-process technology to combine in one orga-
nism the acyltransferase from Penicillium chrysogenum
and the enzymes of C. acremonium, which does not in-
corporate side chain precursors onto cephalosporin
like p. chrysogenum does for penicillins.
Another example of recombination between species is
that reported for two species of fungi, Aspergillus i, As
lans and A.rugulosus, subsequent to protoplasm fusion.
The only report of a successful cross between
genera using protoplasm fusion technology has been be-
tween the yeasts Candida tropicalis and Saccario-
mycopsis fibuligera, which took place at low frequency
and gave rise to types intermediate between the
parents.
An example of screening is provided by the new
B-lactam (penicillin-like) antibiotics. Using older
screening methods, no new B-lactams were found
from 1956 until 1972 when a new method was devised.
A new series of these antibiotics was thus found.
Within the past year, 6 new B-lactams have been
commercialized and at least 12 more are in clinical
trials around the world. The sales forecasts for these
new agents are estimated to be over $1 billion.
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Chapter 5

The Chemical Industry

Background

The organic substances first used by humans
to make useful materials such as cotton, linen,
silk, leather, adhesives, and dyes were obtained
from plants and animals and are natural and re-
newable resources. In the late 19th century,
coal tar, a nonrenewable substance, was found
to be an excellent raw material for many organ-
ic compounds, When organic chemistry devel-
oped as a science, chemical technology im-
proved. At about the same time relatively cheap
petroleum became widely available. The indus-
try shifted rapidly to using petroleum as its ma-
jor raw material.

The chemical industry’s constant search for
cheap and plentiful raw materials is now about
to come full circle. The supply of petroleum,
which presently serves more than 90 percent of
the industry’s needs, is severely threatened by
both dwindling resources and increased costs. It
has been estimated that at the current rate of
consumption, the world’s petroleum supplies
will be depleted in the middle of the next cen-
tury. Most chemical industry analysts, there-
fore, foresee a shift first back to coal and then,
once again, to the natural renewable resources
referred to as biomass. The shifts will not
necessarily occur sequentially for the entire

Overview of the industry

The chemical industry is one of the largest
and most important in the world today. The U.S.
market for synthetic organic chemicals alone,
excluding primary products made from petro-
leum, natural gas, and coal tar, exceeded $35
billion in 1978.

The industry’s basic function is to transform
low-cost raw materials into end-use products of
greater value. The most important raw materi-
als are petroleum, coal, minerals (phosphate,
carbonate), and air (oxygen, nitrogen). Roughly
two-thirds of the industry is devoted to produc-

76565 0 - 81 - 7

chemical industry. Rather, both coal and bio-
mass will be examined for their potential roles
on a product-by-product basis. *

The chemical industry is familiar with the
technology of converting coal to organic chem-
icals, and a readily available supply exists. Coal-
based technologies will be used to produce a
wide array of organic chemicals in the near fu-
ture. * Nevertheless, economic, environmental,
and technical factors will increase the industry’s
interest in biomass as an alternative source for
raw materials. Applied genetics will probably
play a major role in enhancing the possibilities
by allowing biomass and carbohydrates from
natural sources to be converted into various
chemicals. Biology will thereby take on the dual
role of providing both raw materials and a proc-
ess for production.

sail won Fn details see jglogic: From »sses, vol. Processes, 1,

achinatan (Washington, D. C.: nalae Ajgessment,  Assessment,
1980).

*Most important organic t-homical o (Chemical compounds
used sl the hadic of o ynmercia o oduete anel gy
ers) o ho ohiaine €an be obtained . e coal o vy
antly e hods are Vs MEthods danad 1o convert coi!
into " which i 9as, " n he ot owed as ra e used ar o

Cinne

ing inorganic chemicals such as lime, salt, am-
monia, carbon dioxide, chlorine gas, and hydro-
chloric and other acids.

The other third, which is the target for bio-
technology, produces organic chemicals. Its out-
put includes plastics, synthetic fibers, organic
solvents, and synthetic rubber. (See figure 24.)
In general, petroleum and natural gas are first
converted into “primary products” or basic or-
ganic chemicals such as the hydrocarbons ethyl-
ene and benzene. These are then converted into
a wide range of industrial chemicals. Ethylene

85
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Figure 24.-Flow of Industrial Organic Chemicals From Raw Materials to Consumption

Organic resources
80% raw material from petroleum/

natural gas

20°/0 raw material from coal, coke, and
renewable resources

SOURCE: U.S. sniiRe Outlook qustrial Outte D. C.: Department of Commerce, 1978); amm. can 4610 . wuaz ~. Industry, Fairfield,
N.J., adapted from Tong, 1979.
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alone serves as the basic chemical for the manu-
facture of half of the largest volume industrial
chemicals. Each of the steps in a chemical con-
version process is controlled by a separate reac-
tion, which is often performed by a separate
company.

Evaluating the competitiveness both of a
process and of the market is critical for the
chemical industry, which is intensive for cap-
ital, energy, and raw materials. Its plants use
large amounts of energy and can cost hundreds
of millions of dollars to build, and raw material
costs are generally 50 to 80 percent of a prod-
uct’s cost. If a biological process can use the
same raw materials and reduce the process cost
by even 20 percent, or allow the use of inexpen-
sive raw materials, it could provide the industry
with a major price break.

Fermentation and
the chemical industry

The production of industrial chemicals by
fermentation is not new. Scores of chemicals
have been produced by micro-organisms in the
past, only to be replaced by chemical produc-
tion based on petroleum. In 1946, for example,
27 percent of the ethyl alcohol in the United
States was produced from grain and grain prod-
ucts, 27 percent from molasses, a few percent
each from such materials such as potatoes, pine-
apple juice, cellulose pulp, and whey, and only
36 percent from petroleum. Ten years later
almost 60 percent was derived from petroleum.

Even more dramatically, fumaric acid was at
one time produced on a commercial scale
through fermentation, but its biological produc-
tion was stopped when a more economical syn-
thesis from benzene was developed. Frequently,
after a fermentation product was discovered,
alternative chemical synthetic methods were
soon developed that used inexpensive petro-
leum as the raw material.

Nevertheless, for the few chemical entities
still produced by fermentation, applied genetics

has contributed to the economic viability of the
process. The production of citric and lactic
acids and various amino acids are among the
processes that have benefited from genetics.
Lactic acid is produced both synthetically and
by fermentation. Over the past 10 to 20 years,
manufacture by fermentation has experienced
competition from chemical processes.

The organisms used for the production of lac-
tic acid are various species of the bacterium Lac-
tobacillus. Starting materials may be glucose, su-
crose, or lactose (whey). The fermentation per
se is efficient, resulting in 90 percent yields, de-
pending on the original carbohydrate. Since
most of the problems in the manufacture of lac-
tic acid lie in the recovery procedure and not in
fermentation, few attempts have been made to
improve the industrial processes through
genetics.

Citric acid is the most important acidulant,
and historically has held over 55 to 65 percent
of the acidulant market for foods. * It is also
used in pharmaceuticals and miscellaneous in-
dustrial applications. It is produced commercial-
ly by the mold Aspergillus niger. Surprisingly lit-
tle work has been published on improving citric
acid-producing strains of this micro-organism.
Weight yields of 110 percent have recently been
reported in A. niger mutants obtained by ir-
radiating a strain for which a maximum yield of
29 percent had been reported.

Amino acids are the building blocks of pro-
teins. Twenty of them are incorporated into
proteins manufactured in cells, others serve
specialized structural roles, are important meta-
bolic intermediates, or are hormones and neu-
rotransmitters. All of the amino acids are used
in research and in nutritional preparations,
with most being used in the preparation of
pharmaceuticals. Three are used in large quan-
tities for two purposes: glutamic acid to manu-
facture monosodium glutamate, which is a fla-

e The other two important acidifving . or acidifying agents,
phosphoric acid nt) to 25 percent) (5 nereentacid — percent),
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vor enhancer particularly in oriental cooking;*
and lysine and methionine as animal feed ad-
ditives.

Conventional technology for producing glu-
tamic acid is based on pioneering work that was
subsequently applied to other amino acids. The
production employed microbial strains to pro-
duce amino acids that are not within their nor-
mal biosynthetic capabilities. This was accom-

“Monosodium glutamate is the sodium salt of odium s: acid. In
1978, about 18,000 tonnes were manufactured in the United
States and about 11,000 tonnes imported. The food industry con-
sumed 97 percent. The fermentation plant of the 1 nlant ¢ Chem-
ical Co. in San Jose,». in S is the sole U.S. producer. The microbes
used in ust acid fermentation fermentation (Coynebacteriu.

and . lilenm. and iirevibaci produce it in 60 percent of
theoretical yield. Thus, there is some but not great potential for
the use of applied genetics to improve the yield. Many of the ge-
netic approaches have already been thoroughly investigated vi in-
dustrial scientists.

plished by using two methods: 1) manipulating
microbial growth conditions, and 2) isolating
nat urally occurring mutants.

Although microbial production of all the
amino acids has been studied, glutamic acid and
L-lysine* * are the ones produced in significant
guantities by fermentation processes. (See table
9.) The production of L-lysine is an excellent ex-

*“ *The lack of a single amino acid can retard protein synthesis,
and therefore growth, in a mammal. The limiting amino acid is a
function of the animal and its feed. The major source of animal
feed in the United States is soybean meal. The limiting amino acid
for feeding swine is ling s\the limiting amino acid for feeding
poultry is  poultrv i Because of increased poultry demand,
world demand for | dem is climbing, e is climbii is spending $27
million to double its production capacity in n capac France, to 10
thousand tonnes. The Asian and Mideast markets 1ea t markets to
increase to thousand tonnes in 1985. Some | 1¢85. produce
the ge at over 90 percent of theoretical yield, wetic genetic im-
provement is likely in this conversion yield, however, significant
improvement can be made in the rate and final concentration.

Table 9.—Data for Commercially Produced Amino Acids

Price March Potential for application of
1980 (per kg Production 1978 biotechnology (de novo synthesis or
Amino acid pureL) Present source (tonnes) bioconversion; organisms and enzymes)
Alanine. ... .. ... ... ... ... .$ 80 Hydrolysis of protein; 10-50(3) * -
chemical synthesis
Arginine . .......... .. .. 28 Gelatin hydrolysis 200-300 (J) Fermentation in Japan
Asparagine. ................ 50 Extraction 10- 50(J) -
Asparticacid .. ............. 12 Bioconversion of
fumaric acid 500-1,000 (J) Bioconversion
Citrulline. .. ................ 250 10-90 (J) Fermentation in Japan
Cysteine................... 50 Extract ion 100- 200(J) -
Cystine.................... 60 Extraction 100- 200(J) -
DOPA (dihydrophenylalanine) . 750 Chemical 100- 200(J) —
Glutamic. . ................. 4 Fermentation 10,000-100,000 (J) De novo: Micrococcus gutamicus
Glutamine. .. ............... 55 Extraction 200-300 (J) Fermentation in Japan
Histidine. . ................. 160 - 100-200 Fermentation in Japan
Hydroxyproline . ............ 280 Extraction from collagen 10-50 -
Isoleucine. . ................ 350 Extraction 10-50 (J)
Leucine.................... 55 - 50-100(J) Fermentation in Japan
Lysine..................... 350 Fermentation (800A) 10,000 (J) (80% by fermentation) De novo:
Chemical (20%) Corynebacterium glutamicum and
Brevibacterium  flavum
Methionine. . ............... 265 Chemical from acrolein  17,000(D,L) f—
20,000(D,L) (J)
Ornithine . ................. 60 - 10-50 (J) Fermentation in Japan
Phenylalanine . ............. 55 Chemical from 50-100 (J) Fermentation in Japan
benzaldehyde
Proline.................... 125 Hydrolysis of gelatin 10-50 (J) Fermentation in Japan
Serine. . ... 320 — 10-50 (J) Bioconversion in Japan
Threonine. . ................ 150 - 50-10 (J) Fermentation in Japan
Tryptophan. . ............... 110 Chemical from iemica 55 (J)
Tyrosine. . ................. 13 Extraction 50- 100(J) -
Valine..................... 60 - 50-100 (J) Fermentation in Japan
“IProdur from Japan because of relative Small U.S. production.
‘Japan.

C,and L forms.

SOURCE: Massachusetts Institute of Technology.
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ample of the competition between chemical and
biotechnological methods. Fermentation has
been gradually replacing its production by
chemical synthesis; in 1980, 80 percent of its
worldwide production is expected to be by mi-
crobes. It is not produced in the United States,
which imported about 7,000 tonnes in 1979,

mostly from Japan and South Korea. Recent
estimates of primary U.S. cost factors in the
competing production methods are summarized
in table 10. Fermentation costs are lower for all
three components of direct operating costs:
labor, material, and utilities.

Table 10.—Summary of Recent Estimates of Primary U.S. Cost Factors in the Production of
L= Lysine Monohydrochloride by Fermentation and Chemical Synthesis

Cost factors in Production of 98% L-lysine monohvdrochloride

By fermentation

By chemical synthesis

Requirement
(units per unit

Estimated 1976 cost
per unit product

Estimated 1976 cost

Requirement h
per unit product

(units per unit

(product) Cents/lb Cents/kg product) Cents/lb Cents/lb
Total labor®. ................ — 8 18 — 9 20
Materials
Molasses . . .............. 44 7 16 - - -
Soy beanmeal, hydrolyzed. . . 0.462 4 - - -
Cyclohexanol. . . . ... ...... — - 0.595 17 37
Anhydrous ammonia. . . . . .. — - - 0.645 6 14
Other  chemicals®. . ........ — 7 15 - 4 10
Nutrients and solvents. . . . . — - - - 4 8
Packaging, operating, and
maintenance materials. . . 10 22 — 9 21
Total materials. . . . . ... .. — 28 62 - 45 90
Total utilities . . . . ... ... .... — 6 12 - 7 16
Total direct operating cost — 42 92 - 56 126
Plant overhead, taxes,
and insurance ........ - 10 21 - 10 21
Total cash cost . . . . ... .. — 52 11 - 66 147
Depreciation. . . . . . . . . .. — 16 35 - 13 28
Interest on working capital — 1 3 - 1 3
Total cost’. . ......... — 69 151 - 80 178
T -~ a23-percentyield on
bAssumes a 65 -percent yield on
________ . “.n,Maintenance, and control |aboratory
iy, i botﬁ “ﬁe ™ of fermentation and .- ... e vven it SSUMEM - - 0f 128 narcantt s~ - mp PETCEN) nnrr antt Enr 1 arey antatinn FOT fermentation includes
potassmm L armmrminen Ur€Q, ammonium .Lai~n- calcium carbonate, and magnesium sulfate. For chemical synthesis also includes suifurie chloride, sulfuric acid,

‘_'qlr'lgﬂa credit for ammonium sulfate byproduct.

......... _._for both pfrocgsges include cfoollng water. steam process water, and electricity. For chemical 978 ie ales Natural as |s also included.

fTen e amivat e Tixed gy s fOr L L e ~ ~- per

for chemical synthesis exclusive of land costs.

SOURCE: Stanford Research Institute, Chemical Economics Handbook a

New process introduction

The development of biotechnology should be
viewed not so much as the creation of a new in-
dustry as the revitalization of an old one. Both
fermentation and enzyme technologies will
have an impact on chemical process develop-
ment. The first will affect the transition from
nonrenewable to renewable raw materials. The

ilt in 4a= Plant built in’ ~~a:s at assume

capifal cost of $36.6X ~~ .nAaead &+ 1ns  and $32.5x

May 1979.

second will allow fermentation-derived prod-
ucts to enter the chemical conversion chains,
and will compete directly with traditional chem-
ical transformations. (See figure 2s5.) Fermenta-
tion, by replacing various production steps,
could act as a complementary technology in the
overall manufacture of a chemical.
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Figure 25.—Diagram of Alternative Routes to Organic Chemicals

Petroleum  peatroleum

Carbohydrates

.
g

followed by NUMDEr awad we umha Of Carbon chain.

SOURCE: E. Tong, “industrial Chemicals From Fermentation Enzymes,” .asian £ 5umaa ** VOI. 1,1979, Pp. 173-179.

Characteristics of biological
production technologies

The major advantages of using commercial
fermentation include the use of renewable re-
sources, the need for less extreme conditions
during conversion, the use of one-step produc-
tion processes, and a reduction in pollution. A
micro-organism might be constructed, for ex-
ample, to transform the cellulose in wood di-
rectly into ethanol. * (App. 1-D, a case study of
the impact of genetics on ethanol production,
elaborates these points. )

RENEWABLE RESOURCES

Green plants use the energy captured from
sunlight to transform carbon dioxide from the

il A

L D P LK CYR T T ey
il 11011 25, 1980 St 25

1l of snch an ace on ot

Advisory

S\ predies Foor e e

atmosphere into carbohydrates, some of which
are used for their own energy needs. The rest
are accumulated in starches, cellulose, lignins,
and other materials called the biomass, which is
the foundation of all renewable resources.

The technologies of genetic engineering could
help ease the chemical industry’s dependence
on petroleum-based products by making the use
of renewable resources attractive. All micro-
organisms can metabolize carbohydrates and
convert them to various end products. Exten-
sive research and development (R&D) has
already been conducted on the possibility of
using genetically engineered strains to convert
cellulose, the major carbohydrate in plants, to
commercial products. The basic building block
of cellulose—glucose—can be readily used as a
raw material for fermentation.
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other plant carbohydrates include corn-
starch, molasses, and lignin. The last, a polymer
found in wood, could be used as a precursor for
the biosynthesis of aromatic (benzene-like)
chemicals, making their production simpler and
more economical. Nevertheless, the increase in
the price of petroleum is not a sufficient reason
for switching raw materials, since the cost of
carbohydrates and other biological materials
has been increasing at a relative rate.

PHYSICALLY MILDER CONDITIONS

In general, there are two main ways to speed
chemical reactions: by increasing the reaction
temperature and by adding a catalyst. A catalyst
(usually a metal or metal complex) causes one
specific reaction to occur at a faster rate than
others in a chemical mixture by providing a sur-
face on which that reaction can be promoted.
Even using the most effective catalyst, the con-
ditions needed to accelerate industrial organic
reactions often require extremely high tem-
peratures and pressures—several hundred de-
grees Celsius and several hundred pounds per
square inch.

Biological catalysts, or enzymes, on the other
hand can speed-up reactions without the need
for such extreme conditions. Reactions occur in
dilute, aqueous solutions at the moderate condi-
tions of temperature, pressure, and pH (a meas-
ure of the acidity or alkalinity of a solution) that
are compatible with life.

ONE-STEP PRODUCTION METHODS

In the chemical synthesis of compounds, each
reaction must take place separately. Because
most chemical reactions do not yield pure prod-
ucts, the product of each individual reaction
must be purified before it can be used in the
next step. This approach is time-consuming and
expensive. If, for example, a synthetic scheme
that starts with ethylene (a petroleum-based
product) requires 10 steps, with each step yield-
ing 90 percent product (very optimistic yields in
chemical syntheses), only about one-third of the
ethylene is converted into the final end product.
Purification may be costly; often, the chemicals
involved (such as organic solvents for extrac-
tions) and the byproducts of the reaction are
toxic and require special disposal.

In biological systems, micro-organisms often
complete entire synthetic schemes. The conver-
sion takes place essentially in a single step,
although several might occur within the orga-
nisms, whose enzymes can transform the pre-
cursor through the intermediates to the desired
end product. Purification is not necessary.

REDUCED POLLUTION

Metal catalysts are often nonspecific in their
action; while they may promote certain reac-
tions, their actions are not ordinarily limited to
making only the desired products. Consequent-
ly, they have several undesirable features: the
formation of side-products or byproducts; the
incomplete conversion of the starting materi-
al(s); and the mechanical and accidental Ioss of
the product.

The last problem occurs with all types of syn-
thesis. The first two represent inefficiencies in
the use of the raw materials. These necessitate
the separation and recycling of the side-prod-
ucts formed, which can be difficult and costly
because they are often chemically and physi-
cally similar to the desired end products. (Most
separation techniques are based on differences
in physical properties—e.g., density, volatility,
and size.)

When byproducts and side-products have no
value, or when unconverted raw material can-
not be recycled economically, problems of
waste disposal and pollution arise. Their solu-
tion requires ingenuity, vigilance, energy, and
dollars. Many present chemical processes create
useless wastes that require elaborate degrada-
tion procedures to make them environmentally
acceptable. In 1980, the chemical industry is ex-
pected to spend $883 million on capital outlays
for pollution control, and well over $200 million
on R&D for new control techniques and re-
placement products. These figures do not in-
clude the millions of dollars that have been
spent in recent years to clean up toxic chemical
dumps and to compensate those harmed by
poorly disposed wastes, nor do they include the
cost of energy and labor required to operate
pollution-control systems.

A genetically engineered organism, on the
other hand, is designed to be precursor- and
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product-specific, with each enzyme having
essentially 100-percent conversion efficiency.
An enzymatic process that carries out the same
transformation as a chemical synthesis pro-
duces no side-products (because of an enzyme’s
high specificity to its substrate) or byproducts
(because of an enzyme’s strong catalytic power).
Consequently, biological processes eliminate
many conventional waste and disposal problems
at the front end of the system-in the fer-
menter. This high conversion efficiency reduces
the costs of recycling. In addition, the efficiency
of the biological conversion process generally
simplifies product recovery, reducing capital
and operating costs. Furthermore, by their
nature, biologically based chemical processes,
tend to create some waste products that are bio-
degradable and valuable as sources of nutrients.

Specific comparisons of the environmental
hazards produced by conventional and biologi-
cal systems are difficult. Data detailing the
pollution parameters for various current chem-
ical processes exist, but much less information
is available for fermentation processes, and few

Industrial chemicals that

by biological technologies

Despite the benefits of producing industrial
chemicals biologically, thus far major fermenta-
tion processes have been developed primarily
for a few complex compounds such as enzymes.
(See table 11.) Biological methods have also been
developed for a few of the simpler commodity
chemicals: ethanol, butanol, acetone, acetic
acid, isopropanol, glycerol, lactic acid, and citric
acid.

Two questions are critical to assessing the
feasibility or desirability of producing various
chemicals biologically:

I. Which compounds can be produced bio-
logically (at least theoretically)?

2. Which compounds may be primarily de-
pendent on genetic technology, given the
costs and availability of raw materials?

compounds are produced by both methods.
However, in most beverage distilling operations,
pollution has been reduced to almost zero with
the complete recovery of still slops as animal
feeds of high nutritional value. Such control
procedures are generally applicable to most
fermentation processes. (App. I-C describes the
pollutants that may be produced by current
chemical processes and those expected from
biologically based processes.)

The Environmental Protection Agency has
estimated that the U.S. Government and indus-
try combined will spend over $360 billion to
control air and water pollution in the decade
from 1977 through 1986. The share of the
chemical and allied industries is about $26 bil-
lion. Genetic engineering technology may help
alleviate this burden by offering cleaner proc-
esses of synthesis and better biological waste
treatment systems. The monetary savings could
be tremendous. As pure speculation, if just 5
percent of the current chemical industry were
affected, spending on pollution could be re-
duced by about $100 million per year.

may be produced

In principle, virtually all organic compounds
can be produced by biological systems. If the
necessary enzyme or enzymes are not known to
exist, a search of the biological world will prob-
ably uncover the appropriate ones. Alterna-
tively, at least in theory, an enzyme can be
engineered to carry out the required reaction.
Within this framework, the potential appears to
be limited only by the imagination of the bio-
technologist—even though certain chemicals
that are highly toxic to biological systems are
probably not amenable to production.

Three variables in particular affect the
answer to the second question: the availability
of an organism or enzymes for the desired
transformation; the cost of the raw material;
and the cost of the production process. When
specific organisms and production technologies
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Table 1 1.—Some Commercial Enzymes and Their Uses

Enzyme Source

Industry and application

Amylase................... Animal(pancreas)

Plant(barley malt)

Fungi (Aspergillus niger,A. oryzae)

Bacteria (Bacillus subtilis)
Bromelin................... Plant (pineapple)

Cellulase and hemicellulase . . Fungi (Aspergillus niger)

Pharmaceutical digestive aids

Textile: desizing agent

Baking: flour supplement

Brewing, distilling, and industrial alcohol mashing
Food: precooked baby foods

Pharmaceutical digestive aids

Textile: desizing agent

Baking: flour supplement

Brewing, distilling, and industrial alcohol mashing
Food: precooked baby foods, syrup manufacture
Pharmaceutical digestive aids

Paper starch coatings

Starch: cold-swelling laundry starch

Food: meat tenderizer

Pharmaceutical digestive aids

Food: preparation of liquid coffee concentrates

Dextransucrase. . ........... Bacteria(Leuconostoc mesenteroides) Pharmaceutical preparation of blood-plasma

.......................... Plant (fig latex)
Glucose oxidase (plus catalase
or peroxidase) .. .......... Fungi (Aspergillus niger)

.......................... Yeast (Saccharomyces cerevisiae)

Lactase.................... Yeast (Saccharomyces fragilis)
Lipase..................... Fungi (Aspergillus niger)
Papain..................... Plant(papaya)
.......................... Fungi (Aspergillus niger)
Penicillinase .. ............. Bacteria(Bacillus cereus)
Pepsin..................... Animal (hog stomach)
Protease. .................. Animal (pancreas)

Animal (pepsin)

Animal (rennin, rennet)
Animal (trypsin)

Fungi (Aspergillus oryzae)

Bacteria (Bacillus subtilis)

Streptodornase . ............ Bacteria (Streptococcus pyrogenes)

extenders, and dextran for other uses
Pharmaceutical: debriding agent

Pharmaceutical test paper for diabetes

Food: glucose removal from egg solids

Candy: prevents granulation of sugars in soft-center
candies

Food: artificial honey

Dairy: prevents crystallization of lactose in ice cream
and concentrated milk

Dairy: flavor production in cheese

Brewing: stabilizes chill-proof beer

Food: meat tenderizer

Wine and fruit juice: clarification

Medicine: treatment of allergic reaction to penicillin,
diagnostic agent

Food: animal feed supplement

Dairy: prevents oxidized flavor

Food: protein hydrolysates

Leather: bating

Pharmaceutical: digestive aids

Textile: desizing agent

Brewing: beer stabilizer

Dairy: cheese

Pharmaceutical: wound debridement

Baking: bread

Food: meat tenderizer

Baking: modification of cracker dough

Brewing: clarifier

Pharmaceutical: wound debridement

SOURCE: David ‘mantatic “The Fermentation Industries,” American Society vav Microbiology News _

have been developed, the cost of raw materials
becomes the limiting step in production. If a
strain of yeast, for example, produces 5 percent
ethanol using sugar as a raw material, the proc-
ess might become economically competitive if
the cost of sugar drops or the price of petro-
leum rises. Even if prices remain stable, the
micro-organisms might be genetically improved
to increase their yield; genetic manipulation
might solve the problem of an inefficient

1973, P. 653.

organism. Finally, the production process itself
is a factor. After fermentation, the desired prod-
uct must be separated from the other com-
pounds in the reaction mixture. As an aid to re-
covery, the production conditions might be
altered and improved to generate more of a de-
sired compound.

More than one raw material can be used in a
fermentation process. If, in the case of ethanol,
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the price of sucrose (from sugarcane or sugar
beets) is not expected to change, the production
technology is being run at optimum efficiency,
and the micro-organism is producing as much
ethanol as it can, the hurdle to economic com-
petitiveness might be overcome if a less expen-
sive raw material—cellulose, perhaps—were
used. But cellulose cannot be used in its natural
state: physical, chemical, or biological methods
must be devised to break it down to its glucose
(also a sugar) components.

The constraints vary from compound to com-
pound. But even though the role of genetics
must be examined on a product-by-product ba-
sis, certain generalizations can be made. Over-
all, genetic engineering will probably have an
impact on three processes:

+ Aerobic fermentation, which produces en-
zymes, vitamins, pesticides, growth regula-
tors, amino acids, nucleic acids, and other
speciality chemicals, is already well-estab-
lished. Its use should continue to grow. Al-
ready, complex biochemical like antibiot-
ics, growth factors, and enzymes are made
by fermentation. Amino acids and nucleo-
tides—somewhat less complicated mole-
cules—are sometimes produced by fer-
mentation. Their production is expected to
increase.

« Anaerobic fermentation, which produces
organic acids, methane, and solvents, is the
industry’s area of greatest current growth.
Already, 40 percent of the ethanol man-
ufactured in the United States is produced
in this way. The main constraint on the
production of other organic acids and sol-
vents is the need for cheaper methods for
converting cellulose to fermentable sugars.

+ Chemical modification of the fermentation
products of both aerobic and anaerobic
fermentation, which to date has rarely
been used on a commercial scale, is of
great interest. (See table 12.) Chemical pro-
duction technologies that employ high tem-
peratures and pressures might be replaced
by biological technologies operating at at-
mospheric pressure and ambient tempera-
ture. A patent application has already been
filed for the biological production of one of

Table 12.—Expansion of Fermentation Into
the Chemical Industry

Examples
Aerobic fermentation
Enzymes ................ Amylases, proteases
Vitamins . ............... Riboflavin . . |
Pesticides. . ............. Bacillus thuringiensis
Growth regulators .. ...... oS L.
Aminoacids ............. R lysine
Nucleic acids
Acids. ....... ... ... Malic acid, citric acid
Anaerobic fermentation
Solvents . ............... Ethanol, acetone, n-butanol
Acids. .................. Acetic, propionic, acrylic

SOURCE: Office of Technology Assessment.

these products, ethylene glycol, by the
Cetus Corp. in Berkeley, Calif. The process
is claimed to be more energy efficient and
less polluting. If it proves successful when
run at an industrial scale, the technology
could become significant to a [J. S. market
totaling sa-billion per year.

The chemical industry produces a variety of
likely targets for biotechnology. Tables I-B-27
through 1-B-32 in appendix I-B present projec-
tions of the potential economic impacts of ap-
plied genetics on selected compounds that
represent large markets, and the time frames
for potential implementation. Table I-B-7 lists
one large group of organic chemicals that were
identified by the Genex Corp. and Massachu-
setts Institute of Technology (MIT) as amenable
to biotechnological production methods. They
are in agreement on about 20 percent of the
products cited, which underscores the uncer-
tain nature of attempting to predict so far into
the future.

Fertilizers, polymers, and pesticides

Gaseous ammonia is used to produce nitrogen
fertilizers. About 15 billion tonnes of ammonia
were produced chemically for this purpose, in
1978; the process requires large amounts of
natural gas. Nitrogen can also be converted, or
“fixed,” to ammonia by enzymes in micro-orga-
nisms; about 175 billion tonnes are fixed per
year. For example, one square yard of land
planted with certain legumes (such as soybeans)
can fix up to 2 ounces of nitrogen, using bac-
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teria associated with their roots. Currently, mi-
crobial production of ammonia from nitrogen is
not economically competitive. Aside from the
difficulties associated with the enzyme’s sen-
sitivity to oxygen and the near total lack of
understanding of its mechanism, it takes the
equivalent of the energy in 4 kilograms (kg) of
sugar to make 1 kg of ammonia. Since ammonia
costs $0. 13/kg and sugar costs $0.22/kg, it is un-
likely that the chemical process will be replaced
in the near future. On the other hand, the genes
for nitrogen fixation have now been transferred
into yeast, opening up the possibility that agri-
culturally useful nitrogen can be made by fer-
mentation.

A large segment of the chemical industry en-
gaged in the manufacture of polymers is shown
in table 13. A total of 4.3 million tonnes of
fibers, 12 million tonnes of plastics, and 1. 1 mil-
lion tonnes of synthetic rubber were produced
in the United States in 1978. All were derived
from petroleum, with the exception of the less
than 1 percent derived from cellulose fibers.
The most likely ones are polyamides (chemically
related to proteins), acrylics, isoprene-type rub-
ber, and polystyrene, Because most monomers,
the building blocks of polymers, are chemically
simple and are presently available in high yield
from petroleum, their microbial production in
the next decade is unlikely.

While biotechnoloqy is not ready to replace
the present technology, its eventual impact on
polymer production will probably be large.
Biopolymers represent a new way of thinking.
Most of the important constituents of cells are
polymers: proteins (polypeptides from amino
acid monomers), polysaccharides (from sugar
monomers), and polynucleotides (from nucleo-
tide monomers). Since cells normally assemble
polymers with extreme specificity, the ideal in-
dustrial process would imitate the biological
production of polymers in all possible respects—
using a single biological machine to convert a
raw material, e.g., a sugar, into the monomer to
polymerize it, then to form the final product. A
more likely application is the development of
new monomers for specialized applications.
Polymer chemistry has largely consisted of the
study of how their properties can be modified.

Table 13.—The Potential of Some Major Polymeric
Materials for Production Using Biotechnology

Domestic production 1978

Product (thousand tonnes)
Plastics
Thermosetting resins
EPOXY. . oo 135
Polyester. . .................... 544
Urea. ... ooie e 504
Melamine .. ................... 90
.............................. 727
Thermoplastic resins
Polyethylene
Lowdensity ................. 3,200
Highdensity................. 1,890
Polypropylene . ................ 1,380
Polystyrene. . .................. 2,680
Polyamide, nylon type........... 124
Polyvinyl alcohol ............... 57
Polyvinyl chloride. . ............. 2,575
Other vinylresins. . ............. 88
Fibers
Cellulosic fibers
Acetate .. .............. ... 139
Rayon ........................ 269
Noncellulosic fibers
Acrylic. ...... ... ... 327
Nylon........ ... .. ... .
.............................. 311
Polyester. . ......... ... ... .... 1,710
Textileglass . .................. 418
Other ... ... ... 7
Rubbers
Styrene-butadiene. . .............. 628
Polybutadiene . .................. 170
Butyl ........ ... . 69
................................ 33
Polychlorophene . ................ 72
Ethylene-propylene . .............. 78
Polyisoprene. . ................... 62

SOURCE: Office of Technology Assessment.

Conceivably, biotechnology could enable the
modification of their function and form.

Pesticides include fungicides, herbicides, in-
secticides, rodenticides, and related products
such as plant growth regulators, seed disinfec-
tants, soil conditioners, and soil fumigants. The
largest market (roughly $500 million annually)
involves the chemical and microbial control of
insects. Although microbial insecticides have
been around for years, they comprise only 5
percent of the market. However, recent suc-
cesses in developing viruses and bacteria that
produce diseases in insects, and the negative
publicity given to chemical insecticides, have
encouraged the use of microbial insecticides.
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Of the 15,000 known species of insects, only
200 are harmful enough to warrant control or
destruction. Fortunatelv for man, most of them
are sensitive to certain micro-organisms which,
il they are not toxic to man, nontarget animals,
and plants, can be used as commercial insec-
ticides.

Approximatelv 100 known species of bacteria
are pathogenic (disease causing) to insects, but
onlv three—Bacillus popilliae, B. thuringiensis
and B. moritai—have been developed into com-
mercial insecticides. B. popilliae is found and
produced only in the larvae of Japanese beetles.

Constraints on biological

The chief impediments to using biological
production technology are associated with the
need for biomass.’They include:

+ competition with food needs for starch and
sugar;

+ cyclic availability;

+ biodegradability and associated storage
problems;

« high moisture content for cellulosics, and
high collection and storage costs;

« mechanical processing for cellulosics;

« the heterogeneous nature of cellulosics (mix-
tures of cellulose, hemicellulose, and lig-
nin); and

- The need for disposal of the nonferment-
able port ions of the biomass.

For food-related biomass sources, such as su-
gar, corn, and sorghum, few technological bar-
riers exist for conversion to fermentable sugars;
but subsidies are needed to make the fermenta-
tion of sugars as profitable as their use as food.
For cellulosic biomass sources such as agricul-
tural wastes, municipal wastes, and wood, tech-
nological barriers exist in collection, storage,
pretreatment, fermentation, and waste disposal.
In addition, biomass must always be trans-
formed into sugars by either chemical or en-
zymatic processes before fermentation can
begin.

:kEnergv From Biological Processes, op. cit.

The other two species can be produced by con-
Ventional fermentation techniques. They have
been useful because they form spores that can
be mass-produced easily and are stable enough
to be handled commercially. The actual sub-
stances that cause toxicity to the insect are tox-
ins synthesized by the microbes.

Genetic engineering should make it possible
to construct more potent bacterial insecticides
by increasing the dosage of the genes that code
for the synthesis of the toxins involved. Mix-
tures of genes capable of directing the synthesis
of various toxins might also be produced.

production techniques

A second major impediment is associated
with the purification stage of production. Most
chemical products of fermentation are present
in extremely dilute solutions, and concentrating
these solutions to recover the desired product is
highly energy-intensive. Problems of technology
and cost will continue to make this stage an im-
portant one to improve.

The developments in genetics show great
promise for creating more versatile micro-orga-
nisms, but they do not by themselves produce a
cheaper fuel or plastic. Associated technologies
still require more efficient fermentation facil-
ities and product separation processes; mi-
crobes may produce molecules, but they will
not isolate, purify, concentrate, mix, or package
them for human use.

The interaction between genetic engineering
and other technologies is illustrated by the
problems of producing ethanol by fermenta-
tion. The case study presented in appendix I-D
identifies those steps in the biomass-to-ethanol
scheme that need technological improvements
before the process can become economical.

Genetic engineering is expected to reduce
costs in many production steps. For certain
ones—such as the pretreatment of the biomass
to make it fermentable—genetics will probably
not play a role: physical and chemical technol-
ogies will be responsible for the greatest ad-
vances. For others, such as distillation, genetic
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technologies should make it possible to engineer
organisms that can ferment at high tempera-
tures (82° to 85° C) so that the fermentation and
at least part of the distillation can both take
place in the same reactor. Various technol-
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An overview of impacts

The cost of raw materials may become cheap-
er than the petroleum now used—especially if
cellulose conversion technologies can be devel-
oped. The source of raw materials would also
be broader since several kinds of biomass could
be interchanged, if necessary. For small quan-
tities of chemicals, the raw material supply
would be more dependable, particularly be-
cause of the domestic supply of available bio-
mass. For substances produced in large quanti-
ties, such as ethanol, the supply of biomass
could limit the usefulness of biotechnology.

Raw materials, such as organic wastes, could
be processed both to produce products and
reduce pollution. Nevertheless, the impact on
total imported petroleum will be low. Estimates
of the current consumption of petroleum as a
raw material for industrial chemicals is approx-
imately 5 to 8 percent of the total imported.

Impacts on the process include relatively
cheaper production costs for selected com-
pounds. For these, lower temperatures and
pressures can be used, suggesting that the proc-
esses might be safer. Chemical pollution from
biotechnology may be lower, although methods
of disposal or new uses must be found for the
micro-organisms used in fermentation. Finally,
the biological processes will demand the devel-
opment of new technologies for the separation
and purification of the products.

impacts on the products include both cheaper
existing chemicals as well as entirely new prod-
ucts. Since biotechnology is the method of
choice for producing enzymes, new uses for en-

ogies, such as the immobilization of whole cells
in reactor columns, could be developed in paral-
lel with genetic technologies to increase the sta-
bility of cells in fermenters.
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zymes may expand and drive this sector of the
industry.

Impacts on other industries

Although genetic engineering will develop
new techniques for synthesizing many sub-
stances, the direct displacement of any present
industry appears to be doubtful: Genetic engi-
neering should be considered simply another in-
dustrial tool. As such, any industry’s response
should be to use this technique to maintain its
positions in its respective markets. The point is
illustrated by the variety of companies in the
pharmaceutical, chemical, and energy indus-
tries that have invested in or contracted with
genetic engineering firms. Some large com-
panies are already developing inhouse genetic
engineering research capabilities.

The frequent, popular reference to the small,
innovative “genetic engineering companies” as a
major new industry is somewhat misleading.
The companies (see table 14) arose primarily to
convert micro-organisms with little commercial
use into micro-organisms with commercial po-
tential. A company such as the Cetus Corp. ini-
tially used mutation and selection to improve
strains, whereas other pioneers such as Genen-
tech, Inc., Biogen, S. A., and Genex Corp. were
founded to exploit recombinant DNA (rDNA)
technology. Part of their marketing strategy in-
cludes the sale or licensing of genetically engi-
neered organisms to large established commer-
cial producers in the chemical, pharmaceutical,
food, energy, and mining industries. Each engi-
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Table 14.—Some Private Companies With Biotechnology Programs

Approximate

Research capacity

Company Founded employees 1979 Ph. D.s 1979  Recombinant DNA Hybridomas
Atlantic Antibodies. . ................ 1973 50 2 X
Bethesda Research Laboratories . . .. .. 1976 130 X X
BiOgEN . et 1978 30 (50") (18)°° X X
Bens Bio Logicals ................... 1979 15 10 X X
Centocor. . . ... 1979 20(1)-10(4) X
Cetus . ..o 1972 250 50 X X
Clonal Research . . .................. 1979 6 1 X
Collaborative Research®.............. 1961 85 15 X X
(Collaborative Genetics) .. .......... (1979) (4) (3) X

Genentech . ........................ 1976 90 30 X
GENEX v ottt 1977 30 12 X
Hybritech . ....... ... ... ... ... .. 1978 33% 6 X
Molecular Genetics. .. ............... 1979 6(4) X X
Monoclinal Antibodies. .. ............ 1979 6 X
NewEngland Biolabs .. .............. 1974 22(22)-5 (4) X

a E'SIHUQ'LP

Res%‘é“r?:rﬁﬁ:":', TTTTT Dacaare 0f Collaborative Genetics. Thedivision batweenthem an hatween them

SOURCES: 1960(52 gas.raa 1an (82 nannl s tn ovna

03] Scwence 206 p 692 593 1950 (20 SeNior 11" 1aan -

(3) Science 206, p. 692- 693 1960(16 scientists, 30 employees).
(4) Dun & Bradstreet, Inc.

(5) Engineering News, Mar. 19,1960.

Office of Technology Assessment.

neering firm also intends to manufacture some
products itself. It is likely that the products re-
served for inhouse manufacture will be low-
volume, high-priced compounds like interferon.

Genetic engineering by itself is a relatively
small-scale laboratory operation. Consequently,
genetic engineering firms will continue to offer
services to companies that do not intend to
develop this capacity in their own inhouse lab-
oratories. Specifically, a genetic engineering
company may contract with a firm to develop a
biological production method for its products.
At the same time, larger companies might estab-
lish inhouse staffs to develop biological methods
for both old and new products. (Several larger
companies already have more inhouse genetic
engineering personnel than some of the inde-
pendent genetic engineering companies.)

In addition, suppliers of genetic raw materials
may decide to expand into the production of
genetically engineered organisms. Suppliers of
restriction endonuclease enzymes for example,
which are used in constructing rDNA, have
already entered the field. Diagnostic firms could
develop new bioassays for which they them-
selves would guarantee a market. Finally, com-
panies with byproducts or waste products are

beginning to examine the possibility of convert-
ing them into useful products. This approach
(which is somewhat more developed in Europe)
assumes that with the proper technology the
waste materials can become a resource.

Some industries, including manufacturers of
agitators (drives), centrifuges, evaporators, fer-
menters, dryers, storage tanks and process
vessels, and control and instrumentation sys-
tems, might profit by producing equipment
associated with fermentation.

Impacts on university research

From the beginning, genetic engineering
firms established strong ties with universities.
These were responsible for providing most of
the scientific knowledge that formed the basis
for applied genetics as well as the initial scien-
tific workforce:

Cetus Corp. established a pattern by re-
cruiting a prestigious Board of Scientific
Advisors who remain in academic posi-
tlons

Genentech Inc., cofounded by a professor
at the UnlverS|ty of California at San Fran-

P
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cisco, initially depended largely on outside
scientists.

+ Biogen, S. A., was organized by professors
at Harvard and MIT plus six European sci-
entists, and placed R&D contracts with aca-
demic researchers.

+ Collaborative Genetics has a Nobel prize
winner from MIT as the chairman of its sci-
entific advisory board.

+ Hybritech, Inc., has as its scientific nucleus
a University of California, San Diego, pro-
fessor complemented by scientists at the
Salk Institute.

In addition to these companies, others have also
been establishing closer ties with the academic
community.

Much of the research that will be useful to in-
dustry will continue to be carried out in univer-
sity laboratories. At present, it is often difficult
to decide whether a research project should be
classified as “basic” (generally more interesting
to an academic researcher) or “applied” (gener-
ally more interesting to industry). E.g., a change
in the genetic code, which increases gene activi-
ty, would be just as exciting to a basic scientist
as to an industrial one.

This dialog between the universities and in-
dustry—both through formal and informal ar-
rangements—has fostered innovation. Although
the number of patents applied for is not a direct
reflection of the level of innovation, it is still one
indication. By the end of 1980, several hundred
patent applications were filed for genetically
engineered micro-organisms, their products,
and their processes.

University research has clearly affected in-
dustrial development, and has in turn been af-
fected by industry. Although the benefits are
easily recognized, some drawbacks have been
suggested. The most serious is the concern that
university scientists will be restrained in their
academic pursuits and in their exchange of in-
formation and research material. To date, anec-
dotal information suggests that some scientists
are being more circumspect about sharing in-
formation. Still, secrecy is not new to highly
competitive areas of biomedical research. In ad-
dition, scientists in other academic disciplines

useful to industry-such as chemistry and phys-
ics—have managed to achieve a balance be-
tween secrecy and openness.

The social impacts of local
industrial activity

Despite the extensive media coverage of
rDNA and other forms of genetic engineering,
there is little evidence that people who live near
companies using such techniques are still great-
ly concerned about possible hazards. This may
be partly owing to a lack of awareness that a
particular company is doing genetic research
and partly because companies thus far have
adhered to the National institutes of Health
(NIH) Guidelines. Some companies have placed
individuals on their institutional biosafety com-
mittees who are respected and trusted mem-
bers of the local community. By involving the
local citizens with no vested corporate interest,
a mechanism for oversight has been provided.
(For a more detailed discussion, see ch. 11.)

Impacts on manpower

Two types of impacts on workers can be ex-
pected:

. The creation of jobs that replace those held
by others. E.g., a worker involved in
chemical production might be replaced by
one producing the same product biologi-
cally.

. The creation of new jobs.

Workers in three categories would be af-
fected:

. those actually involved in the fermentation-
production phase of the industry;

. those involved in the R&D phase of the in-
dustry, particularly professionals; and

. those in support industries.

Projections of manpower requirements are
only as accurate as the projections of the level of
industrial activity. In the past 5 years, about 750
new jobs have been created within the small ge-
netic engineering firms (including monoclinal
antibody producers). Of these, approximately
one-third hold Ph. D. degrees.
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Data obtained through an (OTA survey of 284
firms indicate that the pharmaceutical industry
employs the major share of personnel working
in applied genetics programs. (See table 15. ) The
average number of Ph. D.s in each industry is
given in table 16. A rough estimate of profes-
sional scientific manpower at this level includes:
6 in food, 45 in chemical, 120 in pharmaceutical,
and 18 in specialty chemicals-a total of 189. If
the number of research support personnel is
approximately twice the number of Ph. D.s, the
total rises to about 570. If $165,000 per year is
required to support one Ph. D. in industry, the
total value of such manpower is approximately

$31 million.

Estimates of the number of companies en-
gaged in applied genetics work in 1980 can be
compared with the total number of firms with
fermentation activities. A tabulation of firms on
a worldwide basis in 1977 revealed 145 com-
panies, of which 27 were American. (See table
17.) These companies produced antibiotics, en-
zymes, solvents, vitamins and growth factors,

Table 15.—Distribution of Applied Genetics
Activity in Industry

Distribution of applied

genetics activity by Percent
Classification company class® of total
Food.............. (6146) 13
Chemical .......... (9/52) 17
Pharmaceutical . . ... (12/25) 48
Specialty chemical®. (6/68) 9

firing specializing in genetiC research.
ingredients, reagents, €NZYyMEeS.

SOURCE: of Technology Assessment.

Table 16.—Manpower (low.(average)-high) Distribution
of a Firm With Applied Genetics Activity

Ph. D. M.S Bachelors
Food................. ..... 0-(1)-2 0-(2)-8
Chemical ............. 3-(5)-7 0-(1)-2 2-(5)-7
Pharmaceutical. . .. ... 2-(10)-24 1-(4)-9 1-(8)-20
Specialty. . ........... 1-(3)-8 1-(3)-4 2-(2)-4
Biotechnology

Genetic engineering. 3-(15)-32 2-(1 1)-20 5-( 56-2

Hybridoma. .. ....... 1-(3)-6 0-(2)-0 0-&2 )-0

Other.............. 0-(2)-4 2-(4)-6 8-(10)-13
Average .......... 1-(6)-12 I-(4)-6 3-(8)-12

SOURCE: Office of Technology Assessment.

Table 17.—Index to Fermentation Companies

. Abbott Laboratories, North Chicago, nr

. American Cyanamid, Wayne, ami

. Anheuser-Busch, Inc., St. Louis, Mo.
Bristol-Myers Co., Syracuse, N.Y.

. Clinton Corn Processing Co., Clinton, lowa
CPC International, Inc., Argo, Ill.

. Dairyland Laboratories, Inc., Waukesha, ~ - w

. Dawe’s Laboratories, Inc., Chicago Heights, Ill.
. Grain Processing Corp., Muscatine, lowa

10. Hoffman-LaRoche, Inc., Nutley, :. In¢

11. IMC Chemical Group, Inc., Terre Haute, Ind.
12. Eli Lilly & Co., Indianapolis, Ind.

13. Merck & Co., Inc., Rahway, Ine

14. Miles Laboratories, Inc., Elkhart, Ind.

15. Parke, Davis & Co., Detroit, Mich.

16. S. B. Penick & Co., Lyndhurst, N.J.

17. Pfizer, Inc., New York, N.Y.

18. Premier Malt Products, Inc., Milwaukee, Wis.
19. Rachelle Laboratories, Inc., Long Beach, Cal if.
20. Rohm & Haas, Philadelphia, Pa.

21. Schering Corp., Bloomfield, N.J.

22. G. D. Searle & Co., Skokie, Ill.

23. E. R. Squibb& Sons, Inc., Princeton, N.J.

24, Standard Brands, Inc., New York, N.Y.

25. Stauffer Chemical Co., Westport, Corm.

26. Universal Foods Corp., Milwaukee, Wis.

27. The Upjohn Co., Kalamazoo, Kal:

28. Wallerstein Laboratories, Inc., Morton Grove, lll.
29. Wyeth Laboratories, Philadelphia, Pa.

©ONOUAWN P

SOURCE: Office of Technology Assessment.

nucleosides, amino acids, and miscellaneous
products. (See table 18.) The only chemical firm
listed was the Stauffer Chemical Co. Ten firms
are listed as having the ability to produce food
and feed yeast. (See table 19. ) Correcting for
firms listed twice, at least 38 U.S. firms were
engaged in significant fermentation activity for
commercial products, excluding alcoholic bev-
erages, in 1977. Not all have research expertise
in fermentation or biotechnology, much less a
regular genetics program: 10 to 20 were in the
chemical industry; 25 to 40 in fermentation (en-
zyme, pharmaceutical, food, and specialized
chemicals); and 10 to 15 in biotechnology (genet-
ic engineering)—or about 45 to 75 firms in all.

If average manpower numbers are used, the
total number of professionals involved in com-
mercial applied genetics research is:

Ph. D.s: 300-450
Others: 600-900
900-1,350
The number of workers that will be involved
in the production phase of biotechnology repre-
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Table 18.-Fermentation Products and Producers

Product Some producers Product Some producers
Amino acids Capreomycin. ...,
Lalanine. . . ... Cephalosporins. . .........covven... 4,12
L-arginine. .. ....oouii Chromomycin A,..............c.....
L-aspartic acid. .o Colistin . ...
L-citrulline . ...t Cycloheximide. ..................... 27
L-glutarnicacid . .................... 25 Cycloserine........................ i
L-glutamine . ..., Dactinomycin.................ooees 13
L-gIUtathione . . ... ooveeeeeee . Daunorubicin. ............ ... ... ...
L-histidine . .. ..........ooooeiiii.. Destomycin ..........ooooevnvnnnn,
L-homoserine. . . . . .. ... Enduracidin . ............. .. .. .. .. ..
L-isoleucine . .............ooouio.. Erythromycin............ooooe 1.2t
L-leucine. . . ..o Fortimicins. . ......... ... ... .. .....
LAYSINE « o eeee e Fumagiliin.........................
L-methionine . ...................... Fungimycin ...
L-Ornithine . ... oo Fusidicacid ........................
L-phenylalanine. ... ... ... .. ... Gentamicins. . ... 21
L-proline. ... .. ... ... 00 Gramicidin A . .......... ... ..., 28
L-SEriNe. . ...\ Gramicidin J(S) .. ...
LARr€ONINe. . o o oo Griseofulvin ....... ... ... ... ... ...
L-tryptophan. .............. oot HygromycinB...................... 12
L-tyrosine . ......oouuiin Josamyein ...
Lvaline. ... ..l Kanamycins. . ..............cooouun. 4

) Kasugamycin. .......... ... ...
Miscellaneous products and processes Kitasatamycin. . ....................
Aceto!n ............................ Lasalocid . ......... 10
Acyloin..................o 13 LinComycin. . ....oovvii 27
Anka-pigment(red) .. ........... . ... Lividomycin . ..........covvii..
Blue cheeseflavor................... 7 Macarbomycin. . ....................
Desferrioxamine .................... Mepartricin. . ........coouiiin...
Dihydroxyacetone ................... 17,21,28 Midecamycin. . ...,
Dextran.......... S Mikamycins .. ............. ... ...,
Diacetyl (from acetoin) ............... Mithramycin. . ...................... 17
Ergocornine............... ... Mitomycin C.............coiiin. .. 4
Ergocristine.............. ... Mocimycin.........................
Ergocrypt_lne ....................... Monensin............. ... ... ... ....
Ergometrine . . ...t MYXIN .« oo 10
Ergotamine............... EEE T NEOINYCINS. oo v v v v e 16,17,23,27
Bacﬂlu; thu_rlnglen3|s insecticide. . . . .. 1 Novobiocin. . ....................... 27
Lysergicacid ....................... Nystatin . ............. .. 23
Paspalic acid ....................... Oleandomycin. ..................... 17
PI-CIbaI’]I| ........................... Oligomycin. .......... ...
Ribose. ............ ... o Paromomycins. ..................... 15
Scteroglucan ... .. SRR Penicillin G. . ... 4,12,13,17,23,29
Sorbose(from sorbitol). .. ............ 10,17 Penicillin V. .. oo 1,4,12,17,23,29
Starter CLllltUT‘eS ..................... 7,13,14 Penici||ins(semisynthetic) ____________ 4,13,17,23,29
Sterol oxidations.. . . ................ 22,27 Pentamycin ................
Steroid oxidations. .................. 21,23,27,29 e 1
Xanthan . .......................... 13,17 Po|ymyxins _________________________ 17
Antibiotics Po_ch_)xms I
AFAMYCIN. oo oo Prlstlnamyplns ......................
Amphomycin ........... .. ... .. ... Q_uebemycm """"""""""""
Amphotericin B.. . ......... ... ... .. 23 R!bostamycm """"""""""""
AVOPArCIN . et 2 Rifamycins. ...
Azalomycin F....................... Sagamlcm: """""""""""""
BaCitraCin. . .....o.vvvveeenena 11,16,17 Salinomyein, ...
Bambermycins. . ........ ... L Siecanin . ...
Bicyclomycin. ............ ... ... ... SIOMYCIN. ..
Blasticidin S. .. ..................... SISOMICIN o« v a
Bleomycin . ... Spectinomycin. .. ... 27
Cactinomycin Streptomycin. .. ... 13,17,29
Candicidin B.. ..., 16 Tetracyclines
Candidin . ... ... Clortetracycline. . ................... 19

76565 0 - 81 - 8
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Table 18.-Fermentation Products and Producers

Product Some producers Product Some producers
Demeclocycline. . ................... 2 Lactase.............. ... .. 28
Oxytetracycline. .................... 17,19 Lipase . ..o
Tetracycline. . ..., 2,4,17,19,23,27 Microbial rennet. . ................... 17,28
Tetranactin. . ....................... Naringinase . .......................
Thiopeptin .. ..o PeCtinase . ......oovvireia, 20,28
ThioStrepton . . .....oooueeueee .. 23 PENtOSANAaSEe . .. oo ovee e 20,28
Tobramycin .. ...ovo 12 Proteases . .. ..voeeeeeeeain. 14,17,18,20,28
Trichomycin. ....................... Streptokinase-streptodornase. . ... .... 2
Tylosin . ... 12 UNCaSE . .o ottt e e e
Tyrothricin ... . ... ... ... . ..., 16,28 Organic acids

Tyrocidine ... Gitric acid ... ... 14,17
uromyein . ... Comenicacid. .............couoi.n.. 17
Vaildamycin.....................s Erythorbicacid. . ....................
Vancomycin ... 12 Gluconicacid. ............coviiiin.. 4,17,18
variotin. ... ltaconicacid. ...............ooon.... 17
Viomycin. .. oo 2-keto-D-giuconicacid .. ............. 17
Virginiamycin. ............ ... ..., acid. ...

Enzymes Lacticacid . ............... ... .. .... 5
Amylases ........... ... i, 5,19,20,24,28 Malicacid ..........................
Amyloglucosidase. . ................. 5,6,14,28 Urocanicacid. ......................
Anticyanase. . ........... ... .. ... Solvents

L-asparaginase . .................... Ethanol . . .o ovo oo 9
Catalase........................... 8,14 2,3-butanediol . . ...

Cellulase. ..............cocivinn.. 6,20,28 .

Dextranase. . . . . . ... .o V|_tam|ns__and growth factors 913
‘Diagnostic enzymes’ ................ G!Ebﬁreluns -------------------- isl 1
Esterase-lipase ..............ooou... 28 Riboflavin ... 3
GlUCANASE . . . oo oo eee 28 vitamin B, ... 1
Glucose dehydrogenase. . ............ Zearalanol. ... n
Glucoseisomerase .................. 3,5,14,24 Nucleosides and nucleotides

Glucoseoxidase .................... 8,14 5-ribonucieotides and nucleosides . . . ..

Glutamic decarboxylase. .. ........... 18 Oroticacid ...,
Hemi-celiulase. . .................... 14,20,28 Ara-A-(9-B-D-arabino-furanosyl) . ...... 15
Hespiriginase. . ..................... 6-azauridine........................

Invertase. . ........... ... ... . .. 24,26,28

3RIank meal N 18 nraduce in 1977- tharafore is nroc 10F€1GN ina or more foraian tirms (from a firms).

SOURCE: SOUIRCE- O Assessment.

sents a major impact of genetic engineering. To
estimate this number these two calculations
must be made:

. the value or volume of chemicals that
might be produced by fermentation, and

. the number of production workers needed
per unit volume of chemicals produced.

Any prediction of the potential volume of
chemicals is necessarily filled with uncertain-
ties. The approximate market value of organic
chemicals produced in the United States is given
in appendix I-B. Total U.S. sales in 1979 were
calculated to be over $42 billion. On the basis of
the assumptions made, $522 million worth of
bulk organic chemicals could be commercially

produced by genetically engineered strains in
10 years and $7.1 billion in 20 years. Table
I-B-10 in appendix I-B lists the potential markets
for pharmaceuticals. Excluding methane pro-
duction, the total potential market for products
obtained from genetically engineered orga-
nisms is approximately $14.6 billion.

If the production of chemicals having this
value is carried out by fermentation, it impossi-
ble to calculate how many workers will be
needed. Data obtained from industrial sources
reveal that 2 to 5 workers, including those in
supervision, services, and production, are re-
quired for $I million worth of product. Hence,
30,000 to 75,000 workers would be required for
the estimated $14.6 billion market.
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Table 19.—U.S. Fermentation Companies

Producers of Baker's Yeast and food/feed yeast in
the United States in 1977
Baker's yeast:
American Yeast Co., Baltimore, Md.
Anheuser-Busch, Inc., St. Louis, Mo.
Federal Yeast Co. (how Diamond Shamrock),
Baltimore, Md.
Fleischmann Yeast Co., New York, N.Y.
Universal Foods Corp., Milwaukee, Wis.
Food/feed yeast:
Amber Laboratories, Juneau, Wis.
Amoco Foods Co., Chicago, Ill.
Boise-Cascade, Inc., Portland, Oreg.
Diamond Mills, Inc., Cedar Rapids, lowa
Fleischmann Yeast Co., New York, N.Y.
Lakes States Yeast Co., Rhinelander, Wis.
Stauffer Chemical Co., Westport, Corm.

Enzyme producers, 1977

Clinton Corn Processing Co., Clinton, lowa
Miles Laboratories, Inc., Elkhart, Ind.
Premier Malt Products, Inc., Milwaukee, Wis.

SOURCE: Compiled by Sacietv 'nr Mireatiology Arw ; 43:2. News S1H

1977, pp 82-89.

since the chemicals considered above are
currently being produced, any new jobs in bio-
technology will displace the old ones in the
chemical industry. Whether the change will re-
sult in a net loss or gain in the number of jobs is
difficult to predict. However, a rough estimate

indicates that approximately the same number
of workers will be required per unit of output.

_Estimates of the number of workers are di-
vided into: 1) workers directly involved in th,

growth of the organisms; and 2) workers in-
volved in the "recovery” phase, where the
organisms are harvested and the chemical prod-
uct is extracted, purified, and packaged. Based
on industry data, the number of workers in the
fermentation phase is approximately 30 percent
of the total, and those in recovery approximate-
ly 50 percent. Hence, about 9,000 to 22,500
workers might be expected to hold jobs in the
immediate fermentation area, and about 15,000
to 37,500 workers would be involved in han-
dling the production medium (with or without
the organisms).

Estimates of the number of totally new jobs
that would be created are highly speculative;
they should allow for estimates of increases in
the quantity of chemicals currently being pro-
duced and the production of totally new com-
pounds. According to estimates by Genex, the
new and growth markets may reach $26 billion
by the year 2000, which would add 52,000 to
130,000 jobs to the present number.
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Chapter 6

The Food Processing Industry

Introduction—the industry

The food processing industry comprises
those manufacturers that transform or process
agricultural products into edible products for
market. It is distinguished from the production,
or farming and breeding portions of the agricul-
tural industry.

Genetics can be used in the food processing
industry in two ways: to design micro-orga-
nisms that transform inedible biomass into food
for human consumption or for animal feed; and
to design organisms that aid in food processing,
either by acting directly on the food itself or by
providing materials that can be added to food.

Eight million to ten million people work in the
meat, poultry, dairy, and baking industries; in
canned, cured, and frozen food plants; and in
moving food from the farm to the dinner table.
In 1979, the payroll was over $3.2 billion for the
meat and poultry industries, $2.6 billion for
baking, and $1.9 billion for food processing.

Traditionally, micro-organisms have been
used to stabilize, flavor, and modify various
properties of food. More recently, efforts have
been made to control microbial spoilage and to
ensure that foods are free from micro-orga-
nisms that may be hazardous to public health.
These are the two major ways in which micro-
biology has been useful.

Historically, most efforts have been devoted
to improving the ability to control the harmful
effects of micro-organisms. The industry recog-
nized the extreme heat resistance of bacterial
spores in the early 20th century and sponsored
or conducted much of the early research on the
mechanisms of bacterial spore heat resistance.
Efforts to exploit the beneficial characteristics
of micro-organisms, on the other hand, have
been largely through trial-and-error. Strains
that improve the quality or character of food
generally have been found, rather than de-
signed.

Single-cell protein

The interest in augmenting the world’s sup-
ply of protein has focused attention on micro-
bial sources of protein as food for both animals
and humans. * Since a large portion of each
bacterial or yeast cell consists of proteins (up to
72 percent for some protein-rich cells), large
numbers have been grown to supply single-cell
protein (SCP) for consumption, The protein can
be consumed directly as part of the cell itself or
can be extracted and processed into fibers or
meat-like items. By now, advanced food proc-
essing technologies can combine this protein
with meat flavoring and other substances to
produce nutritious food that looks, feels, and
tastes like meat.

*as .1 example of st potential significance of the Soviet
one o which is one of the largest producers, expects  produce
veast It fodder yeast from internally available raw materials to be

self-sufficient in animal protein foodstuffs ~ 1990.

The idea of using SCP as animal feed or
human food is not new; yeast has been used as
food protein since the beginning of the century.
However, in the past 15 years, there has been a
dramatic increase in research on SCP and in the
construction of large-scale plants for its pro-
duction, especially for the production of yeast.
(See table 20.) Interest in this material is re-
flected in the numerous national and interna-
tional conferences on SCP, the increasing
number of proceedings and reviews published,
and the number of patents issued in recent
years. (See table 21.)

The issues addressed have covered topics
such as the economic and technological factors
influencing SCP processes, nutrition and safety,
and SCP applications to human or animal foods.
Thus far, commercial use has been limited by

107
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Table 20.-Estimated Annual Yeast Production, 1977
(dry tonnes)

Baker’'s yeast Dried yeast’

EUrope. ..o 74,000° 160,000°
North America........... 73,000 53,000
TheOrient. .. ............ 15,000 25,000
United Kingdom. ......... 15,500 (c)
South America. . ......... 7,500 2,000
Africa. .................. 2,700 2,500
Totals ................ 187,700 242,500

includes food and fodder yeasts; data for petroleum-grown Yeasts

are not available.
figures for U.S.S.R. not reported.

reported.

SOURCE: H. J. Peppier and D. - Y- "&PP &1 &1 vicrobial Technology, vol. 1 (Lon-
don: Academic Press, 1979), p. 159.

Table 21.—Classification of Yeast-Related
U.S. patents (1970 to July 1977)

Category Number issued
Yeast technology (apparatus, processing) . . . . 22
Growth on hydrocarbons. ., . ............... 28
Growth on alcohols, acids, wastes. . ... ...... 22
Production of chemicals. . .. ............... 14
Use of baking and pasta products . .. ........ 24
Condiments and flavor enhancers . .. ........ 18
Reduced RNA. . . .................. e 11
Yeast modification of food products . . ....... 13
Isolated protein . . ......... ... ... . ... . ..., 5
Texturized yeast protein . . . ................ 7
Lysates and ruptured cells . . .. ............. 7
Animal feed supplements . . ................ 12
Total. ., . 183

SOURCE: H. J. Peppier, “Yeast,” reppie, 1ed o Fermentation Processes, D.
(cd.), vol. 2 (London: Academic Press, 1978), pp. 191-200.

several factors. For each bacterial, yeast, or
algal strain used, technological problems (from
the choice of micro-organisms to the use of cor-
responding raw material) and logistical prob-
lems of construction and location of plants have
arisen. But the primary limitation so far has
been the cost of production compared with the
costs of competing sources of protein. (The com-
parative price ranges in 1979 for selected
microbial, plant, and animal protein products
are shown in table 22.)

The costs of manufacturing SCP for animal
feed in the United States are high, particularly
relative to its major competing protein source,
soybeans, which can be produced with little fer-
tilizer and minimal processing. The easy avail-
ability of this legume severely limits microbial
SCP production for animal feed or human food.
In fact, according to the U.S. Department of

Table 22.—Comparison of Selling Price Ranges
for Selected Microbial, Plant, and Animal
Protein Products

Crude Price range

protein 1979 Us.
Product, substrate, and quality content dollars/kg
Single cell proteins
Candida utilis, ethanol, food grade 52 1.32-1.35

Kluyveromyces tragilis, cheese
whey, food grade. .. .......... 54 1.32
Saccharomyces ¢c¢raromyc

Brewer’s, debittered, food grade 52 1.00-1.20
Feed grade. . . .. ............. 52 0.39-0.50
Plant proteins
Alfalfa (dehydrated) ............ 0.12-0.13
Soybean meal, defatted. . . . . . . .. 0.20-0.22
Soy protein concentrate. . ....... 70-72 0.90-1.14
Soy proteinisolate............. 90 92 1.96-2.20
Animal proteins
Fishmeal (Peruvian) . ... ........ 65 0.41-0.45
Meat and bonemeal . ... ... ... .. 50 0.24-0.25
Dry skim milk. . . . .............. 37 0.88-1.00

SOURCE: Office of Technology Assessment.

Agriculture (USDA), total domestic and export
supply for U.S. soybeans will grow 73 percent
by 1985.

Soybeans are primarily consumed as animal
feed. But while only 4 percent of their annual
production are directly consumed by humans,
the market is growing significantly. The in-
troduction of improved textured soy protein in
cereals, in meat substitutes and extenders, and
in dairy substitutes has increased the use of soy
products. Nevertheless, the market does not de-
mand soy products in particular but protein
supplements, vegetable oils, feed grain supple-
ments, and meat extenders in general. Other
protein and oil sources could replace soybeans
if the economics were attractive enough. Fish-
meal, dry beans, SCP, and cereals are all poten-
tial competitors. As long as a substitute can
meet the nutritional, flavor, toxicity, and regula-
tory standards, competition will be primarily
based on price.

The competition between soybeans and SCP
illustrates one of the paradoxes of genetic engi-
neering. While significant research is attempt-
ing the genetic improvement of soybeans, ge-
netic techniques are also being explored to in-
crease the production of SCP. Consequently, the
same tool—genetic engineering—encourages
competition between the two commodities.
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Genetic engineering and
SCP production

Despite the microbial screening studies that
have been conducted and the wealth of basic
genetic knowledge available about common
yeast (a major source of SCP), genetic engineer-
ing has had little economic impact on SCP proc-
esses until recently. Today, a variety of sub-
stances are being considered as raw materials
for conversion.

« Petroleum-based hydrocarbons.—Until re-
cently, the wide availability and low cost of
petrochemicals have made the n-alkane hy-
drocarbons (straight chain molecules of
carbon and hydrogen), which are petro-
chemical byproducts, potential raw materi-
als for SCP production. At British Petro-
leum, mutants of micro-organisms have
been obtained having an increased protein
content. Mutants have also been found
with other increased nutritive values, e.g.,
vitamin content.

. Methane or methanol-Relatively few ge-
netic studies have been directed at investi-
gating the genetic control of the microbial
use of methane or methanol. However, one
recent application of genetic engineering
has been reported by the Imperia] Chem-
ical Industries (ICI) in the United Kingdom,
where the genetic makeup of a bacterium
(Methylophilus methylotrophus) has been
altered so that the organism can grow
more readily on methanol. The increase in
growth provides increased protein and has
made its production less expensive. The
genetic alteration was accomplished by
transferring a gene from Escherichia coli to
M. methylotrophus.

. Carbohydrates. —Many carbohydrate sub-
strates—from starch and cellulose to beets
and papermill wastes—have been investi-
gated. Forests are the most abundant
source of carbohydrate in the form of cel-
lulose. But before it can be used by micro-
organisms, it must be transformed into the
carbohydrate, glucose, by chemical or en-
zymatic pretreatment. Many of the SCP
processes that use cellulose employ orga-

nisms that produce the enzyme cellulase,
which degrades cellulose to glucose.

Most of the significant genetic studies on the
production of cellulase by micro-organisms are
just beginning to appear in the literature. The
most recent experiments have been successful
in creating fungal mutants that produce excess
amounts.

Commercial production

Of the estimated 2 million tons of SCP pro-
duced annually throughout the world, most
comes from cane and beet molasses, with about
500,000 tons from hydrolyzed wood wastes,
corn trash, and papermill wastes. (See table 23.)

Integrated systems can be designed to couple
the production of a product or food with SCP
production from wastes. E.g., the waste saw-
dust from the lumber industry could become a
source of cellulose for micro-organisms. ICI’s
successful genetic engineering of a micro-orga-
nism to increase the usefulness of one raw
material (methanol) should encourage similar
attempts for other raw materials.

But while SCP can be obtained from a wide
variety of micro-organisms and raw materials,
the nutritional value and the safety of each
micro-organism vary widely, as do the costs of
competing protein sources in regional markets.
Consequently, accurate predictions cannot be
made about the likelihood that SCP will displace
traditional protein products, overall. Displace-
ments have and will continue to occur on a case-
by-case basis.

Table 23.-Raw Materials Already Tested on a
Laboratory or Small Plant Scale

Agave juices

Pulpmill wastes
Barley straw

Sawdust

Sunflower seed husks
(treated)

Wastes from chemical
production of maleic
anhydride

Waste polyethylene (treated)

Citrus wastes

Date carbohydrates
Meatpacking wastes
Mesquite wood

Peat (treated)

SOURCE: Office of Technology Assessment.
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Genetics in baking, brewing, and winemaking

The micro-organism of greatest significance
in the baking, brewing, and winemaking indus-
tries is common yeast. Because of its impor-
tance, yeast was one of the first micro-orga-
nisms to be used in genetic research. Neverthe-
less, the surge in studies in yeast genetics has
not been accompanied by an increase in its
practical application, for three reasons:

 industries already have the desired effi-
cient strains, mainly as a result of trial-and-
error studies;

+ new genetic strains are not easily bred;
they are incompatible for mating and the
genetic characteristics are poorly under-
stood; and

+ many of the important characteristics of
industrial microbes are complex; several
genes being responsible for each.

Changing technologies in the brewing indus-
try and increased sophistication in the molec-
ular genetics of yeast have made it possible for
researchers to achieve novel goals in yeast
breeding. one strain that has already been con-
structed can produce a low-carbohydraate beer
suitable for diabetics. (See figure 26.)

The baking industry is also undergoing tech-
nological revolution, and yeasts with new prop-
erties are now needed for the faster fermenta-
tion of dough. New strains with improved bio-
logical activity, storage stability, and vyield
would allow improvements in the baking proc-
ess.

In the past, most genetic applications have
come in the formation of hybrid yeasts. The
newel* genetic approaches, which use cell fu-
sion now open up the possibility of hybrids de-
veloped from strains of yeast that carry useful
genes but cannot mate normally,

Classical genetic research has also been car-

Figure 26.—The Use of Hybridization To Obtain
a Yeast Strain for the Production of
Low-Carbohydrate Beer

-orga-
erthe-
s has
in its

1 efti-
l-and-

bred;
| their
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ics of
averal

ndus-

nnloe.
SOURCE: Office of Technology Assessment.

ried out with wine yeasts. Interestingly, within
the past 10 years, scientists have isolated in-
duced mutants of wine yeasts that have: 1) an
increased alcohol tolerance and the capacity to
completely ferment grape extracts of unusually
high sugar content; 2) improved sedimentation
properties, improving or facilitating separation
of yeasts from the wine; and 3) improved per-
formance in the production of certain types of
wines. Hybridization studies of wine yeasts
have been actively pursued only recently.

Progress in developing strains of yeast with
novel properties is limited by the lack of enough
suitable approved systems for using recombi-
nant DNA (rDNA) technology. Eventual approv-
al by the Recombinant DNA Advisory Commit-
tee is expected to boost applied research for the
brewing, baking, and winemaking industries.
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Microbial polysaccharides

The food processing industry uses polysac-
charides (polymeric sugars) to alter or control
the physical properties of foods. Many are in-
corporated into foods as thickeners, gelling
agents, and agents to control ice crystal forma-
tion in frozen foods. They are used in instant
foods, salad dressings, sauces, whips, toppings,
processed cheeses, and dairy products. New
uses are constantly appearing. The annual mar-
ket in the United States is reported to be over
36,000 tons, not including starches and deriva-
tives of cellulose.

Since many of the polymeric sugars now used
in food processing are derived from plant
sources, microbial polysaccharides have had
limited use. To compete economically, a micro-
bial polysaccharide must offer new properties,
meet all safety requirements, and be readily
available. Very few have reached the level of
commercial applications; the only one in large-
scale commercial production is xanthan gum. *

e The history of the development of xanthan gum indicates that
the commercially significant organisms resulted from an extensive
screening program for gum producers stored in the Northern Uti-

Enzymes

A wide variety of polysaccharides could theo-
retically be produced for use in food processing,
Applied genetics may increase their production,
modify those that are produced, eliminate the
degradative enzymes that break them down, or
change the microbes that produce them. How-
ever, as with other microbial processes, the ap-
plication of genetics depends on an understand-
ing of both the biochemical pathway for synthe-
sis of a given polysaccharide and the systems
that control microbial production. For many mi-
crobial polysaccharides, this information does
not yet exist; furthermore, little is known about
the enzymes that may be used to modify poly -
saccharides to more useful forms. Progress will
only be able to occur when these information
gaps are filled.

h and | Research and ivision of USIA's larg: ni-
collectHn. Xan han gum roduced by 2 produced
nas [. B-1459 was four B-1459 was haract to stics hat

rendered it as a promising as a commercial product. in
“Mercdivision ir Merck ie (:0., inc., carried out ili-

su studies, con substantial commercial production in
of the v much d the as ben carexd cat wh
from one partic from one, there is nereasng ev is
dence 1l suggest! als he could ed -or produced from

rains.

Enzymes are produced for industrial, med-
ical, and laboratory use both by fermentation
processes that employ bacteria, molds, and
yeasts and by extraction from natural tissues.
The present world market for industrial en-
zymes is estimated to be $I150 million to $174
million; the technical (laboratory) market adds
another $20 million to $40 million. Fewer than
so microbial enzymes are of industrial impor-
tance today, but patents have been granted for
more than a thousand. This reflects the increas-
ing interest in developing new enzyme prod-

ucts; it also shows that it is easier to discover a
new enzyme than to create a profitable applica-
tion for it. *

Most industrial enzymes are used in the de-
tergent industry and the food processing in-

e The enzyme literature is extensive welcomprises well over

10,00( papers per year. Although less t of 5(1 e of these
publications are concerned with nes and r: enzymes are
found to have no industrial interest, 1 few s per per

year are of potential interest for the onment o development of en-
zymes. Less than 100 papers dealing with industrial processes ap-
pear every year, and few ses of £ processes it sig-  economic sig-
nificance.
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dustry, particularly for starch processing. En-
zymes began to be used in quantity only 20
years ago. In the early 1960’s, glucoamylase en-
zyme treatment began to replace traditional
acid treatment in processing starch; around
1965, a stable protease (an enzyme) was in-
troduced into detergent preparations to help
break down certain stains; and in the 1970’s,
glucose isomerase was used to convert glucose
to fructose, practically creating the high-fruc-
tose corn syrup industry.

Genetic engineering and enzymes in
the food processing industry

Biotechnology applied to fermentation proc-
esses will make available larger quantities of ex-
isting enzymes as well as new ones. (See ch. 5.)
The role of genetic engineering in opening com-
mercial possibilities in the food processing in-
dustry is illustrated by the enzyme, pullulanase.
This enzyme degrades pullulan, a polysaccha-
ride, to the maltose or high-maltose syrups that
give jams and jellies improved color and bril-
liance. They reduce off-color development pro-
duced by heat in candies and prevent sandiness
in ice cream by inhibiting sugar crystallization.
Mahose has several unique and favorable char-
acteristics. It is the least water-absorbent of the
maltose sugars and, although it is not as sweet
as glucose, it has a more acceptable taste. It is
also fermentable, nonviscous, and easily solu-
ble. It does not readily crystallize and gives de-
sirable browning reactions.

Pullulanase can also break down another car-
bohydrate, amylopectin, to produce high amy -
lose starches. These starches are used in indus-
try as quick-setting, structurally stable gels, as
binders for strong transparent films, and as
coatings. Their acetate derivatives are added to
textile finishes, sizing, adhesives, and binders.
In food, amylose starches thicken and give tex-
ture to gumdrop candies and sauces, reduce fat
and grease in fried foods, and stabilize the pro-
tein, nutrients, colors, and flavors in reconsti-
tuted products like meat analogs.

In view of the current shortages of petro-
leum-derived plastics and the need for a biode-
gradable replacement, amylose’s ability to form

plastic-like wraps may provide its largest indus-
trial market, although that market has not yet
been developed.

[f applications for the products made by
pullulanase can be developed, genetic engineer-
ing can be used to insert this enzyme into in-
dustrially useful organisms and to increase its
production. However, the food processing in-
dustry is permitted to use only enzymes that are
obtained from sources approved for food use.
Since the chief source of pullulanase is a patho-
genic bacterium, Klebsiellall aerogenes, no signifi-
cant efforts have been made to apply genetics to
improve its production or quauality. Molecular
genetics could ultimately transfer the pullula-
nase trait from K. aerogenes to a micro-organism
approved for food use, if approved micro-orga-
nisms that manufacture pullulanase cannot be
found.

Sweeteners, flavors, and fragrances

Biotechnology has already had a marked im-
pact on the sweetener industry. The availability
of the enzymes glucose isomerase, invertase,
and amylase has made the production of high-
fructose corn sweeteners (HFCS) profitable. pro-
duction of HFCS in the United States has in-
creased from virtually nothing in 1970 to 10
percent of the entire production of caloric
sweeteners in 1980 (11 Ib per capita). The price
advantage of HFCS is expected to cause its con-
tinued growth, particularly in the beverage in-
dustry. In fact, the Coca Cola Co. announced in
1980 that fructose will soon constitute as much
as 50 percent of the sweetener used in its name
brand beverage.

Biotechnology can be used to produce other
sweeteners as well. While it is unlikely that su-
crose will ever be made by micro-organisms (al-
though improvements in sugarcane and sugar
beet yields may result from agricultural genetic
studies, see ch. 8.), the microbial production of
low-caloric sweeteners is a distinct possibility.
Three new experimental sweeteners—aspar-
tame, monellin, and thaumatin—are candidates.

Aspartame is synthesized chemically from
the amino acids, aspartic acid and phenylala-
nine, which can themselves be made by fermen-
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tation. The possibility of using microbes to cou-
ple the two amino acids is being investigated in
at least one biotechnology research firm. Chem-
ical production of aspartame is expensive and
benefits from biotechnology are possible.

Monellin and thaumatin are natural sub-
stances—proteins obtained from West African
plants. Both are intensely sweet-up to 100,000
times sweeter than table sugar—and the sensa-
tion of sweetness can last for hours. Their
microbial production may be competitive with
their extraction from plants. Since the physical
and biological properties of thaumatin are
known, it might also be produced through ge-
netic engineering. Such an approach would not
only increase the available supply, but would
offer new molecules for investigating the physi-
ology of taste.

Overview

Other flavors and fragrances show less prom-
ise at present. Although the chemistry of sev-
eral flavors and aromas has been identified, too
little research into their use has been con-
ducted. *

o cork or the e aticy by micr .o zanisms of flavor
w coemiea s known S ¢ lactores and terr noi is has beet S
Lactone oceur o tave ooptreibuting £ compon nts in il
menti Hon nroduct: where th ev are forn pa by micrs nia
- Differen pathway s exist for theis mioy heir | formatich
ma-tutvrolactone, which i;, forme is uring veast fer nen-
found is sherrin vine, ar § bee o Asearlv s 1930, o
as isolitea isolated nge leaves that had that wh- u e odor
thawnt ;o be §yor baymvees roseus. ” resew. The 4.
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The application of genetic engineering will af-
fect the food processing industry in piecemeal
fashion. Isolated successes can be expected for
certain food additives, such as aspartame (not
yet approved by the Food and Drug Administra-
tion (FDA) for sale in the United States) and fruc-
tose, and for improvements in SCP production.
But an industrywide impact is not expected in
the near future because of several conflicting
forces:

+ The basic genetic knowledge of character-
istics that could improve food has not been
adequately developed.

« The food processing industry is conserva-
tive in its research and development ex-
penditures for improved processes, gener-
ally allocating less than half as much as
more technologically sophisticated indus-
tries.

* Products made by new microbial sources
must satisfy FDA safety regulations, which
include undergoing tests to prove lack of
harmful effects. * It may be possible to re-

“Hod . de tive: and micio-on anisms used in tused in
18t he . MUStved] as gener i regardecregarded

duce the amount of required testing by
transferring the desired gene into micro-
organisms that already meet FDA stand-
ards.

Nevertheless, the application of new genetic
technologies will probably accelerate. Techno-
logically sophisticated companies are being
drawn into the business. Traditionally capital-
intensive companies such as Union Carbide,
ITT, General Electric, Corning Glass, and
McDonnell-Douglas can be expected to intro-
duce automation and more sophisticated engi-
neering to food processing, modernizing the in-
dustry’s technology. As has been noted by one
industry observer: *

You don’t work on a better way to preserve
fish. You try to change the system so that you
no longer catch fish; you “manufacture” them
and, if possible, do it right on top of your mar-
ket so that you don’t have to preserve them at
all.

iste L. “The Cc “The Coming Food Industry,”y, April  April
215-:17. 215-217.



114 . Impacts of Applied Genetics-Micro-Organisms, Plants, and Animals

You don’t worry about processing bacon Genetic engineering can be expected to aid in
without nitrites, you engineer a synthetic bacon the creation of novel food preparations through
with designed-in shelf life. effects on both the food itself and the additives

You don't try to educate people to eat a “bal- used for texturizing, flavoring, and preserving.

anced diet;” you create a “whole” food with the
proper balance of nutrients and supplements,
and you make it taste like something people
already like to eat.
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Chapter 7

The Use of Genetically Engineered
Micro-Organisms In the Environment

Although most genetically engineered micro-
organisms are being designed for contained fa-
cilities like fermenters, some are being exam-
ined for their usefulness in the open environ-
ment for such purposes as mineral leaching and
recovery, oil recovery, and pollution control.

All three applications are characterized by:

. the use of large volumes of micro-orga-
nisms;

Mineral leaching and recovery

All micro-organisms interact with metals,
Two interactions that are of potential economic
and industrial interest are leaching metals from
their ores, and concentrating metals from
wastes or dilute mixtures. The first would allow
the extraction of metals from large quantities of
low-grade ores; the second would provide meth-
ods for recycling precious metals and control-
ling pollution caused by toxic metals.

Microbial leaching

In microbial or bacterial leaching, metals in
ores are made soluble by bacterial action. Even
before bacterial leaching systems became ac-
cepted industrial practice, it was known that
dissolved metals could be recovered from mine
and coal wastes. Active mining operations cur-
rently based on this process (such as those in
Rio Tinto, Spain) date back to the 18th century.
Presently, large-scale operations in the United
States use bacterial leaching to recover copper
“rem waste material. Estimates for the contri-
bution of copper leaching to the total annual
J.S. production range from 11.5 to 15 percent.

Leaching begins with the circulation of water
through large quantities—often hundreds of
ins—of ore. Bacteria, which are naturally asso-
iated with the rocks, then cause the metals to

+ less control over the behavior and fate of
the micro-organisms;

* a possibility of ecological disruption; and

« less basic research and development (R&D)
—and a higher degree of speculation—than
the industries previously discussed.

be leached by one of two general mechanisms:
either the bacteria act directly on the ore to ex-
tract the metal or they produce substances,
such as ferric iron and sulfuric acid, which then
extract the metal. It appears that simply adding
acid is not as efficient as using live bacteria.
Although acid certainly plays a role in metal ex-
traction, it is possible that direct bacterial attack
on some ores is also involved. In fact, some of
the bacteria that are known to be involved in
mineral leaching have been shown to bind tena-
ciously to those minerals.

The application of the leaching process to
uranium mining is of particular interest be-
cause of the possibility of in situ mining. Instead
of using conventional techniques to haul urani-
um ore to the surface, microbial suspensions
can extract the metal from its geological setting.
Water is percolated through underground
shafts where the bacteria dissolve the metals.
The solution is then pumped to the surface
where the metal is recovered. This approach,
also called “underground solution mining, ” is
already used in Canadian uranium mines,
where it began almost by chance. In 1960, after
only 2 years of operation, researchers at the
aninm M Uranium Mine found that the natural
underground water contained large amounts of
leached uranium. In 1962, over 13,000 kilo-

117
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grams (kg) of uranium oxide were obtained
from the water. Thereafter, water was circu-
lated through the mines as part of the mining
operation. It has been suggested that extending
this practice to most mines would have signifi-
cant environmental benefits because of the
minimal disruption of the land surface.
Although the process is slower than the technol-
ogy currently employed, the operating costs
might be lower because of the simplicity of the
system, since no grinding machinery is needed.
Furthermore, deeper and lower grade deposits
could be mined more readily.

Bacterial leaching can also extract sulfur-con-
taining compounds, such as pyrite, from coal,
producing coal with a lower sulfur content.
Sulfur-containing coals from such areas as Ohio
and the Appalachian Mountains are now less de-
sirable than other coals because of the sulfur
dioxide they release during burning. They often
contain up to 6 percent sulfur, of which 70 per-
cent can be in the form of pyrite. According to
recent data, mixed populations of different bac-
teria, rather than a single species, are respon-
sible for the most effective removal of sulfur—a
finding that may lead to the genetic engineering
of a single sulfur-removing bacterium in the
future.

Applied genetics in strain improvement

The bacterium most studied for its leaching
properties has been Thiobacillus ferrooxidians
(which leaches copper), but others have also
been identified in natural leaching systems.
Although leaching ability is probably under
genetic control in these organisms, practically
nothing is known about the precise mecha-
nisms. This is largely because little information
exists in two critical areas: the chemistry of in-
teraction between the bacteria and rock sur-
faces; and the genetic structure of the micro-
organisms. The finding that mixed populations
of bacteria interact to increase leaching efficien-
cy complicates the investigation.

Because of the lack of genetic and biochemi-
cal information about these bacteria, the appli-
cation of genetic technologies to mineral leach-
ing remains speculative. Progress in obtaining

more information is slow because less than a
dozen laboratories in the Nation are actively
performing research.

But even when the scientific knowledge is
gathered, two obstacles to the use of genetically
engineered micro-organisms will remain. The
first is the need to develop engineered systems
on a scale large enough to exploit their biologi-
cal activities. A constant interchange must take
place between microbial geneticists, geologists,
chemists, and engineers. E.g., the geneticists
must understand the needs identified by the
geologists as well as the problems faced by the
engineers, who must scale-up laboratory-scale
processes. The complex nature of the problem
can be approached most successfully by an
interdisciplinary group that recognizes the
needs and limitations of each discipline.

The second obstacle is environmental. In-
troducing large numbers of genetically engi-
neered micro-organisms into the environment
raises questions of possible ecological disrup-
tion, and liability if damage occurs to the envi-
ronment or human health.

In summary, the present lack of sufficient
scientific knowledge, scientists, and interdis-
ciplinary teams, and the concerns for ecological
safety present the major obstacles to the use of
genetic engineering in microbial leaching.

Metal recovery

The use of micro-organisms to concentrate
metals from dilute solutions such as individual
waste streams has two goals: to recover metals
as part of a recycling process; and to eliminate
any metal that may be a pollutant. The process
makes use of the ability of micro-organisms to
bind metals to their surfaces and then concen-
trate them internally.

Studies at the Oak Ridge National Laboratory
in Tennessee have shown that micro-organisms
can be used to remove heavy metals from indus-
trial effluents. Metals such as cobalt, nickel,
silver, gold, uranium, and plutonium in concen
trations of less than 1 part per million (ppm) car.
be recovered. The process is particularly useful
for recovering metals from dilute solutions 01
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10 to 100 ppm, where nonbiological methods
may be uneconomical. Organisms such as the
common yeast Saccharomyces cerevisiae can ac-
cumulate uranium up to 20 percent of their
total weight.

The economic competitiveness of biological
methods has not yet been proven, but genetic
improvements have been attempted only re-
cently. The cost of producing the micro-orga-
nisms has been a major consideration. If it can
be reduced, however, the approach might be
useful.

Oil recovery

As with other biological systems, genetic
engineering may increase the efficiency of the
extraction process. In the Saccharomyces sys
tern, differences in the ability to recover the
metals have been demonstrated within popula-
tions of cells. Selection for cells with the genetic
ability to accumulate large amounts of specific,
desired metals would be an important step in
designing a practical system.

Since 1970, oil production in the United
States has declined steadily. The supply can be
increased by: accelerating explorations for new
oilfields; by mining oil shale and coal and con-
verting them to liquids; and by developing new
methods for recovering oil from existing reser-
Voirs.

In primary methods of oil recovery, natural
expulsive forces (such as physical expansion)
drive the oil out of the formation. In secondary
methods of recovery, a fluid such as water or
natural gas is injected into the reservoir to force
the oil to the well. Approximately 50 percent of
domestic crude in recent years has been ob-
tained through secondary recovery.

Recently, new methods of oil recovery have
been added to primary and secondary methods,
which are called tertiary, improved, or en-
hanced oil recovery (EOR) techniques. They em-
ploy chemical and physical methods that in-
crease the mobility of oil, making it easier for
other forces to drive it out of the ground. The
major target for EOR is the oil found in sand-
stone and limestone formations. It is here that
applied genetics may play a major role,
engineering micro-organisms to aid in recovery.

Qil susceptible to these processes is localized
in reservoirs and pools at depths ranging from
100 ft to more than 17,000 ft. In these areas, the
oil is adsorbed on grains of rock, almost always
accompanied by water and natural gas. The

physical association of the trapped oil and the
surrounding geological formations varies signif-
icantly from site to site. The unknown charac-
teristics of these variations are largely respon-
sible for the economic risk in an attempted EOR.

Enhanced oil recovery

Of the original estimated volume of more
than 450 billion barrels (bbl) of U.S. oil reserves,
about 120 billion bbl have been recovered by
primary and secondary techniques, and another
30 billion bbl are still accessible by these
methods. The remaining 300 billion bbl how-
ever, are probably recoverable only by EOR
methods. These figures include the oil remain-
ing in known sandstone and limestone reser-
voirs and exclude tar sands and oil shale.

Four EOR processes are currently used. All
are designed to dislodge the crude oil from its
natural geological setting:

« In thermal processes, the oil reservoir is
heated, which causes the viscosity of the oil
to decrease, and with the aid of the
pressure of the air introduced, supports
the combustion that forces the petroleum
to the producing well. Thermal processes
will not be improved by genetic technol-
ogies.

« Various crude oils differ in their viscosity—
ability to flow. Primary and secondary
methods can easily remove those that flow



120 . Impacts of Applied Genetics—Micro-Organisms, Plants, and Animals

as readily as water, but many of the reser-
voirs contain oil as viscous as road tar.
Miscible processes use injected chemicals
that blend with the crude oil to form mix-
tures that flow more readily. The chemi-
cals used include alcohols, carbon dioxide,
petroleum hydrocarbons such as propane
and butane-propane mixtures, and petrole-
um gases. A fluid such as water is generally
used to push a “slug” of these chemicals
through the reservoir to mix with the
crude oil and move it to the surface.

. Chemicals are also used in alkaline flood-
ing, polymer flooding, and combined sur-
factant/polymer flooding.

In alkaline flooding, sodium hydroxide, sodi-
um carbonate, or other alkaline materials are
used to enhance the flow of oil. Neither natural
nor genetically engineered micro-organisms are
considered useful in this process.

Polymer flooding is a recent apparently suc-
cessful method of recovery. It depends on the
ability of certain chains of long molecules,
known as polymers, to increase the viscosity of
water. Instead of altering the characteristics of
the crude oil, the aim is to make the injected
water more capable of displacing it.

In the combined surfactant/polymer flooding
technique, a detergent-like material (surfactant)
is used to loosen the oil from its surrounding
rock, while water that contains a polymer to in-
crease its viscosity is used to drive the oil from
the reservoir. (See figure 27.)

. Other EOR methods include many novel
possibilities, such as the injection of live
micro-organisms into a reservoir. These
may produce any of the chemicals used in
miscible and chemical processes, from sur-
factants and polymers to carbon dioxide.
One target for EOR is the half million strip-
per wells (producing less than 10 barrels
per day (bbl/d) in the United States.

MICROBIAL PRODUCTION OF CHEMICALS
USED IN EOR

EOR methods that use chemicals tend to be
expensive because of the cost of the chemicals.
Nevertheless, potentially useful polymers were

Figure 27.-Chemical Flooding Process
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SOURCE: Office of Technology Assessment, Enhanced Oil Recovery Potential
in the United States (Washington, D. C.: U.S. Government Printing Of-
fice, January 1978).

found in the early 1960’s and have since been
responsible for the recovery of more than 2
million bbl. Polymers such as polyacrylamide
and xanthan gum can increase the viscosity of
water in concentrations as low as one part in a
thousand. Xanthan gum is readily made in large
quantities by micro-organisms. Different strains
of Enterobacler aerogenes produce a wide varie-
ty of other polymers. A useful biopolymer—one
formed by a biological process—might be de-
signed specifically to improve oil recovery.

Xanthan gum, produced by Xanthomonas
campestrisand currently marketed by the Kelco
division of Merck & Co., Inc., is useful but far
from ideal for oil recovery. While it has ex-
cellent viscous properties, it is also very expen-
sive. Furthermore, unless it is exceptionally
pure, it can plug reservoir pores, since the fluid
often has to travel through hundreds of meters
of fine pores. To avoid such plugging, the fluid
must be filtered to remove bacterial debris be-
fore it is injected.

Nevertheless, micro-organisms can be se-
lected or genetically engineered to overcome
many obvious difficulties. * With improved
properties, polysaccharides (polymeric sugars)

« A good organism, for example, might have the following
desired properties: nonpathogenic to humans, plants, or animals;
rapid growth on simple, cheap raw materials; ease of separation
from its products; limited detrimental effect on reservoirs, e.g.,
plugging; easy disposal of cells, e.g., byproduct credits; ability to
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obtained by microbial fermentation could com-
pete with those obtained from alternative
sources, especially seaweed. Controlled fermen-
tation is not affected by marine pollution and
weather, and production could be geared to
market demand.

Biological processes have disadvantages pri-
marily in the costs of appropriate raw materials
and in the need for large quantities of solvent.
Current efforts to find cheaper raw materials,
such as sugar beet pulp and starch, show prom-
ise. The need for solvents to precipitate and con-
centrate the polymers before shipment from
plant to field can be circumvented by producing
them onsite.

Micro-organisms can also produce substances
like butyl and propyl alcohols that can be used
as cosurfactants in EOR. It has been calculated
that if n-butanol were used to produce crude oil
at a level of 5 percent of U.S. consumption, 2
billion to 4 billion Ib per year—or four to eight
times the current butanol production—would
be required. Micro-organisms capable of pro-
ducing such surfactants have been identified,
and genetically superior strains were isolated
several decades ago at the Northern Regional
Research Laboratories in Illinois. Other chem-
icals, such as alcohols that increase the rate of
formation and stability of chemical/crude oil
mixtures and the agents that help prevent pre-
cipitation of the surfactants, have also been pro-
duced by microbial systems.

The uncertainties of the technical and eco-
nomic parameters are compounded by the lack
of sufficient field experiments. Laboratory tests
cannot be equated with conditions in actual oil
wells. Each oil field has its own set of character-
istics—salinity, pH (acidity and alkalinity),
temperature, porosity of the rock, and of the
crude oil itself—and an injected chemical be-
haves differently in each setting. In most cases,
not enough is known about a well’s characteris-
tics to predict the nature of the chemical/crude
oil interaction and to forecast the efficiency of
oil recovery.

use water available at site; growth under conditions that discour-
age the growth of unwanted micro-organisms; no major problems
in culturing the bacterium; and genetic stability.

IN SITU USE OF MICRO-ORGANISMS
One alternative to growing micro-organisms
in large fermenters then extracting their chem-
ical products and injecting them into wells, is to
inject the micro-organisms directly into the
wells. They could then produce their chemicals
in situ.

Unfortunately, the geophysical and geochem-
ical conditions in a reservoir seldom favor the
growth of micro-organisms. High temperature,
the presence of sulfur and salt, low oxygen and
water, extremes of pH, and significant engi-
neering hurdles make it difficult to overcome
these limitations. The micro-organisms must be
fed and the microenvironment must be care-
fully adjusted to their needs at distances of hun-
dreds to thousands of feet. The oil industry has
already had discouraging experiences with
micro-organisms in the past. In the late 1940’s,
for instance, the injection of sulfite-reducing
micro-organisms, along with an inadvertently
high-iron molasses as a carbon source, resulted
in the formation of iron sulfide, which clogged
the rock pores. One oil company developed a
yeast to break down petroleum, but the size of
the yeast cells (5 to 10 micrometers, um) was
enough to clog the 1-um pores.

Nevertheless, information from geomicrobi-
ology suggests that this approach is worth pur-
suing. Preliminary field tests have also been en-
couraging. The injection of 1 to 10 gal of Bacillus
or Clostridium species, along with a water-
suspended mixture of fermentable raw materi-
als such as cattle feed molasses and mineral
nutrients, has resulted in copious amounts of
carbon dioxide, methane, and some nitrogen in
reservoirs. The carbon dioxide made the crude
less viscous, and the other gases helped to
repressurize the reservoir. In addition, large
amounts of organic acids formed additional car-
bon dioxide through reactions with carbonate
minerals. The production of microbial sur-
factants further aided the process.

Although previous assessments have argued
that reservoir pressure is a significant hin-
drance to the growth of micro-organisms, more
recent studies indicate the contrary. The micro-
organisms must, however, be selected for in-
creased salt and pH tolerance.
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EOR AND GENETIC ENGINEERING

The current research approach, funded by
the Department of Energy (DOE) and, independ-
ently, by various oil companies, is a two-phase
process. The first phase is to find a micro-
organism that can function in an oil reservoir
environment with as many of the necessary
characteristics as possible. The second is to alter
it genetically to enhance its overall capability.

The genetic alteration of micro-organisms to
produce chemicals used in EOR has been more
successful than the alteration of those that may
be used in situ. * However, recombinant DNA
(rDNA) technology has not been applied in ei-
ther category. All efforts have employed artifi-
cially induced or naturally occurring mutations.

CONSTRAINTS TO APPLYING GENETIC
ENGINEERING TECHNOLOGIES IN EOR
The genetic data base for micro-organisms
that produce useful polysaccharides is weak.
Few genetic studies have been done. Hence, the-
oretically plausible approaches such as transfer-
ring enzyme-coding plasmids (see ch. 2) for
polysaccharide synthesis, cannot be seriously
contemplated at present. Only the crudest
methods of genetic selection for desirable prop-
erties have been used thus far. They remain the
only avenue for improvement until more is
learned about the micro-organism’s genetic
mechanisms.

The biochemical data base for the character-
istics of both the micro-organisms and their
products is also lacking. The wide potential for
chemical reactions carried out by microbes re-
mains to be explored. At the same time, a sys-
tem must be devised to allow easy characteriza-
tion, classification, and comparison of products
derived from a variety of micro-organisms.

The physical data base for oil reservoirs is
limited. The uniqueness of each reservoir sug-
gests that no universal micro-organism or meth-
od of oil recovery will be found. Compounding

« Some of the goals have been to: improve polymer properties to
enhance their commercial applicability; improve polymer produc-
tion (a major mistake has been to reject a micro-organism in the

initial screening because its level of production was too low); im-

prove culture characteristics, e.g., resistance to phage, rapid
growth, ability to use cheaper raw materials; and eliminate en-
zymes that naturally degrade the polymers.

this problem is the lack of sufficient physical,
chemical, and biological information about the
reservoirs, without which it is difficult to see
how a rational genetic scheme can be con-
structed for strains. Clearly, the activities of
micro-organisms under specified field condi-
tions cannot be studied unless researchers
know what the appropriate conditions are.

Three institutional obstacles exist. First, publi-
cation in this field is limited because most re-
search is carried out in the commercial world
and remains largely confidential. Second, nei-
ther the private nor the public sector has been
enthusiastic about the potential role of micro-
organisms in EOR, The biological approach has
only recently been given consideration as a way
to advance the state of the art of the technology,
and most oil companies still have limited staffs
in microbiology. To date, DOE’s Division of
Fossil Fuel Extraction has conducted the main
Federal effort. Third, any effort to use micro-
organisms must be multidisciplinary in nature.
Geologists, microbiologists (including microbial
physiologists and geneticists), chemists, and
engineers must interact to evolve successful
schemes of oil recovery. Thus far, such teams
do not exist.

Environmental and legal concerns have also in-
hibited progress. Microbial EOR methods usual-
ly require significant quantities of fresh water
and thus may compete with municipal and agri-
cultural uses. Furthermore, the use of micro-
organisms introduces concerns for safety. All
strains of Xanthomonas, which produce xanthan
gum polymer, are plant pathogens. Other
micro-organisms with potential, such as Scleroti-
um rolfii and various species of Aureobasidium
have been associated with lung disease and
wound infections, respectively.

Immediate environmental and legal concerns,
therefore, arise from the potential risks associ-
ated with the release of micro-organisms into
the environment. When they naturally cause
disease or environmental disruption, their use is
clearly limited. And when they do not, genetic
engineering raises the possibility that they
might. Such concerns have reduced the private
sector’s enthusiasm for attempting genetic
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engineering. (See ch. 10 for a more detailed
discussion of risk.)

GENETIC ENGINEERING OF MICRO-ORGANISMS
FOR USE IN OTHER ASPECTS OF OIL
RECOVERY AND TREATMENT

Two other aspects of microbial physiology
deserve attention: the microbial production of
oil muds or drill lubricants, and the treatment
of oil once it has been recovered. Drilling muds
are suspensions of clays and other materials
that serve both to lubricate the drill and to
counterbalance the upward pressure of oil. Mi-
crobially produced polysaccharides have been
developed for this use. Exxon holds a patent on
a formulation based on the production of xan-
than gum, from Xanthomonas campestris, while
the Pillsbury Co. has developed a polysac-
charide (glucan) from various species of Scler-
otium. At least two of the small genetic
engineering firms have begun research pro-
grams to develop biologically produced polysac-
charides with the desired lubricant qualities.

Interest in the postrecovery microbial treat-
ment of oil after its extraction centers around
the ability of micro-organisms to remove un-

Pollution control

desirable constituents from the crude oil itself.
As an indication of recent progress, three dis-
tinct microbial systems have been developed to
help remove aromatic sulfur-containing mate-
rial, a major impurity.

Overview of genetic engineering in
mining and oil recovery

The underlying technical problem with the
use of genetically engineered organisms in
either mining or oil recovery is the magnitude
of the effort. In both cases, large areas of land
and large volumes of materials (chemicals, flu-
ids, micro-organisms) must be used. The results
of testing any new micro-organism in a labora-
tory cannot automatically be extrapolated to
large-scale applications. The change in
magnitude is further complicated by the lack of
rigid controls. Unlike a large fermenter whose
temperature, pH, and other characteristics can
be carefully regulated, the natural environment
cannot be controlled. Nevertheless, despite the
formidable obstacles, the potential value of the
products in these areas assures continuing ef-
forts.

Life is a cycle of synthesis and degradation—
synthesis of complex molecules from atoms and
simple molecules and degradation by bacteria
yeast, and fungi, back to simpler molecules and
atoms when organisms die. The degradation of
complex molecules is an essential part of life.
Without it, “. . . we’d be knee-deep in dino-
saurs. ™ A more quantitative statement is equal-
ly thought provoking. Livestock in the united
States produce 1.7 billion tons of manure an-
nually. Almost all of it is degraded by soil micro-
organisms.

For a long time people have exploited micro-
bial life forms to degrade and detoxify human
sewage. Now, on a smaller scale, science is

‘R. B. rial Sun “Bacterial Supplementation, What It Can and Can-
not Do. " oral presentation to the Ninth Engineering Foundation on
Environmental Engineering in the Food Processing Industry, 1979
(Available from Flow Laboratories, Inc., Md.)

beginning to use micro-organisms to deal with
the pollution problems presented by industrial
toxic wastes. Chemicals in their place can be
useful and beneficial; out of place, they can be
polluting.

Pollution problems can be divided into two
categories: those that have been present for a
long time in the biosphere-e. g., most hydro-
carbons encountered in the petroleum industry
and human and animal wastes—and those that
owe their origin to human inventiveness-e. g.,
certain pesticides. Chemicals of both sorts,
through mishap, poor planning, or lack of
knowledge at the time of their application
sometimes appear in places where they are
potentially or actually hazardous to human
health or the environment.

Pollution can be controlled by microbes in
two ways: by enhancing the growth and activity
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of microbes already present at or near the site
of the pollution problem, and by adding more
(sometimes new) microbes to the pollution site.
The first approach does not provide an oppor-
tunity for applying genetics, but an example will
indicate how it functions.

Enhancing existing microbial
degradation activity

Sun Qil successfully exploited indigenous
microbes to clean up a 6,000 gal underground
gasoline spill that threatened the water supply
of a town in Pennsylvania. z °First, engineers
drilled wells to the top of the water table and
used pumps to skim gasoline from the water
surface. About half the gasoline was removed in
this fashion, but company calculations showed
that dissipating the remaining gasoline would
require about 100 years. To speedup the proc-
ess, it was decided to encourage the growth of
indigenous bacteria that could degrade the
gasoline.

Pollution-control microbes, like all organisms,
require a number of different elements and
compounds for growth. If the amount of any
nutrient is limited, the microbe will not be able
to metabolize the pollutant at the fastest rate.
The cleanup depended on increasing the
growth rate of the bacteria by supplying them
with additional nutrients. In the case of the
gasoline-degrading bacteria, the gasoline al-
ready supplied the hydrocarbon, but the water-
gasoline environment was deficient in nitrogen,
phosphate, and oxygen. Those three nutrients
were pumped down to the water table, bacterial
growth increased, and the gasoline was metabo-
lized into innocuous chemicals by the bacteria.
As a result, it was degraded in a single year.

Adding microbes to clean up pollution

Genetics may have important applications in
approaches to pollution control that depend on

‘R. L. Raymond, V. W.Jamison, J. O. Hudson, “Beneficial Stimu-

lation of Bacterial Activity in Groundwaters Containing Petroleum
Products,” AIChE symposium series 73:390-404, 1976.

V. W. Jamison, R. L. Raymond, J. O. Hudson, “Biodegradation of

High-Octane Gasoline, ” Proceedings of the Third International Bio-
degradation Symposium, J. M. Sharpley and A. M. Kaplan feds.)
(City????: Applied Science Publishers, 1976).

adding microbes to the pollution site. Three
firms—Flow Laboratories, Polybac Corp., and
Sybron/Biochemicals Corp.—sell microbes for
such use. Two companies select bacteria for en-
hanced degradation activity and two mutate
bacteria to the same end, but none of the three
firms currently uses genetic engineering tech-
niques.

Some “formulations” (mixtures) of bacteria
are designed to degrade particular pollutants,
such as one that was used to digest the 800,000
gal of oily water that lay in the bilges of the
Queen Mary. After a 6-week treatment with the
formulation, the water from the bilges was
judged safe for disposal into the Long Beach,
Calif., harbor. It was discharged without caus-
ing an oil slick or harming marine life. g Flow
Laboratories markets its services to companies
with industrial pollution problems. It investi-
gates the problem, develops a formulation to
degrade the pollutants, and sells it.

In addition to industrial pollution problems,
Flow markets its products and services for use
in sewerage systems, which collect and hold
human wastes to facilitate degradation and de-
toxification. Sludge bacteria in sewerage plants
degrade the waste, but they are not present in
the lines that carry wastes to the treatment
plant. As a result, greases and oils from fat dis-
carded through garbage disposals and from cos-
metic oils and creams coat the inside of sewer-
age lines and reduce their carrying capacity.’

Cities have resisted using added microbes in
sewerage systems. Standard textbooks simply
state that the ideal bacteria will establish them-
selves in a well-planned and well-managed sys-
tem. The idea that “better” bacteria can be
added to improve the plant operation is not
readily accepted.

The value of adding bacteria to large sewer-
age sytems has not been adequately tested.
Because of the size of municipal systems (which
already contain tons of sludge bacteria), some
have argued that adding a few additional

“Anon., Environmental Science and Technology 13:1180, 1979.

‘R. E. Kirkup and L. R. Nelson, “City Fights Grease and Odor
problems in Sewer Systems,” Public Works Magazine, October
1977.
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pounds of bacteria is unlikely to have any effect.
Thus far, the Environmental Protection Agency
(EPA) has not recommended adding bacteria to
municipal systems; however, EPA suggests that
they might be useful in smaller installations and
for specific problems in large systems.

Dry formulations are available for use in
cleaning drains and pipes in smaller installa-
tions, such as restaurants and other food proc-
essing facilities. In restaurants, the bacteria are
added to the drain at the end of the workday.
Bacteria have been selected for their inability to
produce hydrogen sulfide, which means that
the degrading process does not produce the un-
pleasant odors frequently encountered in the
digestion of oils and fats.’

As of November 1979, the pollution control
industry had few plans for the genetic manipu-
lation of bacteria, except for the selection of
naturally occurring better performers. Con-
sumer resistance to “mutants” is a factor that
discourages the move to microbial genetics.
Probably even more important is the high cost
of establishing and maintaining microbial genet-
ics laboratories. It has been estimated that the
cost of carrying a single Ph. D. microbial geneti-
cist is over $100,000 annually.' This expense is
quite high relative to the $2 million to $4 million
sales of all biological pollution control com-
panies in 1978.°

Resistance to the use of genetically manip-
ulated bacteria is not universal. Many industrial
wastes are oxidized to nontoxic chemicals by
biological treatment in aerated lagoons. The
process depends on the presence of microbes in
the lagoons; over time, those that grow best on
the wastes come to dominate the microbial pop-
ulations. Three companies now sell bacteria
that they claim outperform the indigenous
strains found in the lagoons. E.g., the Polybac

‘ANON., swaoe That Sewage System With ypens; Environmental
Science and :1198-1199 ra~ 198-1199, 1979.

‘Anon., “Biotechnology DNA Research Expenditures in U.S. May
Reach $500 Million in 1980, With About $150-200 Million for Com-
mercial Products,” .. :told. Drug Research Reports, “The Blue
Sheet, ” May 28, 1980, p. 22.

pee 1 Business Week, July 5, 1976, p. 280; Chemical Week
121:47, 1977; and Food Engineering 49: 138, 1977, cited in T. naui
ner, “Microorganisms for Waste Treatment, ” Microbial ‘Non-Ri
11, (2 cd., vol. I, (London: Academic Press, 1979), pp. 211-222.

Corp. has sold its products to all seven Exxon
biological waste treatment plants to treat chem-
ical wastes. One of its formulations has been
used to degrade toxic dioxins from an herbicide
spill. One month’s treatment with the bacterial
formulation reduced the orthochlorophenol
concentration from 600 to 25 ppm in a 20,000 -
gal lagoon.’

Sybron/Biochemical, a division of Sybron
Corp., sells cultures of bacteria that are in-
tended to aid in the biological oxidation of in-
dustrial wastewater; this company also lists 20
different cultures for application to specific
wastes. Patent number 4,199,444 was granted
on April 22, 1980, for a process involving the
use of a mutant bacterial culture to decolor
waste water produced in Kraft paper process-
ing.” Other patents are pending on a mixture of
two strains that degrade grease and a strain that
degrades “nonbiodegradable” detergents.

There is disagreement about the value of add-
ing microbes to decontaminate soils or waters.
One point of view argues that serious spills fre-
quently sterilize soils, and that adding microbes
is necessary for any biodegradation. The other
contends that encouraging indigenous microbes
is more likely to succeed because they are ac-
climated to the spill environment. Added bac-
teria have a difficult time competing with the
already-present microbial flora. In the case of
marine spills, bacteria, yeast, and fungi already
present in the water participate in degradation,
no one has been able to demonstrate the useful-
ness of added microbes.

Commercial applications—market size
and prospects

The estimated market size of pollution-con-
trol biological products in 1978 was $2 million to
$4 million, divided among some 20 companies,

=  footnote 6.

« Davis, J. E. Blair, and n W. Randall, “Communicant ion:
Development of Color Removal Potential in Organisms Treating
Pulp and Paper Wastewater,” J. Water Pollution Control Fed.,

v agp 1978, pp. 382-385.

o1 4 Teken 1 Nonam Cantr £02M Control .....

Of ..enr » 1. Detergent,” Industrial Wastes, January/February 1980;
L. David, J. E. Blair, and C. Randall, ‘(Mixed Bacterial Cultures Leak
‘Non-Biodegradable’ Detergent,” industrial Wastes, May/June
1979.
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and the potential market was estimated to be as
much as $200 million.”These estimates can be
compared to Polybac’s own sales records. In
1976, its first year, its sales totaled $0.5 million
and in 1977, $1.0 million. It expects to reach $5
million in 1981.

To date genetically engineered strains have
not been applied to pollution problems. At least
one prominent genetic engineering company
has decided not to enter the pollution control
field, concluding that it was improbable that
added microbes could compete with indigenous
organisms. More specifically, the possibility of
liability problems make the approach even less
attractive. Pollution control requires that “new”
life forms be released into the environment,
which is already seen as precariously balanced.
Such new forms might cause health, economic,
or environmental problems. The problems of
liability that might arise from such applications
are enough to deter entrepreneurs from con-
templating work in the field at this time.

An additional reason for the reluctance of
some companies to engage in this activity is that
the opportunities for making money are limited.
Selling microbes, rather than their products,
may well be a one-shot opportunity. The mi-
crobes, once purchased, might be propagated
by the buyer. Nevertheless, at least two small
companies have announced that they are pursu-
ing efforts to use genetic engineering.

The low-key efforts in this field might accel-
erate quickly if a significant breakthrough oc-
curred, To date, no “new” organism has ap-
peared that will degrade previously intractable
chemicals. The effect of such a development
might be enormous.

Genetic research in pollution control

The Oil and Hazardous Materials Spills
Branch of EPA currently supports research
aimed at isolating organisms to degrade three
specific chemical compounds. The work is being
carried out on contract; as of November 1979,
no field trials of the organisms had been under-

“See footnote 8.

taken. Two of the toxic chemicals, pentachoro-
phenol and hexachlorocyclopentadiene, are
relatively long-lived compounds and present
long-term problems. A fungus and a bacterium
that can degrade the first compound have been
isolated,”and Sybron/Biochemical already sells
a culture specifically for pentachlorophenol
degradation. The third toxic compound is meth-
yl parathion. Its inclusion is more difficult to
understand, since it is degraded within a few
days after its application as a pesticide.

Efforts have been made to isolate bacteria
that can degrade (2,4-dichlorophenoxy) acetic
acid (2,4-D) and (2,4,5-trichlorophenoxy) acetic
acid (2,4,5-T), the components of Agent
Orange."Strains of the bacterium Alcaligenes
paradoxus rapidly degrade 2,4-D, and the
genetic information for the degradation activity
has been located on a plasmid. The investigator
who found that strain, while optimistic about
the opportunities for isolating and transferring
other resistance genes, has been unable to find
a bacterium that degrades 2,4,5-T or its very
toxic contaminant, 2,3,7,8-tetrachlorodibenzo-
para-dioxin (TCDD or dioxin).

By far the best known research in this area is
that of Dr. Ananda M. Chakrabarty who engi-
neered two strains of Pseudomonas, each of
which has the ability to degrade the four classes
of chemicals found in oil spills. Chakrabarty
began with four different strains of Pseudo-
monas. None of them presented a threat to
human health, and each could degrade one of
the four classes of chemicals. His research
showed that the genes controlling the degrading
activities were located on plasmids. Taking ad-
vantage of the relative ease of moving such
genes among bacteria, he produced two recom-
binant bacteria.

Chakrabarty has presented evidence that his
bacterium degrades complex petroleum mix-
tures such as crude oil or “Bunker C* oil, and he

e K 3 P. E. rhima S. G. Brownlee, and R. S. Valentine,
“Laboratory Feasibility and Pilot Plant Studies: Novel Biodegrada-
tion Processes for the Ultimate Disposal of Spilled Hazardous
Materials, ” National Environment Research Center, U.S. Environ-
mental Protection Agency, Cincinnati, Ohio, 1978.

- 141 a1 “pesticide Degrading ~ m~....a A Biological
Answer to Environmental Pollution by paiiition hv Phenay dsasts:
1979.
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has proposed a method for using it to clean up
oil spills. The bacteria are to be grown in the
laboratory, mixed with straw, and dried. The
bacteria-coated straw can be stored until
needed, then dropped from a ship or aircraft
onto oil spills. The straw absorbs the oil and the
bacteria degrades it. “To completely cleanup a
spill will probably require mechanical efforts in
addition to the biological attack. It was the pro-
duction of one of Chakrabarty’s strains that led
to the Supreme Court decision on “the patenting
of life. ” (See ch. 12 for further details.)

The essential difference between the well-
publicized Chakrabarty approach and a less
well-known one is that all the desired activities
in Chakrabarty’s approach are combined in a
single organism; while in the other method,
bacteria bearing single activities are mixed
together to yield a desired “formulation.” In yet
another approach, Sybron/Biochemical uses
mutation and selection to produce specialized
degradation activities. It also sells mixed
cultures for some applications.

The single-organism, multiple-enzyme system
has the advantage that every bacterium can at-
tack a number of compounds. The mixed for-
mulations allow the preferential proliferation of
bacteria that feed on the most abundant chem-
ical; then, as that chemical is exhausted, other
bacteria, which flourish on the next most abun-
dant chemical, become dominant. The pref-
erential survival of only one or a few strains in a
mixed formulation might result in no bacteria
being available to degrade some compounds.
The multienzyme bacteria, on the other hand,
can degrade one chemical after another, or
alternatively, more than one at the same time.

Federal research support for
engineering microbes to detoxify
hazardous substances

EPA currently limits its support to research
aimed at selecting indigenous microbes, an area

436 573, 19, 1976, Patent hes

London, England.

that has already attracted some commercial
research support. Commercial firms are looking
for large-scale markets, such as sewerage sys-
tems, or commonly occurring smaller markets,
such as gasoline spills and common industrial
wastes.

Whatever potential exists in identifying,
growing, and using naturally occurring mi-
crobes for pollution control pales beside the op-
portunities offered by engineering new ones,
Unfortunately, the potential risks increase as
well. EPA has taken a preliminary step toward
assessing the risks by soliciting studies to deter-
mine what environmental risks may exist from
accidentally or deliberately released engineered
microbes.

Summary

While some unreported efforts may be
underway, genetics has apparently been little
applied to pollution abatement. Nevertheless,
the production of “new” life forms that offer a
significant improvement in pollution control is a
possibility. The constraints are questions of
liability in the event of health, economic, or en-
vironmental damage; the contention that added
organisms are not likely to be a significant im-
provement; and the assumption that selling
microbes rather than products or processes is
not likely to be profitable.

The factors that have discouraged develop-
ments in this area would probably become less
deterring if convincing evidence were found
that microbes could remove or degrade an in-
tractable pollutant. In the meantime, the re-
search necessary to produce marked improve-
ments has been inhibited. Overcoming this in-
hibition may require a governmental commit-
ment to support the research, to buy the
microbes, and to provide for protection against
liability suits. Such a governmental role would
be in keeping with its commitment to protecting
health and the environment from the toxic ef-
fects of pollutants.
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Issue and Options—Biotechnology

ISSUE: How can the Federal Govern-
ment promote advances in bio-
technology and genetic engi-
neering?

The United States is a leader in applying ge-
netic engineering and biotechnology to indus-
try. One reason is the long-standing commit-
ment by the Federal Government to the funding
of basic biological research; several decades of
support for some of the most esoteric basic re-
search has unexpectedly provided the founda-
tion for a highly useful technology. A second is
the availability of venture capital, which has al-
lowed the formation of small innovative compa-
nies that can build on the basic research.

The argument for Government promotion of
biotechnology and genetic engineering is that
Federal help is needed in those high priority
areas not being developed by industry.

The argument against such assistance is that
industry will develop everything of commercial
value without Federal help.

A look at what industry is now attempting in-
dicates that sufficient investment capital is
available to pursue specific manufacturing ob-
jectives, such as for interferon and ethanol, but
that some high-risk areas that might be of in-
terest to society, such as pollution control, may
need promotion by the Government. Other
areas, such as continued basic biological re-
search, might not be profitable soon enough to
attract industry’s investment, Specialized educa-
tion and training are areas in which the Govern-
ment has already played a major role, although
industry has both supported university training
and conducted its own inhouse training.

OPTIONS:

A. Congress could allocate funds specifically for
genetic engineering and biotechnology R&D in
the budget of appropriate agencies, such as
the National Science Foundation (NSF), the
U.S. Department of Agriculture (USDA), the
Department of Health and Human Services
(DHHS), the Department of Energy (DOE), the

Department of Commerce (DOC), and the De-
partment of Defense (DOD).

Congress has a long history of recognizing
areas of R&D that need priority treatment in
the allocation of funds. Biotechnology has not
been one of these. Even though agencies like
NSF receive congressional funding, its Alter-
native Biological Sources of Materials program
is one of the few applied programs that is not
congressionally mandated. As a result, the fiscal
year 1980 budget saw a reduction in the alloca-
tion of funds, from $4.1 million in 1979 to $2.9
million. A congressionally mandated program,
analogous to the successful NSF Earthquake
Hazard Mitigation program, could be written
into law. other programs, such as the com-
petitive grants program at USDA (or the Office
of Basic Biological Research at DOE), are also
modestly funded.

Increasing the amount of money in an agen-
cy’s biotechnology program could bring criti-
cism from other programs within each agency if
their levels of funding are not increased com-
mensurately. The Competitive Grants Program
at USDA has similar problems; those who are
most critical of it argue that it should not take
funds from traditional programs. Nevertheless,
Congress could promote two types of programs:
those with long-range payoffs (basic research),
and those which industry is not willing to un-
dertake but that might be in the national in-
terest.

B. Congress could establish a separate Institute
of Biotechnology as a funding agency.

The merits of a separate institution lie in the
possibility of coordinating a wide range of ef-
forts, all related to biotechnology. Among pres-
ent organizations, biotechnology and applied ge-
netics cut across several institutes and divisions
within them. Medically oriented research falls
primarily under the domain of the National In-
stitutes of Health (NIH). EPA is concerned with
the prevention of pollution; while NSF’s effort in
biotechnology has been restricted to modest
support scattered through several divisions.
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The creation of an organization such as the Na-
tional Technology Foundation (H.R. 6910) would
represent the kind of commitment to engineer-
ing, in general, that currently does not exist.

Competition for funds within other agencies
would be avoided, since funding would now oc-
cur at the level of congressional appropriations.
A separate institute, carrying the stamp of
Government recognition, would make it clear to
the public that this is a major new area with
great potential. This might foster greater aca-
demic and commercial interest in biotechnology
and genetic engineering.

On the other hand, biotechnology and genetic
engineering cover such a broad range of disci-
plines that a single agency would overlap the
mandates of existing agencies. Furthermore, the
creation of yet another agency carries with it all
the disadvantages of increased bureaucracy and
competition for funds at the agency level.

C. Congress could establish research centersin
universities to foster interdisciplinary ap-
proaches to biotechnology. In addition, a pro-
gram of training grants could be offered to
train scientists in biological engineering.

The successful use of biological techniques in
industry depends on a multidisciplinary ap-
proach involving biochemists, geneticists, mi-
crobiologists, process engineers, and chemists.
Little is now being done, publicly or privately,
to develop expertise in this interdisciplinary
area.

In 1979, President Carter proposed the crea-
tion of generic technology centers (useful to a
broad range of industries) as one way to stim-
ulate innovation. The centers would conduct
the kind of research that an individual company
might not consider cost effective, but that might
ultimately benefit several companies. Each cen-
ter would be jointly funded by Government and
industry, with Government providing the seed
money and industry carrying most of the costs
within 5 years. If the centers were established
at universities, startup costs could be mini-
mized.

Several congressional bills contain provisions
for centers similar to these. For example, on

October 21, 1980, President Carter signed into
law a bill (S. 1250) that would establish Centers
for Industrial Technology to foster research
links between industry and universities. They
would be affiliated with a university or non-
profit institution.

One or more of these centers could be specifi-
cally designated to specialize in biotechnology.
In addition, training grants could be used to
support the education of biotechnologists at the
centers or elsewhere. Currently, there is no na-
tionwide training program to train students in
this discipline. Education programs, especially
for the postgraduate and graduate training of
engineers, could further the idea of using bio-
logical techniques to solve engineering prob-
lems.

D. Congress could use tax incentives to stimulate
biotechnology.

The tax laws could be used to stimulate bio-
technology in several ways. First, they could ex-
pand the supply of capital for small high-risk
firms, which are generally considered more in-
novative than established firms, because of
their willingness to undertake the risks of in-
novation. Much of the pioneering work in the
industrial application of genetic techniques has
been done by such firms. By nature, they are
speculative, high-risk investments. Second, the
tax law could provide special subsidies to new
high-technology firms, which cannot use the
standard investment incentives, such as the in-
vestment tax credit, because they usually have
no taxable profits for the first several years
against which to apply the tax credit. Third, tax
incentives could be provided for both estab-
lished and new firms to make the investment of
money for R&D more attractive.

There are a number of ways to expand the
supply of venture capital. One is to decrease the
tax rate on capital gains or the period an asset
must be held for it to be considered a capital
gain rather than ordinary income. This change
could be limited to stocks in high-technology
firms in order to focus its impact and minimize
revenue loss. Other options involving the stock
of high-technology companies are: a tax credit
to the investor who purchases the stock; defer-
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ment of capital gains taxes on the sales of these
stocks if the proceeds are reinvested into simi-
larly qualifying stock; and more liberal capital
loss provisions.

In addition to focusing on the supply of cap-
ital, tax policy could attempt to directly increase
the profitability of potential growth companies.
Since most are not profitable for several years,
they cannot take full advantage of the invest-
ment tax credit—or even the provision for car-
rying net operating losses back 3 years and for-
ward 7 years to offset otherwise taxable profits.
Two proposals may remedy this situation. First,
the investment tax credit could be refundable to
the extent it exceeded any tax liability of the
firm. A preliminary estimate of the revenue loss
for this proposal was $1 billion for 1979. Sec-
ond, new companies could be permitted to
carry net operating losses forward for 10 years.
This change would give new firms the same
number of years over which to deduct losses as
established firms.

The final type of tax incentive is directed at
increasing R&D expenditures. Two major pro-
posals would permit companies to take tax cred-
its on a certain percentage of their R&D ex-
penses, and on contributions to universities for
research.

The R&D credit has been advocated for sev-
eral reasons. First, it would increase the after-
tax return on R&D investments, making them
more attractive. Second, it would reduce the
degree of risk on such investments; with a 10-
percent credit, the real after-tax expense of a $1
million investment is $900,000. Finally, it would
give firms maximum flexibility in selecting proj-
ects for investment.

Questions have been raised about the cost ef-
fectiveness of the credit. For calendar year
1980, the Treasury Department estimated the
cost of a lo-percent R&D credit to be $1.9 mil-
lion. Since R&D costs average only 10 to 20 per-
cent of the total cost of bringing a new product
or process to the market, the net reduction in
the cost of commercializing an invention would
be 1 to 2 percent. Moreover, the commercial
stage of innovation is thought to be riskier and
costlier than the technical stage. Another prob-

lem is that the credit maybe a windfall for firms
that would be investing in R&D anyway. Finally,
the credit would subsidize R&D devoted to
minor product changes or incremental improve-
ments in addition to R&D directed to more fun-
damental breakthroughs.

One of the provisions of a pending congres-
sional bill (H.R. 5829) provides for a credit of 25
percent for incremental research expenditures
above those for a base period. By limiting the
credit to incremental expenditures, the bill
would create a more cost-effective credit, if
passed.

The final type of tax credit would be for cor-
porate contributions to university research. The
Treasury Department estimated that a 25 per-
cent credit for research in all fields would cost
$40 million in 1980. This credit would be tar-
geted to more fundamental research and not to
the subsidy of short-term, incremental projects
that are usually a significant part of corporate
R&D budgets.

E. Congress could improve the conditions under
which U.S. companies can collaborate with
academic scientists and make use of the tech-
nology developed in universities in whole or in
part at the taxpayer expense.

Developments in genetic engineering have
kindled interest in this option. Nevertheless, the
Government’s role in fostering university-aca-
demic interaction is far from accepted. Such a
role may limit the flexibility of a cooperative ef-
fort. At the very least, disincentives such as pat-
ent restrictions could be removed.

The controversy has been summed up as fol-
lows.

At the next level of involvement, the Govern-
ment could identify potential partners, and fa-
cilitate negotiations. A more active role would
involve the Government’s providing startup
funds. Finally, the Government could be a third
partner, sharing costs with industry and the
university. In this case, too large a Government
role could lead to Federal intervention in activ-
ities that should be the responsibility of busi-
ness and industry.

‘Dennis 1De1 G. S. raver (¢ Science 207: 379-384, 1980,
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Certainly the Government can facilitate com-
munication; in the health field, NIH, for in-
stance, is an effective stimulus for contacts
among scientists.

The possible advantages and disadvantages of
university-industry interaction is illustrated by
a recent case involving a plan by Harvard Uni-
versity to collaborate with a genetic engineering
company. The plan had called for the establish-
ment of a corporation to commercialize the
results of research being done in the laboratory
of a Harvard molecular biologist, who would
have been a principal in the firm. The Univer-
sity would not have been involved in financing
or managing the firm, which would also have
been housed separately from the campus. How-
ever, Harvard would have derived substantial
income if the company proved successful
through a gift of 10 to 15 percent of the equity
and a royalty on sales. After much debate
among the Harvard faculty and educators na-
tionwide, the administration decided not to im-
plement the plan because of concerns about
possible adverse impacts on academic values.

proponents of such arrangements argue that
the universities should reap some return from
the commercialization of research conducted
by their staff. In addition, many universities are
pressed for money, and joint ventures or re-
search funding arrangements with industry
provide an attractive source of funds for re-
search programs, especially when Federal sup-
port may decline. In return, industry would
gain access to the kind of fundamental research
that is the foundation for innovation and ap-
pears to be especially crucial in the field of ge-
netic engineering, where the gap between basic
research and product development is smaller
than for other fields.

Opponents of these arrangements, especially
ones involving significant interaction as in the
Harvard plan, fear that the profit-seeking goals
of industry may be incompatible with academic
values. The following possible adverse impacts,
among others, have been articulated: 1) in-
crease in secrecy, to the detriment of the free
exchange of ideas so important in academia; 2)
discrimination by the university in its hiring and
promotion policies in favor of those doing the

revenue-producing research; and 3) distortion
in the direction of research and in the training
of graduate students.

F. Congress could mandate support for specific
research tasks, such as pollution control using
microbes.

Investment in creating microbes to degrade
pollutants is slow because the potential market
is thought to be small and because of the severe
liability problems that might arise from inten-
tional release of commercially supplied mi-
crobes.

But microbes may be useful in degrading in-
tractable waste and pollutants. Genetic deter-
minants for desired degradation activities may
be present in naturally occurring organisms, or
scientists may have to combine genes from dif-
ferent sources into a single organism. Current
research, however, is limited to isolating orga-
nisms from natural sources or from mutated
cultures. More elaborate efforts, involving re-
combinant DNA (rDNA) techniques or other
forms of microbial genetic exchange, will re-
quire additional effort.

A decision by the Federal Government to sup-
port research and to reduce liability concerns is
probably needed before the potential of micro-
bial control of pollution can be realized. Federal
activity might depend on the results of an eval-
uation of the technical feasibility of microbial
pollution control, which could be made by
either an interagency task force or a special
commission. If the evaluation is negative, Con-
gress might elect to do nothing to encourage the
technology. If the evaluation is positive, Con-
gress might select from the following sub-
options:

1. Initiate no research support nor any Fed-
eral relief from or limit on potential liabili-
ty claims. This option would not foreclose
private commercial efforts, but it would
limit them because of restricted research
funds and large liability questions. If suffi-
ciently large markets were anticipated or
found, the limitations would be overcome.

2. Initiate research support programs. Re-
search might be directed at problems
posed by particular pollutants (contract re-
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search). Federal support of biological re-
search is managed by several agencies, and
this course would create few, if any, major
administrative problems.

. Guarantee markets for particular prod-

ucts. In addition to patent protection,
which would be of little value in the case of
an organism purposefully disseminated
into the environment, the Government
could offer to buy desirable microbes. This
public sector market might provide enough
incentive to research to make Federal fund-
ing unnecessary, or the market incentive
and research support might be used jointly.

. Fix a limit on liability and set up liability in-

surance, funded partly or wholly by the
Government. This option would reduce the
financial risk for entrepreneurs who ven-
ture to clean up pollutants with microbes,
Such an insurance scheme would require
that a Federal agency (EPA, for instance) be
satisfied that little risk was attendent in the
use of the microbe.

. Arrange a scheme to test micro-organisms

for known and anticipated risks before
they are released. The Federal Government
might have to bear these costs as part of a
research program.

. Leave most efforts to industry and allow

each Government agency to develop pro-
grams in the fields of genetic engineering
and biotechnology as it sees fit.

This option, currently the status quo, seems
to be favored by some industry officials. If it is
worth doing, they argue, industry will do it. To
a large extent, the availability of venture capital
in the United States has allowed many com-
panies to pursue projects that are deemed prac-
tical and economically important. The produc-
tion of interferon, insulin, ethanol, ethylene
glycol, and fructose are cited as examples of
successful applications that were motivated by
industry.

Generic research, or research that is fun-
damentally useful to a broad range of com-
panies, will probably not be undertaken by any
one company. When the payoff does not come
soon enough, the Government has traditionally
taken the responsibility for funding the work.
E.g., NIH supported 717 basic research projects
involving rDNA in fiscal year 1980 at a cost of
$91.5 million. Similarly, high-risk research with
high capital costs would be likely targets for
Government support.

Leaving all R&D in industry’s hands would
still produce major commercial successes, but
would not ensure the development of generic
knowledge or the undertaking of high-risk proj-
ects.
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Chapter 8

The Application of Genetics to Plants

Perspective on plant breeding

As primitive people moved from hunting and
gathering to farming, they learned to identify
broad genetic traits, selecting and sowing seeds
from plants that grew faster, produced larger
fruit, or were more resistant to pests and dis-
eases. Often, a single trait that appeared in one
plant as a result of a mutation (see Tech. Note 1,
p. 162.) was selected and bred to increase the
trait’s frequency in the total crop population.

Mendel’s laws of trait segregation enabled
breeders to predict the outcomes of hybridiza-
tion and refinements in breeding methods. (See
app. 11-A.) Consequently, they achieved breed-
ing objectives faster and with more precision,
significantly increasing production. During the
past 80 years classical applied genetics has been
responsible for:

e increased yields;

m overcoming natural breeding barriers;

e increased genetic diversity for specific
uses;

e expanded geographical limits where crops

g can be grown; and

= improved plant quality.

Since the beginning of the 20th century, plant
breeders have helped increase the productivity
(see Tech. Note 2, p. 162.) of many important
crops for food, feed, fiber, and pharmaceuticals
by successfully developing cultivars (cultivated
varieties) to fit specific environments and pro-
duction practices. Some breeding objectives
have met the needs of the local farmer, while
other genetic improvements have been applied
worldwide. The commercial development of
hybrid corn in the 1920’s and 1930’s and of
“green revolution” wheats in the 1950’s and
1960’s are but two examples of how plant
breeding has affected the supply of food avail-
able to the world market. (See Tech. Note 3, p.
162.) A comparison of average yields per acre in

1930 and 1975 in table 24 gives a measure of the
contribution of genetics.’

It is impossible to determine exactly to what
degree applied genetics has directly contributed
to increases in yield, because there have been
simultaneous improvements in farm manage-
ment, pest control, and cropping techniques
using herbicides, irrigation, and fertilizers. Var-
ious estimates, however, indicate that applied
genetics has accounted for as much as 50 per-
cent of harvest increases in this century. The
yield superiority of new varieties has been a ma-
jor impetus to their adoption by farmers. Histor-
ically, the primary breeding objective has been
to maintain and improve crop yields. Other

». [ F. Sprague, D. E. Alexander, and J. W. t Breed “Plant Breed-
ing and Genetic Engineering: A Perspective, ” Bioscienceso(l):
1980.

Table 24.—Average Yield per Acre of Major Crops
in 1930 and 1975

Average yield per acre

Percent
1930 1975 Unit  increase

Wheat. ............ 14.2 30.6 Bushels 115
Rye............... 12.4 22.0 Bushels 77
Rice............... 46.5 101.0 Bushels 117
Corn.............. 20.5 86.2 Bushels 320
Oats.............. 32.0 48.1 Bushels
Barley............. 23.8 44.0 Bushels
Grain sorghum. . . ... 10.7 49.0 Bushels
Cotton . ........... 157.1 453.0 Pounds 188
Sugar beets . ....... 11.9 19.3 Tons 62
Sugarcane ......... 15.5 37.4 Tons 141
Tobacco. . ......... 7759 2,011.0 Pounds 159
Peanuts . .......... 649.9 2,565.0 Pounds 295
Soybeans. ......... 134 28.4 Bushels 112
Snapbeans........ 27.9 370 33 33
Potatoes........... 61.0 251.0 129 129
onions . ........... 159.0 306.0 92 92
Tomatoes:

Fresh market. . . .. 61.0 166.0 172 172

Processing. . . . . .. 4.3 22.1 Tons 413
Hops.............. 1,202.0 1,742.0 Pounds 45

SOURCE: U.S. Department of Agriculture, esouices: Cor serva-
1shiyato Use (Washington, D. C.. USDA, 1979).

137
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breeding objectives are specific responses to the
needs of local growers, to consumer demands,
and to the requirements of the food processing
firms and marketing systems.

Developing new varieties does the farmer lit-
tle good unless they can be integrated profitably
into the farming system either by increasing
yields and the quality of crops or by keeping
costs down. The three major goals of crop
breeding are often interrelated. They are:

+ to maintain or increase yields by selecting
varieties for:
—pest (disease) resistance;
—drought resistance;
—increased response to fertilizers; and
—tolerance to adverse soil conditions.
* to increase the value of the yield by select-
ing varieties with such traits as:
—increased oil content;
—improved storage qualities;
—improved milling and baking qualities;
and
—increased nutritional value, such as high-
er levels of proteins.
* to reduce production costs by selecting
varieties that:
—can be mechanically harvested, reducing
labor requirements;
—require fewer chemical protestants or
fertilizers; and
-can be used with minimum tillage sys-
tems, conserving fuel or labor by reduc-
ing the number of cultivation operations.

The plant breeder’s approach to
commercialization of new varieties

The commercialization of new varieties
strongly depends on the genetic variability that
can be selected and evaluated. A typical plant
breeding system consists of six basic steps:

1. Selecting the crop to be bred.

2. ldentifying the breeding goal.

3. choosing the methodological approach
needed to reach that goal.

4. Exchanging genetic material by breeding.

5. Evaluating the resulting strain under field
conditions, and correcting any deficiencies
in meeting the breeding goal.

6. Producing the seed for distribution to the
farmer.

The responsibilities for the different breeding
phases are distributed but interactive. In the
United States, responsibility for crop improve-
ment through plant breeding is shared by the
Federal and State governments, commercial
firms, and foundations,’ Although some specific
genes have been identified for breeding pro-
grams, most improvements are due to gradual
selection for favorable combinations of genes in
superior lines. The ability to select promising
lines is often more of an art (involving years of
experience and intuition) than a science.

The plant breeder’s approach is determined
for the most part by the particular biological
characteristics of the crop being bred—e.g., the
breeder may choose to use a system of inbreed-
ing or outbreeding, or the two in combination,
as an approach to controlling and manipulating
genetic variability. The choice is influenced by
whether a particular plant in question naturally
fertilizes itself or is fertilized by a neighboring
plant. To a lesser degree, the breeding objec-
tives influence the choice of methods and the se-
quence of breeding procedures.

Repeated cycles of self-fertilization reduce
the heterozygosity in a plant, so that after nu-
merous generations, the breeder has homozy-
gous, pure lines that breed true. (See Tech. Note
4, p. 162.) Cross-fertilization, on the other hand,
results in a new mixture of genes or increased
genetic variability. Using these two approaches
in combination produces a hybrid—several lines
are inbred for homozygosity and then crossed
to produce a parental line of enhanced genetic
potential. More vigorous hybrids can be se-
lected for further testing. The effects of hybrid
vigor vary and include earlier germination, in-
creased growth rate or size, and greater crop
uniformity.

A second method for exchanging or adding
genes is achieved through altering the number
of chromosomes, or ploidy (see Tech. Note 5, p.
162.), of the plant. Since chromosomes are

‘National Academy of Sciences, Conservation of servation o Re-
sources: An Imperative, Washington, D. C., 1978.
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generally inherited in sets, plants whose ploidy
is increased usually gain full sets of new
chromosomes. over one-third of domesticated
species are polyploids.’Generally, crop im-
provement due to increased ploidy corresponds
to an overall enlargement in plant size; leaves
can be broader and thicker with larger flowers,
fruits, or seeds. A well-known example is the
cultivated strawberry, which has four times
more chromosomes than the wild type, and is
much fleshier.

Another technique, called backcrossing can
improve a commercially superior variety by lift-
ing one or more desirable traits from an inferior
one. Generally, this is accomplished by making a
series of crosses from the inferior to the superi-
or plant while selecting for the desired traits in
each successive generation. Self-fertilizing the
last backcrossed generation results in some
progeny that are homozygous for the genes be-
ing transferred and that are identical with the
superior variety in all other respects. Single
gene resistance to plant pests and disease-caus-
ing agents has been successfully transferred
through backcrossing.

Major constraints on crop
improvement

Two of the many constraints on crop breed-
ing are related to genetics.

Many important traits are determined by several
genes.

The genetic bases for improvements in yield
and other characteristics are not completely
defined, mainly because most biological traits,
such as plant height, are caused by the interac-
tion of numerous genes. Although many—per-
haps thousands—of genes contribute to quan-
titative traits, much variation can be explained
by a few genes that have major impact on
the observable appearance (phenotype) ‘—e.g.,
the height of some genetic dwarves in wheat
can be doubled by a single gene. Many other
genes contribute to the general health of the

‘W. J. C. Lawrence, Plant Breeding [London: Edward Arnold Ltd.,
1968).

s Thompson, Jr., “Analysis of Gene Number and Develop-
ment intems,” St Systems, ” ¢ Svm Genetics Symposium

plant (such asresistance to pests and diseases),
although some of their contributions are small
and difficult to assess. Favorable combinations
of genes result in plants well-adapted to par-
ticular growing conditions and agronomic prac-
tices. With thousands of genes in a single plant
contributing to overall fitness, the possible com-
binations are almost infinite.

Most poor combinations of genes are elim-
inated by selection of the best progeny; initially
favorable combinations are preserved and im-
proved. Literally millions of plants may be ex-
amined each year to find particularly favorable
genotypes for development into new breeding
stocks. Increasingly sophisticated field testing
procedures, as well as advanced statistical anal-
yses, are now used to evaluate the success of
breeding efforts. Overall yield is still the most
important criterion for success, although con-
siderable care is taken to test stress tolerance,
pest and disease resistances, mechanical har-
vestability, and consumer acceptability. Breed-
ing programs with specialized goals often use
rapid and accurate chemical procedures to
screen lines and progeny for improvements.

Because the vigor of the plant depends on the
interaction of many genes, it has been difficult
to identify individual genes of physiological
significance in whole plants. As a result, many
important genes have not been mapped in
major crop species. There is little doubt that
breeders would select traits like photosynthetic
efficiency (the ability to convert light to such
organic compounds as carbohydrates) or miner-
al uptake if the genes could be identified and
manipulated in the same ways that resistance is
selected for pathogens.

It isuncertain how much genetic variation for im-
provement exists.

Although the world’s germplasm resources
have not been completely exploited, it has
become more difficult for breeders to improve
many of the highly developed varieties now in
use-e. g., height reduction in wheat has made
enormous contributions to its productivity, but
further improvement on this basis seems to be
limited.’ A parallel condition in the potato crop

‘N. m Jensen, “Limits to Growth inWorld Food Product ion,” Sci-
ence . 1978.
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Photo credit: U.S. Department of Agriculture

Bundles of wheat showing variance in height

was recognized by the National Research Coun-
cil’s Committee on Genetic Vulnerability of Ma-
jor Crops:’

If we bear in mind the fairly recent origin of
modern potato varieties and that they are, for
the most part, derived from the survivors of the
late blight epidemics of the 1840's in Europe and
North America, it seems likely that the genetic

Academy of Sciences, »f Scieres, Genetic Vui Major
Washington, wast 1972.

Genetic technologies as breeding tools

The new technologies may provide potential-
ly useful tools, but they must be used in com-
bination with classical plant breeding tech-
niques to be effective. The technologies devel-
oped for classical plant breeding and those of
the new genetics are not mutually exclusive,
they are both tools for effectively manipulating
genetic information through methods that have
been adapted from genetic recombination ob-
served in nature. Plant breeders have many
techniques for artificially controlling pollina-

base was already somewhat narrow by the time
modern potato breeding got under way. The
five-fold increase in yield resulting from selec-
tion during the last 100 years of potato improve-
ment has produced a group of varieties that are
genetically similar and unlikely to respond to
further selection for yield. In the long run re-
sponse to selection for other characteristics is
also likely to be limited.

As these examples indicate, the level of genetic
homogeneity of some crops may make selection
for higher yields in general more difficult.
Nevertheless, while the genetic basis for overall
crop improvement is poorly understood, refine-
ments in plant breeding techniques may in-
crease the potential for greater efficiency in the
transfer of genetic information for more precise
selection methods, and as a new source of ge-
netic variation.

Besides these two constraints, other pres-
sures and limitations may also affect crop pro-
ductivity; some are biological (see Tech. Note 6,
p. 162.), requiring technological breakthroughs,
while others are related to environmental,
social, and political factors. (See Tech. Note 7, p.
162.)—e.g., it has been argued that the agri-
cultural rate of growth is declining: In 1976, the
U.S. Department of Agriculture (USDA) esti-
mated that the total-factor productivity of U.S.
agriculture increased by 2 percent per year
from 1939 to 1960, but by only 0.9 percent from
the period of 1960 to 1970.

11.S. Department of Agriculture, Economics, Statistics, and Co-
operation Services, Agricultural Agricultural Productivit the Limits,
Agriculture Information Bulletin 431, Washington, D. C., 1979.

tion—some are capable of overcoming natural
barriers such as incompatibility, Yet even
though one new technology-protoplasm fusion
—allows breeders to overcome incompatibility,
the new plant must still be selected, regener-
ated from single-cell culture, and evaluated
under field conditions to ensure that the genetic
change is stable and the attributes of the new
variety meet commercial requirements. Evacua-
tion is still the most expensive and time-consum-
ing step.



Ch. 8—The Application of Genetics to Plants . 141

New genetic technologies for
plant breeding

The recent breakthroughs in genetic engi-
neering permit the plant breeder to bypass the
various natural breeding barriers that have
limited control of the transfer of genetic in-
formation. While the new technologies do not
necessarily offer the plant breeder the radical
changes that recombinant DNA (rDNA) technol-
ogy provides the microbiologist, they will, in
theory, speedup and perfect the process of ge-
netic refinement.

The new technologies fall into two catego-
ries: those involving genetic transformations
through cell fusion, and those involving the in-
sertion or modification of genetic information
through the cloning (exactly copying) of DNA
and DNA vectors (transfer DNA). Most genetic
transformations require that enzymes digest
the plant’s impermeable cell wall, a process that
leaves behind a cell without a wall, or a proto-
plasm. Protoplasts can fuse with each other, as
well as with other components of cells. In
theory, their ability to do this permits a wider
exchange of genetic information.

The approach exploiting the new technol-
ogies is usually a three-phase program.

Phase 1. Isolated cells from a plant are estab-
lished in tissue culture and kept alive.

Phase 11. Genetic changes are engineered in
those cells to alter the genetic makeup
of the plant; and desired traits are
selected at this stage, if possible.

Phase 111. The regeneration of the altered single
cells is initiated so that they grow into
entire plants.

This approach contains similarities to the genet-
ic manipulation of micro-organisms. However,
there is one major conceptual difference. In
micro-organisms, the changes made on the cel-
lular level are the goals of the manipulation.
With crops, changes made on the cellular level
are meaningless unless they can be reproduced
in the entire plant. Therefore, unless single cells
in culture can be grown into mature plants that
have the new, desired characteristics—a proce-
dure which, at this time, has had limited suc-
cess—the benefits of genetic engineering will

not be widespread. If the barriers can be over-
come, the new technologies will offer a new
way to control and direct the genetic character-
istics of plants.

PHASE 1: TISSUE CULTURE TO CLONE PLANTS

Tissue culture involves growing cells from a
plant in a culture or medium that will support
them and keep them viable. It can be started at
three different levels of biological organization:
with plant organs (functional units such as
leaves or roots);* with tissues (functioning ag-
gregates of one type of cell, such as epidermal
cells (outermost layer) in a leaf; and with single
cells. Tissue cultures by themselves offer spe-
cific benefits to plant breeders; just as fermenta-
tion is crucial to microbial genetic technologies,
tissue culture is basic to the application of the
other new genetic technologies for plants.

The idea of growing cells from higher plants
or animals and then regenerating entire plants
from these laboratory-grown cells is not new.
However, a better scientific understanding now
exists of what is needed to keep the plant parts
alive.

In tissue culture, isolated single plant cells are
typically induced to undergo repeated cell divi-
sions in a broth or gel, the resulting amorphous
cell clump is known as a callus. If culture condi-
tions are readjusted when the callus appears, its
cells can undergo further proliferation. As the
resulting cells differentiate (become special-
ized), they can grow into the well-organized
tissues and organs of a complete normal plant.
The callus can be further subcultured, allowing
mass propagation of a desired plant.

At this time, it is not uncommon to produce as
many as a thousand plants from each gram of
starting cells; 1 g of starting carrot callus rou-
tinely produces 500 plants. The ultimate goal of
tissue culturing is to have these plantlets placed
in regular soil so that they can grow and devel-
op into fully functional mature plants. The com-
plete cycle (from plant to cell to plant) permits
production of plants on a far more massive
scale, and in a far shorter period, than is possi-
ble by conventional means. (See table 25 for a

*Also referred to 1. culture.
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First stage in plant tissue culturing: inoculation
of plant tissue

Shows the gradual development of the plant t issue
on an agar medium

list of some p ants propagated through tissue
culture.)

Each of the four stages of the complete
cycle—establishment in culture, organogenesis,
plantlet amplification, and reestablishment in
soil—requires precise biological environments
that have to be determined on a species-by-spe-

)N 1a ¢

cies basis. However, several commercial uses of
tissue culture already exist. (See table 26.)

Storage of Germplasm.—Tissue culture
can be used in the long-term storage of special-
ized germplasm, which involves freezing cells
and types of shoots. The culture provides stable
genetic material, reduces storage space, and
decreases maintenance costs.

Carrot tissues have been frozen in liquid ni-
trogen, thawed 2 years later, and regenerated
into normal plants. This technique has also
proved successful with morning glories, syca-
mores, potatoes, and carnations. Generally, the
technique is most useful for plant material that
is vegetatively propagated, although if it can be
generally applied it could become important for
other agriculturally important crops.

Production of pharmaceuticals and
Other Chemicals From Plant Cells.—Be-
cause plant cells in culture are similar to micro-
organisms in fermentation systems, they can be
engineered to work as “factories” to produce
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Table 25.—Some Plants Propagated Through
Tissue Culture for Production or Breeding

Agriculture and Poinsettia
horticulture Weeping fig

Vegetable crops Rubber plant
Asparagus Flowers
Beet African violet
Brussels sprouts Anthruium
Cauliflower Chrysanthemum
Eggplant Gerbera daisy
Onion Gloxinia
Spinach Petunia
Sweet potato Rose
Tomato Orchid

Fruit and nut trees Ferns

Almond

Australian tree fern

Apple Boston fern
Banana Maidenhair fern
Coffee Rabbitsfoot fern
Date Staghorn fern
Grapefruit Sword fern
Lemon Bulbs
Olive Lily
Orange Daylily
Peach Easter lily

Fruit and berries Hyacinth
Blackberry Pharmaceutical
Grape Atropa
Pineapple Ginseng
Strawberry Pyrethium

Foliage oo
Silver vase Silviculture (forestry) - ~ fe -t ~
Begonia D_ouglas fir . L .
Cryptanthus Pine o S
Dieffenbachia Quaking aspen no - R
Dracaena Redwood - " '
Fiddleleaf Rubber tree

SOURCE: Office of Technology Assessment.

Table 26.—Representative List of Tissue Culture Programs of Commercial Significance in the United States

Industry Application Economic benefits
Asparagus industry. ......... Rapid multiplication of seed stock Improved productivity, earliness, and spear quality
Chemical and pharmaceutical. Biosynthesis of chemicals Reduced production costs

Propagation of medicinal plants  High volumes of plants for planting

Citrusindustry. ............. Virus elimination Improved quality, high productivity
Coffee industry . ............ Disease resistance breeding Disease resistance
Land reclamation............ Mass propagation Availability of select clones of wild species for revegetation
Ornamental horticulture. . . ... Mass propagation Reduced costs of certain species
Virus elimination of certain species
Introduction of new selections
Increased volumes of difficult selections
Pineapple industry . ......... Mass propagation Improved quality in higher volumes
Strawberry industry. ......... Mass propagation Rapid introduction of new strains

SOURCE: Office of Technology Assessment.
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plant products or byproducts. In recent years,
economic benefits have been achieved from the
production of plant constituents through cell
culture. Among those currently produced com-
mercially are camptothecin (an alkaloid with
antitumor and antileukemic activity), proteinase
inhibitors (such as heparin), and antiviral sub-
stances. Flavorings, oils, other medicinal, and
insecticides will also probably be extracted from
the cells.

The vinca alkaloids—vincristine and vin-
blastine, for instance—are major chemothera-
peutic agents in the treatment of leukemias and
lymphomas. They are derived from the leaves
of the Madagascar periwinkle (Catharanthus
roseus). Over 2,000 kilograms (kg) of leaves are
required for the production of every gram of
vinca alkaloid at a cost of about $250/g. Plant
cells have recently been isolated from the peri-
winkle, immobilized, and placed in culture. This
culture of cells not only continues to synthesize
alkaloids at high rates, but even secretes the ma-
terial directly into the culture medium instead
of accumulating it within the cell, thus remov-
ing the need for extensive extraction pro-
cedures.

Similarly, cells from the Cowage velvetbean
are currently being cultured in Japan as a
source of L-Dopa, an important drug in the
treatment of Parkinson’s disease. Cells from the
opium poppy synthesize both the plant’s normal
alkaloids in culture and, apparently, some alka-
loids that have not as yet been found in extracts
from the whole plant.

Another pharmaceutical, diosgenein, is the
major raw material for the production of corti-
costeroids and sex steroids like the estrogens
and progestins used in birth control pill. The
large tuberous roots of its plant source,
Dioscorea, are still collected for this purpose in
the jungles of Central America, but its cells have
been cultured in the laboratory.

Other plant products, from flavorings and
oils to insecticides, industrial organic chemicals,
and sweeteners, are also beginning to be de-
rived from plants in cell-cultures. Glycyrrhiza,
the nonnutritive sweetener of licorice, has been
produced in cultures of Glycyrrhiza glabra, and

anthraquinones, which are used as dye bases,
accumulate in copious amounts over several
weeks in cultures of the mulberry, Morinda citri-
folia.

PHASE II: ENGINEERING CHANGES TO ALTER
GENETIC MAKEUP; SELECTING DESIRED TRAITS

The second phase of the cycle involves the
genetic manipulation of cells in tissue culture,
followed by the selection of desired traits,
Tissue culturing, in combination with the new
genetic tools, could allow the insertion of new
genetic information directly into plant cells.
Several approaches to exchanging genetic infor-
mation through new engineering technologies
exist:

. culturing plant sex cells and embryos;

. protoplasm fusion; and

. transfer by DNA clones and foreign vec-
tors.

These are then followed by:
. screening for desired traits.

Culturing Plant Cells and Embryos.-
Culturing the plant’s sex cells—the egg from the
ovary and the pollen from the anther (pollen-
secreting organ)—can increase the efficiency of
creating pure plant lines for breeding. Since sex
cells contain only a single set of unpaired
chromosomes per cell, plantlets derived from
them also contain only a single set. Thus, any
genetic change will become apparent in the re-
generated plant, because a second paired gene
cannot mask its effect. Large numbers of hap-
loid plants (cells contain half the normal num-
ber of chromosomes) have been produced for
more than 20 species. Simple treatment with
the chemical, colchicine, can usually induce
them to duplicate their genomes (haploid set of
chromosomes) —resulting in fully normal, dip-
loid plants. The only major crop that has been
bred by this technique is the asparagus.’

If the remaining technical barriers can be
overcome, the technique can be used to en-
hance the selection of elite trees and to create
hybrids of important crops. Although still

‘J. G. 51 Tarrev “Cutad IN Cultured Cells and Tissues,

A Larmecnis 1977,
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primarily experimental, successful plant sex-cell
cultures have been achieved for a variety of
important cultivars, including rice, tobacco,
wheat, barley, oats, sorghum, and tomato. How-
ever, because the technique can lead to bizarre
unstable chromosomal arrangements, it has had
few applications.

Embryo cultures have been used to germi-
nate, in vitro, those embryos that might not
otherwise survive because of basic incompatibil-
ities, especially when plants from different
genera are crossed. Embryos may function as
starting material in tissue culture systems re-
quiring juvenile material. They are being used
to speed up germination in such species as oil
palms, which take up to 2 years to germinate
under natural conditions.

Protoplasm Fusion.—In protoplasm fusion,
either two entire protoplasts are brought to-
gether, or a single protoplasm is joined to cell
components —or organelles—from a second pro-
toplasm. When the components are mixed under
the right conditions, they fuse to form a single
hybrid cell. The hybrids can be induced to pro-
liferate and to regenerate cell walls. The func-
tional plant cell that results may often be
cultured further and regenerated into an entire
plant—one that contains a combination of genet-
ic material from both starting plant cell progeni-
tors. When protoplasts are induced to fuse, they
can, in theory, exchange genetic information
without the restriction of natural breeding bar-
riers. At present, protoplasm fusion still has
many limitations, mainly due to the instability of
chromosome pairing.

Organelles are small, specialized components
within the cell, such as chloroplasts and mito-
chondria. Some organelles, called plastids, carry
their own autonomously replicating genes, as a
result, they may hold promise for gene transfer
and for carrying new genetic information into
protoplasts in cultures, or possibly for influenc-
ing the functions of genes in the cell nucleus.
(See Tech. Note 8, p. 163.)

The feasibility of protoplasm fusion has been
borne out in recent work with tobacco-a plant
that seems particularly amenable to manipula-
tion in culture. An albino mutant of Nicotiana

tabacum was fused with a variety of a sexually
incompatible Nicotiana species. The resultant
hybrids were easily recognized by their inter-
mediate light green color. They have now been
regenerated into adult plants, and are currently
being used as a promising source of hornworm
resistance in tobacco plants.

Transfer by DNA Clones and Foreign
Vectors.—Recombinant DNA technology
makes possible the selection and production of
more copies (amplification) of specific DNA
segments. Several basic approaches exist. In the
“shotgun” approach, the whole plant genome is
cut by one or more of the commercially avail-
able restriction enzymes. The DNA to be trans-
ferred is then attached to a plasmid or phage,
which carries genetic information into the plant
cell.—E.g., a gene coding for a protein (zein) that
is a major component of corn seeds has been
spliced into plasmids and cloned in micro-orga-
nisms. It is hoped that the zein-gene sequence
can be modified through this approach to in-
crease the nutritional quality of corn protein
before it is reintroduced into the corn plant.

Foreign vectors are nonplant materials (vi-
ruses and bacterial plasmids) that can be used to
transfer DNA into higher plant cells. Trans-
formation through foreign vectors might im-
prove plant varieties or, by amplifying the de-
sired DNA sequence, make it easier to recover a
cell product from culture. In addition, methods
have been discovered that eliminate the foreign
DNA from the transformed mixture, leaving
only the desired gene in the transformed plant.
The most promising vector so far seems to be
the tumor-inducing (Ti) plasmid carried by
Agrobacterium tumefaciens. This bacterium
causes tumorous growths around the root
crowns of plants. It infects one major group of
plants—the dicots (such as peas and beans), so-
called because their germinating seeds initially
sprout double leaves. Its virulence is due to the
Ti plasmid, which, when it is transferred to
plant cells, induces tumors. Once inside the cell,
a smaller segment of the Ti plasmid, called T-
DNA, is actually incorporated into the recipient
plant cell’s chromosomes. It is carried in this
form, replicating right along with the rest of the
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chromosomal DNA as plant cell proliferation
proceeds. Researchers have been wondering
whether new genetic material for plant im-
provement can be inserted into the T-DNA
region and carried into plant cell chromosomes
in functional form.

Adding foreign genetic material to the T-DNA
region has proved successful in several ex-
periments. Furthermore, it has been found that
one type of plant tumor cell that contains
mutagenized T-DNA can be regenerated into a
complete plant. This new discovery supports
the use of the Agrobacterium system as a model
for the introduction of foreign genes into the
single cells of higher plants.

Many unanswered questions remain before
Agrobacterium becomes a useful vector for
plant breeding. Considerable controversy exists
about exactly where the Ti plasmid integrates
into the host plant chromosomes; some inser-
tions might disrupt plant genes required for
growth. In addition, these transformations may
not be genetically stable in recipient plants;
there is evidence that the progeny of Ti-plasmid-
containing plants do not retain copies of the Ti
sequence. Finally, Agrobacterium does not read-
ily infect monocots (a second group of plants),
which limits its use for major grain crops.

Another promising vector is the cauliflower
mosaic virus (CaMV). Since none of the known
plant DNA viruses has ever been found in plant
nuclear DNA, CaMV may be used as a vector for
introducing genetic information into plant
cytoplasm. Although studies of the structural
organization, transcription, and translation of
the CaMV are being undertaken, information
available today suggests that the system needs
further evaluation before it can be considered
an alternative to the Agrobacterium system.

Although work remains to be done on Ti-
plasmid and CaMV genetic mechanisms, these
systems have enormous potential. Most immedi-
ately, they offer ways of examining basic mech-
anisms of differentiation and genetic regulation
and of delineating the organization of the
genome within the higher plant cell. If this can
be accomplished, the systems may provide a
way of incorporating complex genetic traits into
whole plants in stable and lasting form.

Screening for Desired Traits.—The bene-
fits of any genetic alteration will be realized
only if they are combined with an adequate sys-
tem of selection to recover the desired traits. In
some cases, selection pressures can be useful in
recovery. °The toxin from plant pathogens, for
example, can help to identify disease resistance
in plants by killing those that are not resistant.
So far, this method has been limited to identify-
ing toxins excreted by bacteria or fungi and
their analog; after sugarcane calluses were ex-
posed to toxins of leaf blight, the resistant lines
that survived were then used to develop new
commercial varieties. In theory, however, it is
possible to select for many important traits.
Tissue culture breeding for resistance to salts,
herbicides, high or low temperatures, drought,
and new varieties that are more responsive to
fertilizers is currently under study.

Five basic problems must be overcome before
any selected trait can be considered beneficial
(see figure 28):

® the trait itself must be identified;

¢ a selection scheme must be found to iden-
tify cells with altered properties;

¢ the properties must prove to be due to ge-
netic changes;

* cells with altered properties must confer
similar properties on the whole plant; and

¢ the alteration must not adversely affect
such commercially important characteris-
tics as yield.

While initial screens involving are easier to
carry out than screening tests involving entire
plants, tolerance at the cellular level must be
confirmed by inoculations of the mature plants
with the actual pathogen under field conditions.

PHASE 11I: REGENERATING WHOLE PLANTS
FROM CELLS IN TISSUE CULTURE
New methods are being developed to:
. increase the speed with which crops are
multiplied through mass propagation, and
. create and maintain disease-free plants.

Mass Propagation.—The greatest single
use of tissue culture systems to date has been

for mass propagation, to establish selected

‘J. F. Shepard, D. Bidney, and E. Shahin, “Potato Protoplasts in
Crop Improvement,” Science 208:17, 1980.
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Figure 28.—The Process of Plant Regeneration From Single Cells in Culture
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Multiplying shoots of jojoba plant in tissue culture on a
petri dish. These plants may potentiality be selected for
higher oil content

culture because of the increased speed with
sources of improved seed or cutting material.
(See table 26.) In some cases, producing plants
by other means is simply not economically com-
petitive. A classic example is the Boston fern,
which, while it is easy to propagate from runner
tips, is commercially propagated through tissue

which it multiplies and the reduced costs of
stock plant maintenance. A tissue culture stock
of only 2 square feet (ft*) can produce 20,000
plants per month. *

Currently, mass production of such cultivars
as strawberries (see Tech. Note 9, p. 163.),
asparagus, oil palms, and pineapples is being
carried out through plant tissue cultures. *Very
recently, alfalfa was propagated in the same
way, giving rise to over 200,000 plants, several
thousand of which are currently being tested in
field trials. Also, 1,300 oil palms, selected for
high yield and disease resistance, are being
tested in Malaysia. *Other crops not produced
by this method but for which cell culture is an
important source of breeding variation include

rate 1 ~opagatio ‘(Propagation of Ornamental il- Tissue Cul-

ture, ” in Plant Cell, Tissue, and Organ inert ani ' P S Y. P.S.
Bajaj nrk- ‘nrine York: lag, 1977) 1977).

“T. Current St “Current Status of Plant Cell and Cul-
tures, " 22197 1477 1977.

“ The Second Green Revolution, ” special report, Business Week,
). 25,1980.
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beets, brussels sprout, cauliflower, tomatoes,
citrus fruits, and bananas. Various horticultural
plants—such as chrysanthemums, carnations,
African violets, foliage plants, and ferns—are
also being produced by in vitro techniques.

Accelerating propagation and selection in
culture is especially compelling for economical-
ly important forest species for which traditional
breeding approaches take a century or more.
Trees that reach maturity within 5 years re-
quire approximately 50 years to achieve a useful
homozygous strain for further breeding. Spe-
cies such as the sequoia, which do not flower
until they are 15 to 20 years old, require be-
tween 1 and 2 centuries before traits are sta-
bilized and preliminary field trials are eval-

A plantlet of loblolly pine grown in Weyerhaeuser Co.’s
tissue culture laboratory. The next step in this procedure
is to transfer the plant let from its sterile and humid
environment to the soil

uated. Thus, tissue culture production of trees
has become an area of considerable interest.
Already, 2,500 tissue-cultured redwoods have
been grown under field conditions for compari-
son with regular, sexually produced seedlings.
(See app. 11-B.) Loblolly pine and Douglas fir are
also being cultured; the number of trees that
can be grown from cells in 100 liters (]) of media
in 3 months are enough to reforest roughly
120,000 acres of land at a 12 x 12 ft spacing.”To
date, 3,000 tissue-cultured Douglas firs have ac-
tually been planted in natural soil conditions.
(See figure 29.)

J. 1311 “Progress and Promise in Forest Genetics,” in
Proceedlngs 50th Anniversary Symposium Paper, Science and
Technology. .. The Cutting Edge (Appleton, Wis: Institute of Paper
Chemistry, 1980).
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Figure 29.—A Model for Genetic Engineering
of Forest Trees
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Creation and Maintenance of Disease-
Free Plants.—Cultivars maintained through
standard asexual propagation over long periods
often pick up,viruyses or other harmful path-
ogeris, Veth while they might not necessarily
Kill the plants, may cause less healthy growth. A
plant’s true economic potential may be reached
only if these pathogens are removed—a task
which culturing of a plant’s meristem (growing
point) and subsequent heat therapy can per-
form. Not all plants produced through these
methods are virus-free, so screening cells for
viruses must be done to ensure a pathogen-free
plant. In horticultural species, the advantages of

76-565 0 - 81 - 11

virus-free stock often appear as larger flowers,
more vigorous growth, and improved foliage
quality.

Today, virus-free fruit plants are maintained
and distributed from both private and public
repositories. Work of commercial importance
has been done with such plants as strawberries,
sweet potatoes, citrus, freesias, irises, rhubarbs,
gooseberries, lilies, hops, gladiolus, geraniumes,
and chrysanthemums. 14 Over 134 virus-free
potato cultures have also been developed by tis-
sue culture.”

Constraints on the new genetic
technologies

Although genetic information has been trans-
ferred by vectors and protoplasm fusion, no DNA
transformations of commercial value have yet
been performed. The constraints on the suc-
cessful application of molecular genetic technol-
ogies are both technical and institutional.

TECHNICAL CONSTRAINTS

Molecular engineering has been impeded by a
lack of understanding about which genes would
be useful for plant breeding purposes, as well as
by insufficient knowledge about cytogenetics.
In addition, the available tools—vectors and
mutants—and methods for transforming plant
cells using purified DNA are still limited.

Cells carrying traits important to crop pro-
ductivity must be identified after they have
been genetically altered. Even if selection for an
identified trait is successful, it must be dem-
onstrated that cells with altered properties con-
fer similar properties on tissues, organs, and,
ultimately on the whole plant, and that the
genetic change does not adversely affect yield
or other desired characteristics. Finally, only
limited success has been achieved in regenerat-
ing whole plants from individual cells. While the
list of plant species that can be regenerated
from tissue culture has increased over the last 5
years, it includes mostly vegetables, fruit and

K. ja <ato, ' Ko anaka, ML Havashi ani H. Sam and H.
ctior “Production ic: Physiologically ances Substances
ion Suspension (cultures, ” H. ) Tissue (cd.), Tissue

Plant Science (New nir Pt Academic Press, 1974).
op. cit. op.
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nut trees, flowers, and foliage crops. Some of
the most important crops—Ilike wheat, oats, and
barley-have yet to be regenerated. In addition,
cells that form calluses in culture cannot always
be coaxed into forming embryos, which must
precede the formation of leaves, shoots, and
roots. Technical breakthroughs have come on a
species-by-species basis; key technical discov-
eries are not often applicable to all plants. And
even when the new technologies succeed in
transferring genetic information, the changes
can be unstable.

The hope that protoplasm fusion would open
extensive avenues for gene transfer between
distantly related plant species has diminished
with the observation of this instability. How-
ever, if whole chromosomes or chromosome
fragments could be transferred in plants where
sexual hybridization is presently impossible, the
possibilities would be enormous.

INSTITUTIONAL CONSTRAINTS

Institutional constraints on molecular genet-
ics include those in funding, in regulation, in
manpower, and in industry.

Federal funding for plant molecular genetics
in agriculture has come from the National
Science Foundation (NSF) and from USDA. Re-
search support in USDA is channeled primarily
through the flexible Competitive Grants Pro-
gram (fiscal year 1980 budget of $15 million) for
the support of new research directions in plant
biology. The panel on genetic mechanisms (an-
nual budget less than $4 million) is of particular
significance for developing new genetic technol-
ogies. The panel’s charter specifically seeks pro-
posals on novel genetic technologies. The re-
maining three panels concerned with plants—
nitrogen, photosynthesis, and stress—also sup-
port projects to define the molecular basis of
fundamental plant properties. The success of
the USDA Competitive Grants Program is hard
to assess after just 2 years of operation; how-
ever, its budget over the past 2 years has severe-
ly limited expansion of the program into new
areas of research.

Some private institutions”argue that the

V. Y present and Future Trends in e Trinds in Cr
Vol. H, Working Papers, king Pz pers, Imp; Genetics, NTIS, 1981.

Competitive Grants Program is shifting support
from ongoing USDA programs to new genetics
research programs that are not aimed at the
important problems facing agriculture today.
There is no opposition to supporting the molec-
ular approaches as long as they do not come at
the expense of traditional breeding programs,
and as long as both molecular biologists and
classical geneticists working with major crop
plants are assured of enough support to foster
research groups of sufficient size.

At present, funds from nine programs at the
NSF—primarily in the Directorate for Biologic],
Behavioral, and Social Sciences—support plant
research. The total support for the plant sci-
ences may be as high as $25 million, of which
only about $1 million is designated specifically
for molecular genetics.

The regulation of the release of genetically
altered plants into the environment has not had
much effect to date. As of November 1980, only
one application [which requested exception
from the NIH Guidelines (see ch. 11) to release
rDNA-treated corn into the environment] has
been filed with the Office of Recombinant DNA
Activities (ORDA). Whether regulation will pro-
duce major obstacles is difficult to predict at
present. It is also unclear whether restrictions
will be placed on other genetic activities, such
as protoplasm fusion. Currently, at least one
other nation (New Zealand) includes such re-
strictions in its guidelines. It is not clear how
much the uncertainty of possible ecological dis-
ruption and the attendent liability concerns
from intentional release of genetically engi-
neered plants has prevented the industrial sec-
tor from moving toward commercial application
of the new technology.

Only a few universities have expertise in both
plant and molecular biology. In addition, only a
few scientists work with modern molecular
techniques related to whole plant problems. As
a result, a business firm could easily develop a
capability exceeding that at any individual U.S
university. However, building industrial labora
tories and hiring from the universities could
easily deplete the expertise at the university
level. With the recent investment activity in
bioengineering firms, this trend has already
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begun; in the long-run it could have serious con-
sequences for the quality of university research.

Despite these constraints, progress in over-
coming the difficulties is continuing. At the
prestigious 1980 Gordon Conference, where sci-
entists meet to exchange ideas and recent find-
ings, plant molecular biology was added to the
list of meetings for the first time. In addition,
four other recent meetings have concentrated
on plant molecular biology.”Up to 50 percent
of the participants at these meetings came from
nonplant-oriented disciplines searching for fu-
ture research topics. This influx of investigators
from other fields can be expected to enrich the
variety of approaches used to solve the prob-
lems of the plant breeder.

-eanizatio Organization and Expression in Plants, jun
in Edin held in Edinburgh, Scotland, July 1979; Genetic Engineering
of Symbiotic Nitrogen (Conseriand Conservation of »n, Nitrogen,
June 80, Tal 2, 1980, Tahoe City, ular :inlosist« 1 « Biologists Look
m Green Plants,” ' syp Annual Symposium, 2, jirn
West Gern: West ad Fourth and Fourth  Sumnncinm  Symposium
on tjon, e, 1-53. 19 Dec. 1-5, 1980, Canberra,

Impacts on generating new varieties

Progress in the manipulation of gene expres-
sion in eukaryotic (nucleus-containing) cells,
which include the cells of higher plants, has
been enormous. Most of the new methodologies
have been derived from fruit flies and mam-
malian tissue culture lines; but many should be
directly applicable to studies with plant genes.
There has been great progress in isolating spe-
cific RNA from plants, in cloning plant DNA, and
in understanding more about the organization
of plant genomes. Techniques are available for
manipulating organs, tissues, cells, or pro-
toplasts in culture; for selecting markers; for
regenerating plants; and for testing the genetic
basis of novel traits. So far however, these
techniques are routine only in a few species.
Perfecting procedures for regenerating single
cells into whole plants is a prerequisite for the
success of many of the novel genetic technol-
ogies. In addition, work is progressing on
viruses, the Ti plasmid of Agrobacterium, and
engineered cloning vehicles for introducing
DNA into plants in a directed fashion. There

Finally, as a general rule, tradeoffs arise in
the use of the new technologies that may inter-
fere with their application. It is impossible to get
something for nothing from nature—e.g., in ni-
trogen fixation the symbiotic relationship bet-
ween plant and micro-organism requires ener-
gy from the plant; screening for plants that can
produce and transfer the end products of pho-
tosynthesis to the nodules in the root more effi-
ciently may reduce inorganic nitrogen require-
ments but may also reduce the overall yield.
This was the case for the high lysine varieties of
corn. (See Tech. Note 10, p. 163.) Farmers in the
United States tended to avoid them because im-
proving the protein quality reduced the yield,
an unacceptable tradeoff at the market price.
Thus, unless the genetic innovation fits the re-
quirements of the total agricultural industry,
potentials for crop improvement may not be
realized.

have been few demonstrations in which the in-
heritance of a new trait was maintained over
several sexual generations in the whole plant.

Because new varieties have to be tested
under different environmental conditions once
the problems of plant regeneration are over-
come, it is difficult to assess the specific impacts
of the new technologies.—E. g., it is impossible to
determine at this time whether technical and
biological barriers will ever be overcome for
regenerating wheat from protoplasts. Never-
theless, the impact of genetics on the structure
of American agriculture can be discussed with
some degree of confidence.

Genetic engineering can affect not only what
crops can be grown, but where and how those
crops are cultivated. Although it is a variable in
production, it usually acts in conjunction with
other biological and mechanical innovations,
whose deployment is governed by social, eco-
nomic, and political factors.
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Examples of new genetic approaches

The ways in which the new genetic ap-
proaches could aid modern agriculture are
described in the following two examples:

SELECTION OF PLANTS FOR
METABOLIC EFFICIENCY

Because terrestrial plants are immobile, they live and die
according to the dictates of the soil and weather conditions
in which they are planted; any environmental stress can
greatly reduce their yield. The major soil stresses faced by
plants include insufficient soil nutrients and water or toxic
excesses of minerals and salts. The total land area with
these conditions approaches 4 billion hectares (ha), or
about 30 percent of the land area of the Earth.

Traditionally, through the use of fertilizers, lime,
drainage, or freshwater irrigation, environments have
been manipulated to suit the plant. Modern genetic tech-
nologies might make it easier to modify the plant to suit the
environment.

Many micro-organisms and some higher plants can tol-
erate salt levels equal to or greater than those of sea water.
While salt tolerance has been achieved in some varieties of
plants, the classical breeding process is arduous and lim-
ited. If the genes can be identified, the possibility of actual-
ly transferring those for salt tolerance into plants makes
the adaptation of plants to high salt, semiarid regions with
high mineral toxicities or deficiencies a more feasible pros-
pect. In the future, selecting among tissue cultures for
metabolic efficiency could become important. Tissue
culture systems could be used to select cell lines for
resistance to salts and for responsiveness to low-nutrient
levels or less fertilizer. However, too little is known about
the biochemistry and physiology of plants to allow a more
directed approach at this time. Chances for success would
be increased with a better understanding of plant cell
biology.

Such techniques could be applied to agricultural pro-
grams in less developed countries, where, commonly, sup-
plies of fertilizers and lime are scarce, the potential for ir-
rigation is small, and adequate support for technological
innovation is limited. [n addition, the United States itself
contains marginal land that could be exploited for forest
products and biomass. The semiarid lands of the South-
west, impoverished land in the Lake States, and reclaimed
mining lands could become cost-effective areas for produc-
tion.

NITROGEN FIXATION

It has been known since the early 1800’s that biological
fixation of nitrogen is important to soil fertility. In fixation,
micro-organisms, such as the bacterium Rhizobium,
transform atmospheric nitrogen into a form that plants
can use. In some cases—e.g., with legumes this process oc-
curs through a symbiotic relationship between the micro-
organism and the plant in specialized nodules on the plant
roots. Unfortunately, the major cereal crops such as

wheat, corn, rice, and forage grasses do not have the
capacity to fix atmospheric nitrogen, thus are largely
dependent on chemically produced nitrogen fertilizers.
Because of these crops, it has been estimated that the
world demand for nitrogen fertilizers will grow from 51.4
million metric tonnes (1979 estimate) to 144 million to 180
million tonnes by the year 2000.1° Therefore, geneticists
are looking into the possibility that the genes for nitrogen
fixation present in certain bacteria (called “nif genes”) can
be transferred to the major crops.

Laboratory investigation has focused on the molecular
biology of nitrogen fixation in the free living bacterium,
Klebsiella pneumoniae. A cluster of 15 nif genes has been
successfully cloned onto bacterial plasmids using rDNA
technology. These clones are being used to study the
molecular regulation of nif gene expression and the
physical organization of the nif genes on the Klebsiella
chromosome. In addition they have aided the search for
nitrogen fixation genes in other bacteria.

It is thought that a self-sufficient package of nitrogen-
fixing genes evolved during the course of plant adaptation,
and that this unit has been transferred in a functional
form to a variety of different bacterial species, including
Klebsiella and Rhizobium. If the right DNA vector can be
found, the nif genes might be transferred from bacteria to
plants. The chloroplasts, the cauliflower mosaic virus, and
the Agrobacterium Ti-plasmid are being investigated as
possible vectors.

The way that Agrobacteria, in particular, infect cells is
similar to the way Rhizobia infect plants and form
nitrogen-fixing nodules. In both cases, the physical attach-
ment between bacterium and plant tissue is necessary for
successful infection. In the case of Agrobacteria, tumors
form when a segment of the Ti-plasmid is inserted into the
nuclear genome of the plant cell. Scientists do not yet
know exactly how a segment of the rhizobial genome is
transferred into the root tissue to induce the formation of
nodules; nevertheless, it is hoped that Agrobacteria will act
as vectors for the introduction and expression of foreign
genes into plant cells, just as Rhizobia do haturally.

Other researchers have been investigating the re-
quirements for getting nif genes to express themselves in
plants. Nif genes from Klebsiella have already been
transferred into common yeast, an organism that can be
grown in environments without oxygen. Unfortunately,
the presence of oxygen destroys a major enzyme for
nitrogen fixation and severely limits the potential applica-
tions in higher plants. Nevertheless, it is hoped that nif
gene expression in yeast will be applicable to higher plants.

An approach that does not involve genetic engineering,
uses improved Rhizobia strains that are symbiotic with
soybeans. Through selection, Rhizobia mutants are being
found that out-perform the original wild strains. Further

ru- » “Biological Nitrogen 1 Nitros ™ Supporting Papers:

World Food and ¥ Fand a Study (Washington, D. C.: National Acad-
emy of Sciences, 1977).
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testing is needed to determine whether the improvement
can be maintained in field trials, where the improved
strains must compete against wild-type Rhizobia already
present in the soil.

Another way to improve nitrogen fixation is to select
plants that have more efficient symbiotic relationships
with nitrogen-fixing organisms. Since the biological proc-
ess requires a large amount of energy from the plant, it
may be possible to select for plants that are more efficient
in producing, and then to transfer the end products of
photosynthesis to the nodules in the roots. Also existing
nitrogen-fixing bacterial strains that can interact with crop
plants which do not ordinarily fix nitrogen could be
searched for or developed.

Reducing the amount of chemically fixed nitrogen
fertilizer-and the cost of the natural gas previously used
in the chemical process—would be the largest benefit of
successfully fixing nitrogen in crops. Environmental bene-
fits, from the smaller amount of fertilizer runoff into
water systems, would accrue as well. But is it difficult to
predict when these will become reality. Experts in the field
disagree: some feel the breakthrough is imminent; others
feel that it might take several decades to achieve.

The refinements in breeding methods pro-
vided by the new technologies may allow major
crops to be bred more and more for specialized
uses—as feed for specific animals, perhaps, or
to conform to special processing requirements.
In addition, since the populations in less devel-
oped countries suffer more often from major
nutritional deficiencies than those in industrial-
ized countries, a specific export market of cere-
al grains for human consumption, like wheat
with higher protein levels, may be developed.

But genetic methods are only the tools and
catalysts for the changes in how society pro-
duces its food; financial pressures and Federal
regulation will continue to direct their course.
E.g., the automation of tissue culture systems
will decrease the labor needed to direct plant
propagation and drastically reduce the cost per
plantlet to a level competitive with seed prices
for many crops. While such breakthroughs may
increase the commercial applications of many
technologies, the effects of a displaced labor
force and cheaper and more efficient plants are
hard to predict.

Although it is difficult to make economic pro-
jections, there are several areas where genetic
technologies will clearly have an impact if the
predicted breakthroughs occur:

+ Batch culture of plant cells in automated
systems will be enhanced by the ability to
engineer and select strains that produce
larger quantities of plant substances, such
as pharmaceutical drugs.

+ The technologies will allow development of
elite tree lines that will greatly increase
yield, both through breeding programs
similar to those used for agricultural crops
and by overcoming breeding barriers and
lengthy breeding cycles. Refined methods
of selection and hybridization will increase
the potential of short-rotation forestry,
which can provide cellulosic substrates for
such products as ethanol or methanol.

+ The biological efficiency of many economi-
cally important crops will increase. Ad-
vances will depend on the ability of the
techniques to select for whole plant charac-
teristics, such as photosynthetic soil and
nutrient efficiency.”

+ Besides narrowing breeding goals, the
techniques will increase the potential for
faster improvement of underexploited
plants with promising economic value.

For such advances to occur, genetic factors
must be selected from superior germplasm, the
genetic contributions must be integrated into
improved cultural practices, and the improved
varieties must be efficiently propagated for
distribution.

For the soybean and tomato crops, the research area for im-
proved biological efficiency received the highest allotment of
funds in fiscal year 1978. Total funding was $12.9 million for soy-
beans and $2.1 million for tomatoes. The second largest category
to be funded was control of diseases and nematodes of soybeans at
$5.1 million and for tomato at $1.6 million.
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Genetic variability, crop vulnerability, and

storage of germplasm

Successful plant breeding is based on the
amount of genetic diversity available for the in-
sertion of new genes into plants. Hence, it is
essential to have an adequate scientific under-
standing of how much genetic erosion has taken
place and how much germplasm is needed. Nei-
ther of these questions can be satisfactorily an-
swered today.

The amount of genetic erosion that
has taken place

Most genetic diversity is being lost because of
the displacement of vegetation in areas outside
the United States. The demand for increased
agricultural production is a principal pressure
causing deforestation of tropical latitudes (see
Tech. Note 11, p. 163), zones that contain exten-
sive genetic diversity for both plants and
animals.

It has been estimated that several hundred
plant species become extinct every year and
that thousands of indigenous crop varieties
(wild types) have already been lost. However, it
is difficult to measure this loss, not only because
resources are on foreign soil but because ero-
sion must be examined on a species-by-species
basis. In theory, an adequate evaluation would
require knowledge of both the quantity of di-
versity within a species and the breadth of that
diversity; this process has in practice, just be-
gun. What is known is that the lost material can-
not be replaced.

The amount of germplasm needed

Germplasm is needed as a resource for im-
proving characteristics of plants and as a means
for guaranteeing supplies of known plant
derivatives and potential new ones. Even if
plant breeders adequately understand the
amount of germplasm presently needed, it is dif-

ficult to predict future needs. Because pests and
pathogens are constantly mutating, there is
always the possibility that some resistance will
be broken down. Even though genetic diversity
can reduce the severity of economic loss, an epi-
demic might require the introduction of a new
resistant variety. In addition, other pressures
will determine which crops will be grown for
food, fiber, fuel, and pharmaceuticals, and how
they will be cultivated; genetic diversity will be
fundamental to these innovations.

Even if genetic needs can be adequately iden-
tified, there is disagreement about how much
germplasm to collect. In the past, its collection
has been guided by differences in morphology
(form and structure), which have not often been
directly correlated to breeding objectives. Fur-
thermore, the extent to which the new genetic
technologies will affect genetic variability, vul-
nerability, or the storage of germplasm, has not
been determined. (See app. 1I-A.)

In addition to its uses in plant improvement,
germplasm can provide both old and new prod-
ucts. Recent interest in growing guayule as a
source of hydrocarbons (for rubber, energy
materials, etc.) has focused attention on plants
that may possibly be underutilized. It has been
found that past collections of guayule germ-
plasm have not been adequately maintained,
making current genetic improvements more dif-
ficult. In addition, half of the world’s medicinal
compounds are obtained from plants; maintain-
ing as many varieties as possible would ensure
the availability of compounds known to be use-
ful, as well as new, and as yet undiscovered
compounds—e.g., the quinine drugs used in the
treatment of malaria were originally obtained
from the Cinchona plant. A USDA collection of
superior germplasm established in 1940 in
Guatemala was not maintained. As a 1 .
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quence, difficulties arose during the Vietnam The National Germplasm System
War when the new antimalarial drugs became . .
less effective on resistant strains of the parasite USDA has been responsible for collecting and

and natural quinines were once again used. cataloging seed (mostly from agriculturally im-
a g portant plants) since 1898. Yet it is important to

realize that other Federal agencies also have
responsibilities for gene resource management.
(See table 27.) Over the past century, over
440,000 plant introductions from more than 150
expeditions to centers of crop diversity have
been cataloged.

An important distinction exists between pre-
serving genetic resources in situ and preserving
germplasm stored in repositories. Although
genetic loss can occur at each location, evolu-
tion will continue only in natural ecosystems.
With better storage techniques, seed loss and
genetic “drift” can be kept to a minimum. Never- The expeditions were needed because the
theless, species extinction in situ will continue. United States is gene poor. The economically im-

Table 27.—Gene Resource Responsibilities of Federal Agencies

Type of ecosystems
under Federal o
Agency ownership/control Responsibilities

U.S. Department of Agriculture
Animal & Plant Health Inspection

Service . ... — Controls insect and disease problems of commercially
valuable animals and plants.
Forest Service .. .................. Forestlands and Manages forest land and rangeland living resources for
rangelands (U.S. production.
National Forest)
Science & Education Administration . — Develops animal breeds, crop varieties, and microbial strains.
Manages a system for conserving crop gene resources.
Soil Conservation Service. .......... — Develops plant varieties suitable for reducing soil erosion and

other problems.
Department of Commerce
National Oceanic & Atmospheric
Administration. . ................. Oceans—between 3 Manages marine fisheries.
and 200 miles off
the U.S. coasts

Department of Energy. ............... - Develops new energy sources from biomass.
Department of Health& Human Services
National Institutes of Health . . ... ... - Utilizes animals, plants, and micro-organisms in medical
research.
Department of the Interior
Bureau of Land Management. . ...... Forest lands, Manages forest, range, and desert living resources for
rangelands, and production.
deserts
Fish & Wildlife Service............. Broad range of Manages game animals, including fish, birds, and mammals.

habitats, including
oceans up to 3 miles
off U.S. coasts
National Park Service . ............. Forest lands, Conserves forestland, rangeland, and desert-living resources.
rangelands, and
deserts (U.S.
National Parks)

Departmentof State . . ............... - Concerned with international relations regarding gene
resources.

Agency for International Development. . — Assists in the development of industries in other countries
including their agriculture, forestry, and fisheries.

Environmental Protection Agency. . . ... - Regulates and monitors pollution.

National Science Foundation. . ........ — Provides funding for genetic stock collections and for research

related to gene resource conservation.

SOURCE: David - National ——— for Gene Resource Conservation.
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portant food plants indigenous to the continen-
tal United States are limited to the sunflower,
cranberry, blueberry, strawberry, and pecan.
The centers of genetic diversity, found mostly in
tropical latitudes around the world, are be-
lieved to be the areas where progenitors of ma-
jor crop plants originated. Today, they contain
genetic diversity that can be used for plant im-
provement.

It is difficult to estimate the financial return
from the germplasm that has been collected,
but its impact on the breeding system has been
substantial. A wild melon collected in India, for
instance, was the source of resistance to pow-
dery mildew and prevented the destruction of
California melons. A seemingly useless wheat
strain from Turkey—thin-stalked, highly sus-
ceptible to red rust, and with poor milling prop-
erties—was the source of genetic resistance to
stripe rust when it became a problem in the
Pacific Northwest. Similarly, a Peruvian species
contributed “ripe rot” resistance to American
pepper plants, while a Korean cucumber strain
provided high-yield production of hybrid cu-
cumber seed for U.S. farmers. And a gene for
resistance to Northern corn blight transferred
to Corn Belt hybrids has resulted in an esti-
mated savings of 30 to 50 bushels (bu) per acre,
with a seasonal value in excess of $200 million.”
(See table 28.)

The effort to store and evaluate this collected
germplasm was promoted by the Agricultural
Marketing Act of 1946, which authorized re-
gional and interregional plant introduction sta-
tions (National Seed Storage Centers) run coop-
eratively by both Federal and State Govern-
ments. The federally controlled National Seed
Storage Laboratory in Fort Collins, Colo., was
established in 1958 to provide permanent stor-
age for seed. In the 1970’s, it was recognized
that the system should include clonal material
for vegetatively propagated crops, which can-
not be stored as seed. Although their storage re-
quires more space than comparable seed stor-

S, w1 ¢ of Agriculture, Agricultural Research .
ice, Introduction, " Maintenance, Evaluation, and Docu-
mentation Plant .77 National Research Program
No. 20160 (Washlngton D. C US Government Printing Office,
1976).

Table 28.-Estimated Economic Rates of Return
From Germplasm Accessions

1. Aplantintroduction of wheat from Turkey was found to
have resistance to all known races of common and
dwarf bunts, resistance to stripe rust and flag smut,
plus field resistance to powdery and snow mold. It has
contributed to many commercial varieties, with
estimated annual benefits of $50 million.

2. The highly successful variety of short-strawed wheat,
‘Gaines’ has in its lineage three plant introductions that
contributed to the genes for the short stature and for
resistance to several diseases. During the 3 years,
1964-66, about 60 percent of the wheat grown in the
State of Washington was with the variety ‘Gaines’. in-
creased production with this variety averaged slightly
over 13 million bu or $17.5 million per year in the 3-year
period.

3. Two soybean introductions from Nanking and China
were used for large-scale production, because they are
well-adapted to a wide range of soil conditions. All ma-
jor soybean varieties now grown in t e Southern United
States contain genes from one or both of these in-
troductions. Farm gate value of soybean crop in the
South exceeded $2 billion in 1974.

4, Two varieties of white, seedless grapes resulted from
crosses of two plant introductions. These varieties
ripen 2 weeks ahead of ‘Thompson Seedless’. Benefits
to the California grape industry estimated to be more
than $5 million annually.

SOURCE U.S. Departmen of Agricultural Research Service. —
= h Uepam Malntenance MS mYYMY oand Docu-
mentation fGusbuiivin wiasani National ‘Reséarch Program No.

20160 (Washlngton D.C. U's." Government Printing Of =Wt

age, 12 new repositories for fruit and nut crops
as well as for other important crops, from hops
to mint, were proposed by the National Germ-
plasm Committee as additions to the National
Germplasm System (see Tech. Note 12, p. 163).
(The development of tissue culture storage
methods may reduce storage costs for these
proposed repositories.)

The National Germplasm System is a vital link
in ensuring that germplasm now existing will
still be available in the future. However, the
present system was challenged after the South-
ern corn blight epidemic of 1970. Many scien-
tists questioned whether it was large enough
and broad enough in its present form to provide
the genetic resources that might be needed.

The devastating effects of the corn blight of
1970 actually led to the coining of the term crop
vulnerability. During the epidemic, as much as
15 percent of the entire yield was lost. Some
fields lost their whole crop, and entire sections
of some Southern States lost 50 percent of their
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corn. Epidemics like this one are, of course, not
new. In the 19th century, the phylloxera disease
of grapes almost destroyed the wine industry of
France, coffee rust disrupted the economy of
Ceylon, and the potato famine triggered exten-
sive local starvation in Ireland and mass emigra-
tion to North America. In 1916, the red rust de-
stroyed 2 million bu of wheat in the United
States and an additional million in Canada. Fur-
ther epidemics of wheat rust occurred in 1935
and 1953. The corn blight epidemic in the
United States stimulated a study that led to the
publication of a report on the “Genetic Vulner-
ability of Major Crops”. *It contained two cen-
tral findings: that vulnerability stems from ge-
netic uniformity, and that some American crops
are, on this basis, highly vulnerable. (See table
29.)

However, genetic variability, is only a hedge
against vulnerability. It does not guarantee that
an epidemic will be avoided. In addition, path-
ogens from abroad can become serious prob-
lems when they are introduced into new envi-
ronments. As clearly stated in the study, a tri-
angular relationship exists between host, path-
ogen, and environment, and the coincidence of
their interaction dictates the severity of disease.

[FIvAY

s o Qeionene o SCIENCES, Genetic Vulnerability
Crops, Washington, D. 1972.

The basis for genetic uniformity

Crop uniformity results most often from soci-
etal decisions on how to produce food. The
structure of agriculture is extremely sensitive to
changes in the market. Some of the basic factors
influencing uniformity are:

m the consumer’s demand for high-quality

ce produce;

3¢ the food processing industry’s demand for

it harvest uniformity;

s-n the farmer’s demand for the “best” variety

‘fe that offers high yields and meets the needs

ac of a mechanized farm system; and

» the increased world demand for food,
which is related to both economic and pop-
ulation growth.

New varieties of crops are bred all the time,
but several can dominate agricultural produc-
tion—e.g., Norman Borlaug and his colleagues in
Mexico pioneered the “green revolution” by
developing high-yielding varieties (HYV) of
wheat that required less daylight to mature and
possessed stiffer straw and shorter stems. Since
the new varieties (see Tech. Note 13, p. 163)
gave excellent yields in response to applications
of fertilizer, pesticides, and irrigation, the in-
novation was subsequently introduced into
countries like India and Pakistan. When a single

Table 29.—Acreage and Farm Value of Major U.S. Crops and Extent to Which
Small Numbers of Varieties Dominate Crop Average (1969 figures)

Value

Acreage (millions of Total Major Acreage
Crop (millions) dollars) varieties varieties (percent)
Bean,dry .................. 14 143 25 2 60
Bean, snap. . . .............. 0.3 99 70 3 76
Cotton. ...........covun.. 11.2 1,200 50 3. 53
COMA v eee e 66.3 5,200 197° 6 71
Millet. . . ... ... 2.0 ? 3 100
Peanut . . .................. 14 312 15 9 95
Peas . . ...... ... ... ... .. ... 0.4 80 50 2 96
Potato. . . .................. 14 616 82 4 72
Rice. . ............ .. ....... 1.8 449 14 4 65
Sorghum. .................. 16.8 795 ? ? ?
Soybean................... 42.4 2,500 62 6 58
Sugarbeet................. 367 16 2 42
Sweetpotato . .............. 0.13 63 48 69
Wheat. ......ooiiii 44.3 1,800 269 9 50
) seeds, for~~~ Seeds, forage, and
Vim fmbaearde public
UL were .1 major an in ¢ lines used in breeding the major varieties of corn, so the af var nUMber 1ir her higher.

SOURCE: National Academy of Sciences, Genetic ¢ Maior Croa: *vashir Crops, Washington, D. C., 1972.
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variety dominates the planting of a crop, there
is some loss of genetic variability, the resulting
uniformity causes crop vulnerability—and the
displacement of indigenous varieties—a real
problem.

The rate of adoption of HYVs levels off below
100 percent in most countries, mainly because
of the numerous factors affecting supply and
demand:*

. supply factors:

—the present HYVs are not suitable for all
soil and climatic conditions;

—they require seeds and inputs (such as
fertilizers, water, and pesticides) that are
either unavailable or not fully utilized by
every farmer; and

—in some regions, a strong demand still ex-
ists for the longer straw of traditional
varieties.

. demand factors:

—consumers may not prefer the HYVs over
traditional food varieties;

—Government price policies may not en-
courage the production of HYVs.

For these and other reasons, countries already
using a great deal of HYVs will continue to adopt
them more slowly.

Six factors affecting adequate
management of genetic resources

1. Estimating the potential value of genetic re-
sources is dfficult.

Of the world’s estimated 300,000 species of
higher plants, only about 1 percent have been
screened for their use in meeting the diverse
demands for food, animal feed, fiber, and phar-
maceuticals.” Genetic resources not yet col-
lected or evaluated are valuable until proven
otherwise, and the efforts to conserve, collect,
and evaluate plant resources should reflect this
assumption. This point of view was strongly re-

2D, . Dalrymple, Development and Spread of High-Yielding Vari-
eties of Wheat and Rice in the Less Developed Nations, 6th ed.
(Washington D. C.: U.S. Department of Agriculture, Office of Inter-
national Cooperation and Development in cooperation withU.S.
Agency for International Development, 1978).

=N, Myers, “[conserving Our Global stock, " Environment
21(9):25, 1979.

flected in a 1978 recommendation by the Na-
tional Plant Genetic Resources Board. It's recom-
mendation was that four major areas of genetic
storage—collection, maintenance, evaluation,
and distribution—be viewed as a “continuum

that sets up a gene flow from source to end
use".24

z. The management of genetic resources is com-
plex and costly.

The question of how much germplasm to col-
lect is difficult and strongly influenced by cost.
Thus far, only a fraction of the available diversi-
ty has been collected. A better scientific under-
standing of the genetic makeup and previous
breeding history of major crops will help deter-
mine just how much germplasm should be col-
lected. Efforts to give priorities for collection”
have been hindered by the scientific gaps in
knowledge about what is presently stored
worldwide. And while attempts have been
made to estimate the economic return from in-
troduction of specific plants (see table 28), the
degree to which agricultural production and
stability are dependent on genetic variability
has not been adequately analyzed.

Evaluation of genetic characteristics must be
conducted at different ecological sites by multi-
disciplinary teams. The data obtained will only
be useful if adequately assessed and made avail-
able to the breeding community (see Tech. Note
14, p. 163).

Germplasm must be adequately maintained to
assure viability, “working stocks” must be made
available to the breeding community. The pri-
mary objective of storing germplasm is to make
the genetic information available to breeders
and researchers.

3. How much plant diversity can be lost without
disrupting the ecological balances of natural
and agricultural systems is not known.

4Report to the Secretarv of Agriculture, by the Assistant see-
retary for Conservation, Research, and Education based on the de-
liberations and recommendations, National Plant Genetic Re-
sources Board, July 1978.

2sSecretariat, International Board for Plant Genetic Resources,
Annual Report 1978, Rome; Consultative Group on International
Agricultural Research, 1979.
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The arguments parallel those previously dis-
cussed in Congress for protection of endan-
gered species (see Tech. Note 15, p. 163). The
last decade has shown that modes of production
and development can severely affect the ecolog-
ical balance of complex ecosystems. What is not
known is how much species disruption can take
place before the quality of life is also affected.

4. The extent to which the new genetic technol-
ogies will affect genetic variability, germplasm
storage methodologies, and crop vulnerability
has not been determined.

The new genetic technologies could either in-
crease or decrease crop vulnerability. In theory,
they could be useful in developing early warn-
ing systems for vulnerability by screening for
inherent weaknesses in major crop resistance.
However, the relationship between the genetic
characteristics of plant varieties and their pests
and pathogens is not understood (see Tech. Note
16, p. 164).

The new technologies may also enhance the
prospects of using variability, creating new
sources of genetic diversity and storing genetic
material by:

* increasing variability during cell regenera-
tion,

* incorporating new combinations of genetic
information during cell fusion,

- changing the ploidy level of plants, and

* introducing foreign (nonplant) material
and distantly related plant material by
means of rDNA.

With the potential benefits, however, come
risks. Because genetic changes during the devel-
opment of new varieties are often cumulative,
and because superior varieties are often used
extensively, the new technologies could in-
crease both the degree of genetic uniformity
and the rate at which improved varieties dis-
place indigenous crop types. Furthermore, it
has not been determined how overcoming natu-
ral breeding barriers by cell fusion or rDNA will
affect a crop’s susceptibility to pests and dis-
eases.

5. Because pests and pathogens are constantly
mutating plant resistance can be broken down,
requiring the introduction of new varieties.

Historically, success and failure in breeding
programs are linked to pests and pathogens
overcoming resistance. Hence, plant breeders
try to keep one step ahead of mutations or
changes in pest and pathogen populations; a
plant variety usually lasts only 5 to 15 years on
the market. There is some evidence that patho-
gens are becoming more virulent and aggres-
sive—which could increase the rate of infection,
enhancing the potential for an epidemic (see
Tech. Note 17, p. 164).

6. Other economic and social pressures affect the
use of genetic resources.

The Plant Variety Protection Act has been
criticized for being a primary cause of planting
uniform varieties, loss of germplasm, and con-
glomerate acquisition of seed companies. In its
opponents’ view, such ownership rights provide
a strong incentive for seed companies to en-
courage farmers to buy “superior” varieties that
can be protected, instead of indigenous varieties
that cannot. They also make plant breeding so
lucrative that the ownership of seed companies,
is being concentrated in multinational corpora-
tions—e.g., opponents claim that 79 percent of
the U.S. patents on beans have been issued to
four companies and that almost 50 once-inde-
pendent seed companies have been acquired by
The Upjohn Co., ITT, and others.” One concern
raised about such ownership is that some of
these companies also make fertilizer and
pesticides and have no incentive to breed for
pest resistance or nitrogen-fixation. For the
above reasons, one public interest group has
concluded

[t]hanks to the patent laws, the bulk of the
world’s food supply is now owned and devel-
oped by a handful of corporations which alone,
without any public input, determine which
strains are used and how.

Numerous arguments have been advanced
against the above position. Planting of a single
variety, for instance, is claimed to be a function
of the normal desires of farmers to purchase
the best available seed, especially in the com-

R. i ar o Seed . . (London: International
Coalition "~ 7, 1a~a Action, 1979).

- .wt . Curiae,
. (1980), p. 9.

s Veqane 4 99,1008
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petitive environment in which they operate.
Moreover, hybrid varieties (such as corn), are
not covered by the plant protection laws; yet
they comprise about 90 percent of the seed
trade.

As for the loss of varieties by vegetation
displacement, statutory protection has been too
recent to counter a phenomenon that has oc-
curred over a 30- to 40-year period, and avail-
able evidence indicates that some crops are ac-
tually becoming more diverse. Since most major
food crops are sexually produced, they have
only been subject to protection since 1970 when
the Plant Variety Protection Act was passed; the
first certificates under that Act were not even
issued until 1972. Moreover, at least in the case
of wheat, as many new varieties were devel-
oped in the 7 years after the passage of the Plant
Variety Protection Act as in the previous 17.”

It is clear that large corporations have been
acquiring seed companies. However, the con-

96.1115, 96th 2dS67SS., - ma il ean

e 111

Summary

nection between this trend and the plant variety
protection laws is disputed. one explanation is
that the takeovers are part of the general take-
over movement that has involved all parts of the
economy during the past decade. Since the pas-
sage of the 1970 Act, the number of seed com-
panies, especially soybean, wheat, and cereal
grains, has increased.” While there were six
companies working with soybean breeding
prior to 1970, there are 25 at this time.”

Thus, to date, although no conclusive connec-
tion has been demonstrated between the two
plant protection laws and the loss of genetic
diversity, the use of uniform varieties, or the
claims of increasing concentration in the plant
breeding industry; the question is still con-
troversial and these complex problems are still
unresolved.

2844,  ,; p note 35 (Statement . . Harold

Loden, Executive Director of the American Seed Trade Associa-
tion).

for . . . .. Manufacturers’ Association .

Amicus Curiae, .. v ;0100 S, s 2204 (1980), P.
26.

The science and structure of agriculture are
not static. The technical and industrial revolu-
tions and the population explosion have all con-
tributed to agricultural trends that influence
the impacts of the new technologies. Several
factors affect U.S. agriculture in particular:

To some degree, the United States depends
on germplasm from sources abroad, which
are, for the most part, located in less devel-
oped countries; furthermore, the amount
of germplasm from these areas that should
be collected has not been determined.
Genetic diversity in areas abroad is being
lost. The pressures of urbanization, in-
dustrial development, and the demands for
more efficient, more intensive agricultural
production are forcing the disappearance
of biological natural resources in which the
supply of germplasm is maintained.

. This lost genetic diversity is irreplaceable.

. The world’s major food crops are becoming
more vulnerable as a result of genetic uni-
formity.

The solutions—examining the risks and eval-
uating the tradeoffs—are not limited to securing
and storing varieties of seed in manmade
repositories; genetic evolution—one of the keys
to genetic diversity and a continuous supply of
new germplasm—cannot take place on storage
shelves. Until specific gaps in man’s understand-
ing of plant genetics are filled, and until the
breeding community is able to identify, collect,
and evaluate sources of genetic diversity, it is
essential that natural resources providing germ-
plasm be preserved.
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Issues and Options—Plants

ISSUE: Should an assessment be con-
ducted to determine how much
plant germplasm needs to be

maintained?

An understanding of how much germplasm
should be protected and maintained would
make the management of genetic resources
simpler. But no complete answers exist; nobody
knows how much diversity is being lost by
vegetation displacement in areas mostly outside
the United States.

OPTIONS:

A. Congress could commission a study on how
much genetic variability is needed or desirable
to meet present and future needs.

A comprehensive evaluation of the National
Germplasm System’s needs in collecting, eval-
uating, maintaining, and distributing genetic
resources for plant breeding and research could
serve as a baseline for further assessment. This
evaluation would require extensive cooperation
among the Federal, State, and private compo-
nents linked to the National Germplasm System.

B. Congress could commission a study on the
need for international cooperation to manage
and preserve genetic resources both in natural
ecosystems and in repositories.

This investigation could include an evaluation
of the rate at which genetic diversity is being
lost from natural and agricultural systems, and
an estimate of the effects this loss will have. Un-
til such information is at hand, Congress could:

« Instruct the Department of State to have its
delegations to the United Nations Educa-
tional, Scientific, and Cultural Organization
(UNESCO) and United Nations Environmen-
tal Program (UNEP) encourage efforts to es-
tablish biosphere reserves and other pro-
tected natural areas in less developed coun-
tries, especially those within the tropical
latitudes. These reserves would serve as a
source for continued natural mutation and
variation.

+ Instruct the Agency for International De-
velopment (AID) to place high priority on,
and accelerate its activities in, assisting less
developed countries to establish biosphere
reserves and other protected natural areas,
providing for their protection, and support
associate research and training.

+ Instruct the International Bank for Recon-
struction and Development (World Bank) to
give high priority to providing loans to
those less developed countries that wish to
establish biosphere reserves and other pro-
tected natural areas as well as to promote
activities related to biosphere reserve pres-
ervation, and the research and manage-
ment of these areas and resources.

+ Make a one-time special contribution to
UNESCO to accelerate the establishment of
biosphere reserves.

Such measures for in situ preservation and
management are necessary for long-term main-
tenance of genetic diversity. Future needs are
difficult to predict; and the resources, once lost
are irreplaceable.

C. Congress could commission a study on how to
develop an early warning system to recognize
potential vulnerability of crops.

A followup study to the 1972 National Acad-
emy of Science’s report on major crop vul-
nerability could be commissioned. Where high
genetic uniformity still exists, proposals could
be suggested to overcome it. In addition, the
avenues by which private seed companies could
be encouraged to increase the levels of genetic
diversity could be investigated. The study could
also consider to what extent the crossing of
natural breeding barriers as a consequence of
the new genetic technologies will increase the
risks of crop vulnerability.

ISSUE: What are the most appropriate
approaches for overcoming the
various technical constraints
that limit the success of molec-
ular genetics for plant improve-
ment?
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Although genetic information has been trans-
ferred by vectors and protoplasm fusion, DNA
transformations of commercial value have not
yet been performed. Molecular engineering has
been impeded by the lack of vectors that can
transfer novel genetic material into plants, by
insufficient knowledge about which genes
would be useful for breeding purposes, and by
a lack of understanding of the incompatibility of
chromosomes from diverse sources. Another
impediment has been the lack of researchers
from a variety of disciplines.

OPTIONS:

A. Increase the level of funding for plant molec-
ular genetics through:
1. the National Science Foundation (NSF)) and
z. the Competitive Grants Program of the U.S.
Department of Agriculture (USDA).

B. Establish research units devoted to plant mo-
lecular genetics under the auspices of the Na-
tional Institutes of Health (NIH), with empha-
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sis on potential pharmaceuticals derived from
plants.

C. Establish an institute for plant molecular ge-
netics under the Science and Education Ad-
ministration at USDA that would include mul-
tidisciplinary teams to consider both basic re-
search questions and direct applications of the
technology to commercial needs and practices.

The discoveries of molecular plant genetics
will be used in conjunction with traditional
breeding programs. Therefore, each of the
three options would require additional appro-
priations for agricultural research. EXxisting
funding structures could be used for all three,
but institutional reorganization would be re-
quired for options B and C. The main argument
for increasing USDA funding is that it is the lead
agency for agricultural research, for increasing
NSF and NIH funding, that they currently have
the greatest expertise in molecular techniques.
Option C emphasizes the importance of the in-
terdisciplinary needs of this research.

1. A recent example of such a mutation was the opaque-2
gene in corn, which was responsible for increasing the
corn’s content of the amino acid lysine.

z. There is disagreement about what is meant by produc-
tivity and how it is measured. Statistical field data can
be expressed in various ways—e.g., output per man-
hour, crop yield per unit area, or output per unit of
total inputs used in production. A productivity meas-
urement is a relationship among physical units of pro-
duction. It differs from measurements of efficiency,
which relate to economic and social values.

3. Nevertheless, some parts of the world continue to lack
adequate supplied of food. A recent study by the Pres-
idential Commission on World Hunger* estimates that
“at least one out of every eight men, women, and chil-
dren on earth suffers malnutrition severe enough to
shorten life, stunt physical growth, and dull mental
ability. ”

4. In theory, pure lines produce only identical gametes,
which makes them true breeders. Successive cross-
breeding will result in a mixture of gametes with vary-
ing combinations of genes at a given locus on homolog-
ous chromosomes.

MRport of the Mresidential Con World y on wWo id i

World Hunger: The mger: Th Ahead, Washington, D. C,,
March N

5 Normally, chromosomes are inherited in sets. The
more frequent diploid state consists of two sets in each
plant. Because chromosome pairs are homologous
(have the same linear gene sequence), cells must main-
tain a degree of genetic integrity between chromosome
pairs during cell division. Therefore, increases in
ploidy involve entire sets of chromosomes—diploid (2-
set) is manipulated to triploid (3-set) or even to
tetraploid (4-set).

6 The estimated theoretical limit to efficiency of photo-
synthesis during the growth cycle is 8.7 percent. How-
ever, the record U.S. State average (116 bu/acre, I1-
linois, 1975) for corn, having a high photosynthetic rate
in comparison to other major crops, approaches only 1
percent efficiency. “since a major limiting step in plant
productivity lies in this efficiency for the photosyn-
thetic process, there is potential for plant breeding
strategies to improve the efficiency of photosynthesis
of many other important crops. This would have a tre-
mendous impact on agricultural productivity.

7 ltis difficult to separate social values from the econom-
ic structures affecting the productivity of American
agriculture. Social pressures and decisions are complex

er- 2Office of N chnoloee o CONQress, (onar for
.0 Rinlopica. Volume «  Technical Analysis | analvsis (v

N -1 & ¢ Printing office, iy 1980).
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and integrated—e.g., conflicts between developing
maximum productivity and environmental concerns
are typified by the removal of effective pesticides from
the market. Applications of existing or new technol-
ogies may be screened by the public for acceptable
environmental impact. Conflict also exists between
higher productivity and higher nutritive content in
food, since selection for one often hurts the other.

. A critical photosynthetic enzyme (ribulose biphosphate

carboylase) is formed from information supplied by
different g